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Abstract

Relevance. Solid solutions Bi,(Te, Se ), are effective materials for an n-leg of thermoelectric cooling devices.
Recently, concentration anomalies of properties with a low impurity content were detected in these solid
solutions (x ~0.01). It is important to establish whether similar anomalies would be observed on the dependence
of thermal conductivity A from the composition of the solid solution, since A is one of the parameters that
determine the thermoelectric quality factor of the material.

Purpose. The purpose of this study was to investigate the concentration dependences of the thermal conductivity
of the solid solution of Bi,(Te, Se ),in the interval x = (0-0.07) to identify concentration anomalies and their
possible impact on thermoelectric (TE) efficiency.

Methodology. Investigation of temperature dependences of thermal conductivity A was performed by a dynamic
calorimeter. Isotherms of A for different temperatures in the range T = 175-400 K were built on their basis.

Results. On isotherms of A, there is an interval of abnormal growth A, which becomes more pronounced when
the temperature decreases. The presence of this interval is associated with critical phenomena that accompany
the transition of the percolation type from dilute to concentrated solid solutions.

Conclusions. The estimation of the thermoelectric figure of merit Z of materials is given. It is shown that
the detected growth of A leads to a decrease in Z in the ranges near the critical (x = 0.01), which should be
considered in the practical use of solid solutions of Bi,(Te, Se ),

Keywords: thermoelectric materials V,VI,, thermal properties, composition, percolation, thermoelectric figure
of merit
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Introduction

It is known [1-3] that the efficiency of a thermoelectric
(TE) material is largely determined by the value of
its TE figure of merit (Z=S%0/A, where S — Seebeck
coefficient, o — electrical conductivity, A — thermal
conductivity of the material). The most important
task of materials science is to find ways to improve Z,
including by a decrease in thermal conductivity [4; 5].
One of the conventional ways to increase Z, proposed
in 1956 [6] — creation of solid solutions (SS) based on
promising thermoelectrics.

Semiconductor alloys Bi,(Te, Se ), in the field
of existence of solid solutions (x~0-0.2 and x~0.5-1,
respectively [7; 8]), are known as effective materials
for n-legs of TE cooling devices operating at tempera-
tures near room temperature [1; 2; 9]. The maximum
Z in these SS was obtained in the range of compositions
x=0.07-0.2 (exact interval x depended on the technology
of samples’ manufacturing) [10-12].

Earlier in the study of concentration depen-
dencies S and o cast and cold-pressed samples of the
system Bi,(Te,_Se )., the authors of this study ob-
served anomalies of properties near the composition
x = 0.01, the presence of which was associated with
the phase transition (PT) from diluted to concentrated
solid solution [13]. Similar anomalies were observed
earlier in [14] for a large number of solid solutions.
Additional evidence in favour of this assumption was
the discovery in [15] of a peak on the concentration
dependence of heat capacity C. If such a PT occurs, it
would certainly also affect the concentration depen-
dence of A, and, accordingly, the nature of the Z(x)
dependence.

Thermal conductivity of solid solution of
Bi,(Te, Se ), has been widely studied to date. Tem-
perature dependencies A of Bi,(Te, Se ), SS are given
in a number of studies [16-18]. For SS of Bi,(Te, Se ),
there are three components of thermal conductivity
that influence the course of dependence A(T): elec-
tronic, lattice, and bipolar thermal conductivity. The
ratio of A components of the material depends on
the manufacturing technology, and on the heat and
mechanical treatment of the sample. The transition
to bipolar heat transfer with increasing temperature
should be accompanied by an increase in A. Currently,
available data on the bipolar component of A are some-
what contradictory. Thus, growth of A at temperatures
above T = 350 K was observed in pure Bi,Te, in [16],
and in SS of Bi,(Te, Se ),in monocrystalline samples
in [18]. However, in the studies [17; 19] in composite
samples of SS Bi,(Te, Se ), (x = 0-1) growth of A was
not observed.

Many studies have data of the dependence
of A on the composition of SS of Bi,(Te, Se),x for
monocrystalline [20; 21] and polycrystalline [19; 22]
samples. According to this data, the dependency
A on the composition of the SS is a curve with two
minima, between which there is a local maximum at
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x~0.33 [9]. In [20], it was shown that this compo-
sition of SS corresponds to the establishment of an
ordered compound Bi,Te, Se.

To date, for Bi,(Te,_Se ), SS there are no de-
tailed studies of concentration dependence A in the
composition interval near pure Bi,Te,.The question
arises: will the concentration dependencies of thermal
conductivity reproduce the anomalies that the authors
observed on the concentration dependencies o and S
in previous studies [13; 15]. The study of A for small
samples samples with small values of x would allow
estimating the value of Z and drawing a conclusion
about the influence of property anomalies on the TE
figure of merit of SS of Bi,(Te, Se)..

The purpose of this study was to investigate the
concentration dependences of the thermal conductiv-
ity of SS of Bi,(Te, Se ),in the interval x = (0-0.07)
to identify concentration anomalies and their possible
impact on thermoelectric efficiency.

Materials and Methods

Cold-pressed tablets (diameter d = 15 mm and height
h = 5 mm) of Bi,(Te,_Se), (0 < x < 0.07) for mea-
suring A were made from annealed ingots of the solid
solution of Bi,(Te, Se ), SS.For the production of in-
gots, a mixture of high-purity (99.999% of the main
element) Bi, Se, and Te with the corresponding ratio of
components was placed in quartz ampoules pumped
to a pressure of ~10%° Pa. The ampoules were heated
in a furnace to ~1,200 K and kept at this tempera-
ture for 5-6 hours using vibration mixing. The sam-
ples were then annealed for 200 hours at 820 K, and
then cooled to room temperature. The resulting ingots
were ground into powder in an automated SBMM ag-
ate mortar. The resulting powder was sifted through a
sieve (cell size 200 microns). The powder was pressed
at room temperature on a hydraulic press (pressure
P = 7 t/cm?, exposure time under load — 1 min.). After
manufacturing, the tablets were annealed in evacuated
ampoules made of heat-resistant glass for 200 hours
at a temperature of T = 575 K and cooled at the speed
of the switched-off furnace.

Thermal conductivity measurements were per-
formed on a dynamic calorimeter IT-A-400 in the
temperature range of 175 K — 625 K. Before install-
ing the sample into the experimental cell, the contact
surfaces were sanded to a mirror-like gloss and a thin
layer of KPT-8 thermal paste was applied to them.
After the sample was installed, the experimental cell
was cooled with liquid nitrogen to a temperature of
~150 K. The study was conducted in the monotonous
heating mode at a speed of ~0.1 K/s. The thermal con-
ductivity was measured in temperature increments of
25 K. To control the reproducibility of the results, the
A value for each sample was taken twice. When the
sample was re-installed in the cell, a layer of thermal
paste was re-applied to the contact surfaces. Thus,
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the A value for a sample of a certain composition, the
data given in this paper represent the averaging of
two measurements. Figure 1 shows the results of two
measurements of A for the sample Bi,Te,(points 1 and 2
correspond to separate experiments). It can be argued
that the results of two experiments for the same sam-
ple actually coincide within the margin of error. The
root-mean-square error did not exceed 5%.

4.0
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— 1

3.2
2.8
2.4
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1.2 ! | ! | ! | - ! | !

200 300 400 500 600
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Figure 1. Experimental temperature dependences
of thermal conductivity A for a solution of Bi,Te,
(points 1 and 2 correspond to separate experiments)

Results and Discussion

Temperature dependences of thermal conductivity
A of cold-pressed and annealed SS of Bi,(Te, Se ),
with different values of x are shown in Figure 2. You
can see that for all samples A first decreases in the
temperature range T = 150 + 350 K, after which
at T=350+625 K there is an increase in A with in-
creasing temperature. Such a course of dependence
A(T) indicates a change in the dominant heat transfer
mechanism as the temperature increases.

Initial decline A is associated with the fact that at
temperatures below room temperature, heat transfer
is provided by fluctuations in the crystal lattice (lattice
thermal conductivity A ) and free electrons (electron-
ic thermal conductivity A ). Both of these components
decrease as the temperature increases, which leads to
a decrease in the overall A. Growth of A at higher tem-
peratures T~350 K can be explained by the fact that
at these temperatures, the probability of heat transfer
by electron-hole pairs increases (bipolar thermal con-
ductivity A) [16]. As noted above, such a course of
temperature dependence of A is typical for Bi,Te, and
SS on its basis, and was observed in [16; 18; 23]

3 1
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Figure 2. Temperature dependences of thermal
conductivity A for solid solutions of Bi,(Te, Se ),
of different composition
(I1-x=0;2-x=0.005;3-x=0.0125;

4 -x=0.02; 5 -x = 0.045)

Based on temperature dependencies A, thermal
conductivity isotherms for temperature values T = 175;
225; 300; 350, and 400 K were constructed (Fig. 3).
For all temperatures, a general downward trend to-
wards a decrease in A with increasing x can be ob-
served, which corresponds to the available literature
data [19-21]. It is known that the development of SS
of Bi,Te, and Bi,Se, significantly reduces the lattice
component of thermal conductivity compared to pure
initial compounds and the ordered phase of Bi,Te,Se.
Analysis of the data provided in various studies shows
that the data on the dependence of A, (x), are success-
fully described by the Calloway-von Bayer-Clemens
model for scattering in SS [9].

It can be seen that for all temperatures after
the initial decrease in A, an interval of increasing
thermal conductivity is observed (x = 0.005-0.01),
resulting in a peak in the dependence A (x). With in-
creasing temperature, the magnitude (height) of the
peak, which characterises the degree of growth in
A, decreases, and at 400 K the peak becomes hardly
noticeable.
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Figure 3. Thermal conductivity isotherms of A
of solid solutions of Bi,(Te, Se ),
(I1-T=175K;2-T =225K;3-T = 300K;
4-T=350K;5-T = 400K)

Abnormal growth of A in the interval x=0.005-
0.01 is an additional evidence that in the specified
range of compositions, transformations in the crystal
are implemented during the formation of SS, which af-
fect the processes of phonon scattering. As in previous
studies [13], it is advisable to associate these transfor-
mations with the implementation of PT from diluted
to concentrated solid solution. The likely mechanism
for implementing these processes is described in de-
tail in the review paper [14], which also provides a
large number of experimental confirmations of this

Thermal conductivity of solid solutions of Bi,(Te, Se),(x = 0-0.07)

hypothesis. A more detailed description of these effects
in relation to SS of Bi,(Te, Se ), is given in [13; 15].

These processes can be briefly described as follows.
During isovalent substitution of Te—Se, a deformation
sphere is formed around each impurity atom. Percolation
theory, according to [24], states that there is a certain
critical concentration of such spheres (the percolation
threshold), at which they begin to interact collectively and
a continuous chain of interactions (an infinite cluster) is
created. Its development is a PT, the implementation of
which results in anomalies in the dependencies of the
properties of the SS on its composition. As in previous
studies, the authors suggest calling solid solution di-
luted before reaching the threshold of percolation and
the formation of an infinite cluster, and concentrated —
after these processes have already passed.

Separately, it is worth noting that the growth of A,
relative to neighbouring compounds at x = 0.033, which
was observed in [19], may also be related to the proximity
to a similar “percolation maximum” on dependency A, (x).

In [13], the TE values of the parameters of cold-
pressed and annealed samples Bi,(Te,_ Se ), were de-
termined, namely, the electrical conductivity and See-
beck coefficient. Supplementing these data with the
values of A obtained in this study, the values of TE fig-
ure of merit Z for these SS at room temperature were
calculated. The dependency Z(x) (Fig. 4a) also has a
non-monotonic character: at the beginning of SS devel-
opment, the figure of merit increases rapidly, reaching
the value Z ~1.5 102 K at x ~0.005. After that, in the
interval x ~0.005-0.02 value Z decreases, after which
there is an increase of Z up to x ~0.07.

Figure 4b shows the findings regarding depen-
dency Z(x) in comparison with the data of the stud-
ies [22] (hot-pressed samples) and [19] (composite
samples). The Z values obtained in this study corre-
spond to the data for samples made by other methods.
The highest received value of Z corresponds to the
composition x=0.07 and amounts to Z ~2.1 10° K*
which within the error limit of the definition of Z co-
incides with the maximum value of Z, which was ob-
served in [19] for composite materials.
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Figure 4. Dependence of thermoelectric figure of merit Z, which was calculated using the data from [13],
on the composition of Bi,(Te, Se ), (x = 0-0.07) (a); Z(x) dependence obtained in this study,
in comparison with the data of other researchers (I — this study, 2 —[22]; 3 - [19]) (b)

The results of this study, together with the
results of [13], demonstrate that percolation PT af-
fects all TE properties of SS of Bi,(Te, Se),, leading
to an increase in electrical and thermal conductivity
and a decrease in S in the area near x=0.01. But the
effect of percolation PT on the TE figure of merit is
determined by a combination of these parameters. In
Figure 4b, the growth of A in the proximity of perco-
lation PT (x ~0.01) leads to a decrease in Z, compen-
sating for growth o, which was observed in [13] thus,
SS has relatively high values of Z in the region befor
PT (x = 0-0.005), and acquires maximum values in
the region after PT (x ~ 0.07).

Conclusions
1. Temperature dependences (T = 175-600 K) of ther-
mal conductivity A of cold-pressed and annealed sam-
ples of solid solutions of Bi,(Te, Se ),in the interval of
compositions (x = 0-0.07 are obtained and isotherms
A(x) are constructed on their basis.

2. All isotherms A(x) revealed an interval
(0c = 0.005-0.01) of abnormal growth in A, the presence
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TerronposizHicTh TBepANX po3unHis Bi,(Te, Se ). (x = 0-0.07)
Karepuna BikropiBHa MapTunoBa', Onena IBaniBHa Porauosa?
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AHoTaniga

AxTyanbHicTb. TBepzi posunnu Bi,(Te, Se ), - me epeKTuBHi MaTepianu Al N-TiIIKM TePMOEIEKTPUYHMX
OXOJIO/DKYIOUMX MPUCTPOiB. HellogaBHO B IUX TBEPAMX PO3YMHAX OysM BUABIEHI KOHIEHTpaIliiiHi aHOMAaTil
BJIACTUBOCTEM 32 MaJoTo BMicTy goMimmku (x ~ 0.01). BaXJIMBO BCTAHOBUTH, YU OyAyTh aHAJOTIYHI aHOMAUTii
crocTepiraTvcs Ha 3aJIeXHOCTI TEeIUIONPOBIZHOCTI A Bif CKJIaZy TBEpAOTO PO3UYMHY, OCKUIBKU A € OZHUM i3
mapaMeTpiB, 110 BU3HAYA€E TEPMOENEKTPUYHY OOGPOTHICTb MaTepiary.

Merta. MeToio 11i€l po60oTH Gy/I0 OCTiMKEHHST KOHIIEHTPAIIHNX 3aIe)KHOCTEH TeIUIonpoBiaHocTi TP Bi, (Tel_XSex)3
B inTepBati x = (0-0.07) A BUSBIEHHS KOHI[EHTPAI[IHHUX aHOMAaJTi Ta ix MOkuBoro BIuinBy Ha TE ebeKTUBHICTD.

MeTtogosoris. JJocipKeHHs TEMIIEPATyPHUX 3a/IEXKHOCTEHN TEIUIONPOBIZIHOCTI A IIPOBOAVIIA METOAOM AUHAMIYHOTO
kajopumeTpa. Ha ix ocHOBi mo6yzoBaHi i3oTepmu A A7 pisHUX TeMnepatyp B inTepBati T = 175-400 K.

PesysabraTu. Ha isoTepmax A criocTepiraeTbest iHTEpBaa aHOMaJIbHOTO 3POCTAHHS A, sIKe CTa€ OiIbII BUPAXKEHUM
MpU 3HWKEHHI TeMIilepaTypu. HasBHICTH I[bOr0o iHTEPBATYy IOBS3YETHCA 3 KPUTUYHUMMU SIBUIIAMH, IO
CYTIPOBOKYIOTD TIEPEXi/ TIEPKOJISIIIMHOTO TUITY Bi/l PO3BEAEHUX /10 KOHI[EHTPOBAaHUX TBEPAUX PO3YMHIB.

BucHoBku. HaziaHa o11iHKa TepMOeTeKTPUYIHOI I06pOTHOCTI Z MaTepiastiB. [TokazaHo, 1110 BUSIBJIEHE 3pOCTaHHA A
MIPU3BOAUTD 10 3MEHIIIeHHS Z B iHTepBaJIi cKIaziB mobu3y kputuaHoro (x = 0.01), mo Heo6XiZHO BpaxoByBaTu
NPy IPaKTUYHOMY 3aCTOCYBaHHi TBepAux po3uuHis Bi,(Te, Se ),

Ku1ro40Bi cj10Ba: TepMoesieKTpruyHi MaTepianu V,VI,, TEIUIOBi BAaCTUBOCTI, CKJIaJ], IEPKOJIALIA, TEPMOEIEKTPUYHA
J0OPOTHICTD
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Abstract

Relevance. The photofission of shielded nuclear materials is widely used to develop methods for non-destructive
analysis of their isotopic composition. To stimulate the photofission reaction, bremsstrahlung beams obtained
on electronic accelerators are used. Their parameters significantly depend on the design features of accelerators
and sample activation schemes.

Purpose. Theoretical modelling of parameters of an optimal scheme for stimulating the photofission of shielded
nuclear materials on an electronic accelerator — Microtron M-30 for the analysis of their isotopic composition,
considering its technical characteristics, and experimental verification of its parameters.

Methodology. Theoretical calculations of the parameters of bremsstrahlung beams for the Microtron M-30
were carried out using the GEANT4 toolkit. For experimental studies of the influence of structural elements of
the optimal stimulation scheme on the integral characteristics of inhibitory photons, secondary photoneutrons,
the method of activation of detectors made of gold was used; for residual electrons — the transmission method
based on a passage chamber and a Faraday cylinder.

Results. As a result of the combination of theoretical and experimental studies, optimal parameters of the
activation scheme of nuclear materials on the Microtron M-30 have been established. The scheme provides
experimental conditions under which the losses of bremsstrahlung photon beams interacting with the test
samples (with energies >6 MeV) do not exceed 35% of their initial values, with the practical absence of residual
electrons (98% of electrons are absorbed) and secondary photoneutrons (no more than 1E-9 n/e).

Conclusions. The parameters of the developed stimulation scheme for the Microtron M-30 can be applied to
various types of accelerators, considering their design features, characteristics of the samples, and implemented
activation schemes

Keywords: bremsstrahlung, residual electrons, secondary photoneutrons, GEANT4, activation detector, Faraday
cylinder
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Introduction

Control of the circulation and non-proliferation of
nuclear materials (e.g. fertile — 2°2Th, 2%¢U; divisible —
25, 2%Pu) is one of the most urgent tasks of nuclear sci-
ence and technology [1]. Reliable information about
their isotopic composition is required to successfully
solve this problem. One of the methods for analysing
the isotopic composition of nuclear materials, which is
widely used and improved (developed) at the present
time, is based on the use of information about gamma
and neutron radiation from their decay products
formed as a result of the photofission reaction [2-4].
As a rule, sealed containers made of stainless steel are
used for the storage and transportation of nuclear ma-
terials [5; 6]. To stimulate the photofission of shielded
nuclear materials, bremsstrahlung beams obtained at
electronic accelerators (linear, microtrons) are widely
used [1; 3; 5]. For efficient use of bremsstrahlung
beams in the analysis, it is necessary that their energy
is higher than the thresholds (y,f) of reactions for
nuclear materials, and less than the thresholds of pos-
sible photonuclear reactions that can occur (be gener-
ated) in the container material [7].

The outputs of bremsstrahlung photons and
their energy spectra obtained by converting electron
beams into bremsstrahlung (via the (e,y) reaction
channel) depend primarily on the initial electron en-
ergy, characteristics (material, geometric dimensions)
of converters [8-10]. The electron spans in the ma-
terials from which the converters are made will be
greater than the thickness at which the photon outputs
have maximum values, i.e., residual electrons will be
present in the beams [11].

Residual electrons, when interacting with the
studied samples, can generate secondary photons [12]
and photoneutrons in them (via (e,n) reaction chan-
nels) [13; 14]. The generation of secondary photons
and photoneutrons is also possible when they interact
with stainless steel screens (the material from which
containers for nuclear materials are made) [15]. In
this regard, there is a need to “clean” the bremsstrah-
lung beams from residual electrons and photoneu-
trons, since their presence can significantly affect the
final results of the analysis. To reduce the number of
residual electrons interacting with the studied sam-
ples, without significantly weakening the intensity of
bremsstrahlung photons, filters are used — materials
with a small charge number. Boron carbide (B,C) as
a material for the manufacture of filters meets these
criteria (absorbs residual electrons, secondary photo-
neutrons without significant deformation of the photon
spectrum) [16; 17].

Notably, the quantitative (integral) content of
photons, residual electrons and secondary photoneu-
trons and their ratios in the bremsstrahlung beams in-
teracting with the studied samples of shielded nuclear
materials are significantly influenced by geometric

factors (the relative position of the converter, the
studied sample relative to the axis of the initial elec-
tron beam), and the presence of additional structural
elements (filters, screens, collimators) used in their
generation [19]. In addition, the final parameters of
the bremsstrahlung beams will be affected by the de-
sign features of devices (nodes) for the output of elec-
tron beams into the air, which differ significantly for dif-
ferent types of electronic accelerators [20]. Therefore,
these factors should be considered when developing
sample activation schemes.

To obtain information about the characteris-
tics of bremsstrahlung beams that interact with the
studied samples obtained on electronic accelerators,
considering their design features and irradiation
schemes, computer modelling is widely used using
Monte Carlo programme codes (MCNP6, FLUKA,
GEANT4) [21; 22], since experimental studies (for
example: activation, track detectors, TLD dosimeters,
proportional counters) require expensive and long-term
measurements [23; 24].

Purpose of the study: development of an op-
timal stimulation scheme (generation of bremsstrah-
lung beams with the maximum content of photons
with energies above the thresholds of the photofission
reaction with the minimum content of residual elec-
trons and secondary photoneutrons) of the photofis-
sion of shielded nuclear materials on the electronic
accelerator of the Institute of electronic physics of the
National Academy of Sciences (IEP NAS) of Ukraine —
Microtron M-30, considering its technical characteristics,
for the needs of analysing their isotopic composition,
and experimental verification of its parameters.

Materials and Methods

Modelling of parameters of bremsstrahlung beams
for the Microtron M-30 electronic accelerator using
GEANT4 toolkit

To simulate the spectra of photons, residual electrons,
and secondary photoneutrons that fall into the plane
of location (installation) of test samples (or on the
samples themselves) perpendicular to the beam axis
of the primary electrons, and their angular distribu-
tion (which allowed visualising their profile images
in the plane along the x and y axes perpendicular to
the z axis), a C++ programme was developed using
the GEANT4 class library [25]. The choice of this tool-
kit was conditioned by its suitability for modelling
the processes of generation of various types of par-
ticles and their interaction with the studied samples
at electronic accelerators [1; 10; 21], and its avail-
ability in terms of free use. The programme pro-
vided for the possibility of considering the primary
parameters: electron beams (initial geometric dimen-
sions (point source, parallel beam) and beam distri-
bution (Gauss, equally probable)); the presence of



converters (converters of electrons to photons) and
filters for its generation; samples (particle detectors),
and considering their location in three-dimensional
space, which allowed reproducing the real irradiation
schemes of the samples implemented on electronic
accelerators (in this case, on the electronic accelera-
tor of the IEP of the National Academy of Sciences of
Ukraine — Microtron M-30 [26]).

The programme was implemented under the Win-
dows platform using multi-threading mode. A computer
with a 6-core Intel(R) Core(TM) i7-9750H (2.60 GHz)
processor and 36 GB of RAM was used for calculations.

Calculations were performed at the initial elec-
tron energies of 12.5 MeV [7] for the geometric di-
mensions of the output beam, which had the shape of
an ellipse with axes of 22x6 mm [27].

Figure 1 shows a scheme for stimulating the
photofission reaction of shielded nuclear materials
on the Microtron M-30, where 1 — Microtron M-30
output node; 2 — Ti window; 3 — photon converter
((Ta, 52x45%(0.1+4 mm); 4 — filter B ,C (diameter —
30 mm, thickness — 19 mm); 5 — stainless steel screen
(diameter = 23 mm, thickness = 0.1+9.5 mm); 6 —
sample of nuclear material.

/

0.1-9.5 mm
——
— J12mm
0.1 - 4mm

- 19mm _
0 - 200mm

— -—

Figure 1. Scheme for stimulating the photofission
reaction of shielded nuclear materials on the
Microtron M-30

In all calculations, an equally probable distribution
of initial electrons along the plane was set (consider-
ing the design features of the electron output unit —
a titanium window with a thickness of 0.05 mm) [27].
Distance from the output node to the tantalum (Ta)
converter (dimensions: 52x45XT mm [T=0.1; 0.5;
1.0; 1.5; 2.0; 3.0; 4.0 mm]) was 12 mm. The test
sample (nuclear material; radius — 5.6 mm) was fixed
perpendicular to the beam axis at a distance of 0; 25;
50; 75; 100; 125; 150; 175; 200 mm from Ta of the
converter. Additionally, the influence of the presence
of structural materials (B4C filter (diameter — 30 mm,
length — 19 mm) [16], stainless steel screen (0+9.5 mm))

Optimal scheme for stimulating photofission of shielded nuclear materials on the Microtron M-30...

in schemes for stimulating the photofission of nuclear
materials to the final characteristics of bremsstrah-
lung (the ratio of photons, residual electrons, photo-
neutrons) was studied. The relative absorption coeffi-
cients of photons and electrons (A) were determined
by the equation

A= (1-I/1)-100 % 1)

where I and I - integral values of particle fluxes (pho-
tons or electrons) that interact with the sample after
passing through the layer with the absorbing material
and in its absence.

Experimental studies of the influence of structural
elements of the photofission stimulation scheme
on the parameters of bremsstrahlung beams
Experimental studies of the effect of a combination of
structural elements (Ta converter, B,C filter, stainless
steel screen) of schemes for stimulating the photofis-
sion of nuclear materials to the final parameters of
bremsstrahlung beams (the ratio of photons, residual
electrons, secondary photoneutrons) interacting with
the samples under study were performed by the trans-
mission method [27; 28]. During the experiment, in-
tegral values of photon fluxes and relative absorption
coefficients of photons and electrons for a combination
of structural elements were determined.

Photons and photoneutrons. For experimental
determination of the integral characteristics of pho-
tons and photoneutrons in bremsstrahlung beams in-
teracting with the sample, and their relative absorption
coefficients for a combination of structural materials
(B,C filter (diameter — 30 mm, length — 19 mm) +
stainless steel screen (diameter — 34 mm, thickness —
9.5 mm)) activation detectors containing gold iso-
tope — ”Au were used [24; 28; 29]. The geometric
dimensions of the activation detectors (square shape,
rib length — 6.6 mm) were close to the size of the sam-
ples of nuclear materials in terms of area. Photons (for
the energy interval — 8.1+12.5 MeV) and photoneu-
trons were determined by activation products *’Au by
channels of (y,n)- reactions: °*Au (gamma energy of
the line Ey = 355.7 KeV, its quantum output Iy=87%,
reaction threshold — 8.01 MeV) and for (n,y)- reac-
tions: ®Au (Ey = 411.8 KeV, Iy = 95.6%) [30], re-
spectively. The relative photon absorption coefficients
were determined by the ratios of the gamma radiation
intensity from the detector activation products *’Au,
irradiated with and without structural materials. The
exposure time of the detectors was 15 minutes. Mea-
surements of gamma radiation from generated radio-
nuclides *°Au and *®Au was performed on the ORTEC
spectrometric complex [28] for 200 hours. The mea-
surement time of activation detectors was 25 minutes.
At least 10 series of measurements were performed
for each individual detector. The statistical error of
spectrometric measurements did not exceed 3%. The
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measured intensity values were normalised to the in-
tegral values of the primary electron flow, the area of
activation detectors, and the number of isotope nuclei
of 1”Au contained in the detectors.

Electrons. Experimental determination of relative
values of electron absorption coefficients separately
for structural materials (Ta converter (thickness — 1 mm),
B,C filter (diameter — 30 mm, length — 19 mm),
stainless steel screen (diameter — 34 mm, thickness —
9.5 mm)) and their combinations (Ta converter +
B,C + stainless steel), which were used to form pho-
ton beams to stimulate the photofission reaction of
nuclear materials, were performed by the transmis-
sion method described in detail in [27; 28]. Mea-
surements of the integral flow of electrons from the
window of the accelerator output unit and the lay-
ers of structural materials that passed through and
their combinations were carried out using a second-
ary emission monitor (pass-through chamber) and
a Faraday cylinder, respectively. Electron detection
was carried out in the plane of placement of the test
samples.

Results and Discussion

As a result of the calculations, the dependences of the
spectra of photons, residual electrons, and second-
ary photoneutrons (which were used to determine
their integral characteristics and relations between
them) interacting with the test sample on the thick-
ness of the inhibitory target — tantalum (Ta) converter
(0.1+4.0 mm) and the distance from Ta converter to
the test target (0+-200 mm) were studied. Figures 2
and 3 show the dependences of the spectra of photons
and residual electrons normalised to one electron (1e)
on the thickness of Ta converter at a fixed distance Ta
converter — test sample = 100 mm, respectively.

10+

Photons/e

10°F

10°

Figure 2. Dependences of bremsstrahlung photon
spectra on Ta converter thickness

102

< 10*
[

10°

Figure 3. Dependences of residual electron spectra
on Ta converter thickness

The relationship between the integral values
of photon yields in the low-energy (with energies
<6 MeV, which do not affect the sample activation
process) and high-energy (with energies from 6 to
12.5 MeV, which stimulate the actinide photofission)
parts of the spectra on the thickness of the inhibitory tar-
get is established. As the Ta converter thickness in-
crease to ~1.0 mm, the values of the total integral
photon outputs increase and reach a maximum value
of — 2.11E-2, with a further increase in thickness to
4 mm, the values are constant. For photons with ener-
gies >6 MeV, the optimal thickness is 1 mm (1.92 E-3).
The relationship between the integral values of sec-
ondary electron fluxes (which did not participate in
the generation of bremsstrahlung photons) in the
low-energy (with energies <6 MeV) and high-energy
(with energies between 6 and 12.5 MeV, which can
generate secondary photons when interacting with
the sample) parts of the spectra also depends on the
thickness of the Ta tconverter. As the Ta converter
thickness increase from 0.1 to 4 mm, the values of
the integral fluxes of residual electrons (with energies
<6 MeV) decrease from 3.77E-2 to 3.3E-6, respectively.
With a thickness of 1 mm, it amounts to 3.36E-3.

Dependences of the spectra of bremsstrahlung
photons and residual electrons (normalised to 1e) en-
tering the sample on the distance Ta converter — sam-
ple (0+200 mm) with a fixed thickness of the Ta con-
verter = 1 mm are shown in Figures 4 and Figure 5,
respectively. The relations between the integral values
of photon fluxes and secondary electrons in the low-
and high-energy parts of the spectra depend on the
distance. As it increases from 0 to 200 mm, the values
of Integral photon fluxes and residual electrons (with
energies <6 MeV) decrease from 4.21E-2 to 6.69E-4,
and from 3.26E-2 to 8.24E-5, respectively.
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Figure 5. Dependences of residual electron spectra
on distance Ta converter — sample

Figure 6 shows the spectrum of secondary pho-
toneutrons generated by the interaction of electrons
with Ta converter (normalised to 1e). The numerical
value of the integral photoneutron flux is normalised
to le — 9.3E-6. The integral value of the photoneutron
flux interacting with the test sample did not exceed —
1E-8 photoneutrons per le, which is consistent with
the calculation results in [9; 13].
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Figure 6. Energy spectrum of photoneutrons

The obtained results reproduce the general pat-
terns that are characteristic of the dependence of pho-
ton outputs on the thickness of converters and the in-
fluence of geometric factors on the activation process
and are consistent with existing data [9; 10; 13], and
their difference is associated with the use of different
input parameters during simulations [19; 20], which
indicates the need to take them into account.

The calculations established the value of the
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optimal thickness of Ta converter, at which the
integral output of the generated photons (in the beam
of bremsstrahlung) is the maximum, and the distance
Ta converter — test sample, which provides the best
ratio between photons, residual electrons, and sec-
ondary photoneutrons interacting with the sample
(the maximum integral value of the photon flux at
the minimum values of electrons, photoneutrons).
The optimal thickness of the Ta converter is 1 mm
at a fixed distance Ta converter — sample installation
plane is 100 mm. Integral values of photon fluxes and
residual electrons with energies >6 MeV (normalised
to le) are — 1.92 E-3 and - 3.36E-3, respectively.
These values for photons and electrons are 19.9 and
08.5 times less than the zero distance (when the sam-
ple is placed close to the converter). A further increase
in the distance from 100 mm to 200 mm reduces the
value of integral electron fluxes by only 4.0 times.

Notably, when using such a sample activation
scheme, additional purification of the bremsstrahlung
beam from residual electrons is necessary [16; 28].
Therefore, calculations were made for the absorption
of bremsstrahlung photons and residual electrons
by a filter made of B,C [16]. Figures 7 and 8 show
the spectra of photons and residual electrons (nor-
malised to le) interacting with the test sample in the
presence of B,C filter and its absence for a fixed dis-
tance from Ta converter (thickness — 1 mm) — test
sample = 100 mm, respectively. It is established for
the first time that the total number of electrons and
photons absorbed by a B,C filter — 79.64% and 14.7%,
respectively, with energies >6 MeV — 99.8% and 9.3%.

The obtained results reflect the general regular-
ities of the relative absorption coefficients of photons
and electrons (for the energy region — 6.5+12.5 MeV)
by a conventionally used filter (reactor graphite) in
the generation of bremsstrahlung photon beams to
stimulate photonuclear reactions [28]. However, for
B C filter, the values of the electron absorption coeffi-
cients are higher and the photons are less than those
of reactor graphite, which confirms the effectiveness
of its use for stimulation schemes.
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Figure 7. Spectra of photons interacting with the
sample without and with B,C filter.
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with the sample without and with B,C filter

Additionally, simulations of the influence of
the thickness (0.1, 0.5, 1.0, 3.0, 5.0, 7.0, 9.5 mm)
of the stainless steel screen on the final parameters
of the bremsstrahlung beam (photons, residual elec-
trons) interacting with the sample were carried out.
Figures 9 and 10 show the dependences of the spec-
tra of photons and residual electrons interacting with
samples at a fixed distance Ta converter (thickness —
1 mm) - test sample = 100 mm, on the thickness of
the stainless steel screen.
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Figure 9. Dependences of the spectra of photons
interacting with samples on the thickness
of the stainless steel screen
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Figure 10. Dependences of the spectra of residual
electrons interacting with samples on the thickness
of the stainless steel screen

Values of the relative absorption coefficients
(according to equation 1) of photons and electrons
with energies >6 MeV, depending on the screen thick-
ness, are shown in Figure 11. For the first time, it was
found that when the screen thickness is more than
5 mm, 99% of electrons and 15% of photons are ab-
sorbed. With a further increase in the screen thickness
to 9.5 mm, 28% of photons are absorbed.
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Figure 11. Dependence of photon and electron
absorption (with energies >6 MeV) on the thickness
of the stainless steel screen

The calculations were used as input data for
modelling the parameters of the optimal scheme for
stimulating the photofission of nuclear materials on
the Microtron M-30, considering the technical fea-
tures of its electron output unit and the characteristics
of samples. The activation scheme for shielded (thick-
ness — 9.5 mm — samples of nuclear materials consists
of Ta converter (thickness — 1 mm) and B .C filter.
The distance from Ta converter to the test sample —
100 mm. The influence of the structural elements of the
activation scheme on the final shape of the spectra of
photons and residual electrons that fall on the samples
was investigated (Figures 12 and 13, respectively).
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Figure 12. Spectra of photons interacting
with samples for optimal stimulation scheme
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Figure 13. Spectra of residual electrons interacting
with samples for optimal stimulation scheme

The integral values of photon fluxes, residual
electrons normalised to one electron, falling on sam-
ples of shielded nuclear materials are — 2.87E-3 pho-
tons (with an energy >6 MeV — 2.86E-4) and 3.89E-5
electrons (with an energy >6 MeV — 2.454E-6). When
performing calculations based on a given activation
scheme, photoneutrons that fell on samples of shielded
nuclear materials were not detected.

For the proposed scheme of stimulating the
photofission, 7.87E-1% of photons and 1.48E-2% of
electrons from their total number (those that fall into
the plane of sample placement) fall on the samples. Sim-
ilarly, they interact with samples (energies >6 MeV) —
1.09% of photons and 1.08E-3% of electrons, respec-
tively.

Thus, the presented scheme allows almost com-
pletely excluding the interaction of residual electrons
and secondary photoneutrons with the studied sam-
ples of shielded nuclear materials, that is, excluding
the stimulation of additional channels of electro-nu-
clear ((e,y)-, (e,n)-, (e,f)-) and neutron ((n,y)-, (n,f)-)
reactions [7], which may introduce additional errors
in the final results of the analysis of their isotopic
composition.

Comparison with the experiment

Photons. Value of integral photon beam fluxes (nor-
malised to 1e), interacting with samples of nuclear ma-
terials, without structural elements (straight beam)
and when combined with B,C filter + stainless steel
screen was 4.63E-5 and 3.08E-5, respectively. The
obtained values are consistent with the results of
calculations using the GEANT4 toolkit (4.32E-5 and
2.896E-5) within 6.69% and 5.97%.

Results of measurements of the dependence
of the relative intensity values (which were used
to determine the photon absorption coefficient) of
gamma-rays of the generated radionuclide *°’Au from
its cooling time are shown in Figure 14. Experimental
values of gamma intensity of activation detectors for a
direct beam of photons hitting the sample were circles,
combinations of filter + steel screen — squares. The
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results of theoretical calculations [28] for identical
experimental conditions (at the same activation, cooling,
and measurement times) are represented by solid
lines. The experimental values are consistent with the
calculation results within 5%. The total measurement
error did not exceed 10%. The main contribution to
the error was made by the uncertainty of the number
of isotope nuclei *°Au, and was ~7%.

The error of the obtained experimental values
can be further influenced by the factor associated with
the process of irradiation of gold samples, namely,
with the instability of the efficiency of the output of
the primary electron beam from the microtron output
node during their activation. Even with stable opera-
tion of the microtron, the output efficiency can vary
from 85 to 90%, since it depends on the process of
focusing the electron beam in the centre of the Ti win-
dow [26-28].

Photon absorption coefficient value for the
combination B,C filter + steel screen was — 33.3%,
which was consistent with the calculation result of the
GEANT4 toolkit (36.34%) within 9.1%.
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Figure 14. Dependences of the relative intensity of
gamma radiation of a radionuclide °°Au
on cooling time

Photoneutrons. When performing spectrometric
measurements of irradiated gold detectors placed in
the plane of installation of test samples, lines from
isotopes °®Au, generated along the channel (n,y)- re-
actions, the measured gamma-ray spectra are absent
(within the background), and their value is less than
the detection limit. This indicates the absence of pho-
toneutrons in the bremsstrahlung beam interacting
with test samples, which is consistent with the results
of the calculations performed.

Electrons. Values of electron absorption coeffi-
cients for combinations Ta converter + B,C filter, Ta
converter + B,C filter + steel — 83.74% and 98%, and
are consistent with the results of calculations with
GEANT4 toolkit (79.64% and 95.46%) in the range of
4.9% and 2.6%, respectively.

The results of experimental studies of the pa-
rameters of bremsstrahlung beams and the effect of
structural elements of the activation scheme on their
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characteristics confirm the results of calculations per-
formed using the GEANT4 toolkit.

A significant discrepancy between theoretical
calculations and experimental results is associated
with errors in nuclear data used in GEANT4 toolkit
libraries [21; 25], affecting modelling accuracy.

The obtained results complement the existing
information on the methods of generating bremsstrah-
lung beams with specified parameters on electronic
accelerators to stimulate the photofission of nuclear
materials as unshielded — 23U, 238U, #°Pu [2]; **°U,
B8 [3]; #°U, 28U, #°Pu [4], and shielded, packed in
stainless steel containers, — 2*2Th [5]; 2°8U, %*°Pu (addi-
tional studies were conducted for the case of a carbon
steel container) [6].

These papers present the results of both theoret-
ical calculations performed using Monte Carlo codes:
MCNP6 [2] and a combination of PHITS 3/0 and
MCNP6 [3] for initial electron energies of 8 and 7, and
13.5 MeV, respectively, and experimental studies con-
ducted on linear accelerators for a wide energy range
from 7 to 17.5 MeV (7 and 9 [6]; 10 [5] and 17.5 [4])
at average peak electron currents on bremsstrahlung
converters from 30 mA [5] to 100 mA [4; 6]. Metal
plates of tantalum (Ta) with a thickness of 0.5 mm [3]
and 2 mm [5] and tungsten (W) with a thickness of
5 mm [4] and 1.8 mm [6] were used as converters for
generating bremsstrahlung.

Notably, the numerical values of the electron
flux currents generated by microtrons are an order
of magnitude less than on linear accelerators due to
differences in their principle of operation [1]. There-
fore, this factor must be considered when developing
schemes for stimulating the photofission of nuclear
materials for conducting the procedure for their isotope
identification.

Cylindrical lead (Pb) collimators were used to
focus them on the studied samples of shielded [6] and
unshielded [4] nuclear materials during their activa-
tion. The need for their use was conditioned by the
use of schemes for online detection of gamma and
neutron radiation from the decay products of nuclear
materials, during the procedure for their isotope iden-
tification. Since detectors require protection (the geo-
metric dimensions of which must be cons when plac-
ing the studied samples when activating them) from
the parasitic background of bremsstrahlung photons
and neutrons formed during the operation of linear
accelerators [5]. However, their use leads to a weak-
ening of the bremsstrahlung beams and their addition-
al contamination with photoneutrons [19]. In contrast,
in [5], during the activation of samples, an uncolli-
mated beam of bremsstrahlung was used, which provided
more efficient use of the initial electron flux.

Monte Carlo codes were used to model the
characteristics of the bremsstrahlung photon spectra
obtained at linear electron accelerators: FLUKA [5]

MCNP6 [4; 6]. Only in [4], experimental studies of
the characteristics of bremsstrahlung photon fluxes at
a maximum energy of 17.5 MeV were conducted using
activation detectors made of Au (Gold), Ni (nickel),
U (uranium), Zn (zinc), and Zr (zirconium).

When electrons (Ee=7+10 MeV [3; 5; 6]) in-
teract with Ta [3; 5] and W [6] converters, the fluxes
of secondary photoneutrons generated through the
channels of electro and photonuclear reactions [9; 13]
did not affect the final results of the analysis of the
isotopic composition of nuclear materials.

In the case of interaction of electrons
(Ee=17.5 MeV) with a W converter with a thickness of
5 mm [4], the resulting secondary photoneutrons can
additionally initiate channels of neutron fission reac-
tions (n,f) of nuclear materials, since their cross-sec-
tions (for the energy region of fast neutrons, which are
the main components of the energy spectra of photo-
neutrons [9]) are approximately several times larger
than the cross-sections of photofission reactions [31],
which can affect the accuracy of the analysis of their
isotopic composition. Therefore, when activating sam-
ples of nuclear materials on a linear accelerator [4], a
combined filter was used to purify the bremsstrahlung
beam from the photoneutrons present in it, generated
by the interaction of electrons (Ee=17.5 MeV) with
the W converter and additionally generated by inter-
action with the Pb collimator. The filter consisted of
layers of boron polyethylene (thickness — 200 mm)
and cadmium (thickness — 2 mm), which allowed almost
completely protecting test samples from interaction
with photoneutrons [4].

In the above studies on the use of photofission
stimulation schemes for unshielded [2; 3; 4] and
shielded [5; 6] nuclear materials, the interaction of
residual electrons with the samples under study was
not analysed.

The most important indicator of the effective
use of activation schemes of nuclear materials in the
analysis of their isotopic and quantitative composition
is information on the numerical values of the outputs
of photofission reactions ((number of acts of photo-
fission)/(1e)-(gram)), which occurred during their
stimulation by beams of bremsstrahlung on electronic
accelerators [7]. The percentage of occurrence of pho-
tofission acts (i.e., the number of photons and neu-
trons generated from the decay products of nuclear
materials used in the analysis process [2; 3; 4]) affects
the lower weight limit of their identification.

As a result of the analysis of the yield depen-
dence ((number of photofission acts)/(1e) * (gram))
of the photofission reaction of the 23U nucleus from
the energy of electrons (which, when interacting with
the inhibitory target, generate high-energy photons),
it was found that the numerical values of the yield
change by about 4 orders of magnitude for the ener-
gy region from ~6 (reaction threshold) to ~20 MeV,



and for the energy region ~(6+13) MeV — by more
than 3 orders of magnitude [7]. Therefore, a further in-
crease in the energy of accelerated electrons leads to a
change in the yield by less than an order of magnitude.

The number of photofission acts of nuclear ma-
terials depends on the energy and quantitative param-
eters (fluxes per second) of bremsstrahlung beams
obtained at electronic accelerators, the nuclear and
physical characteristics of the samples under study,
since it directly depends on the cross-sections of pho-
tofission [1; 31], and on their weight.

The weights of the test samples used in the
process of stimulating the photofission of nuclear
materials for unshielded samples were: 1.5 g — 2°°U,
2.1 g — 23U, 0.47 g — 2Pu [2]; 1.9 g — 25U + 28U [3];
1.0+-1e+2 g — 25U, le+2+1e + 3 g—-2%U, 1.0 g —
29Pu [4]; for shielded samples: 15.6 g — %2Th [5];
241 G - 238U [6]. Their use allowed obtaining statisti-
cally accurate and reliable results when analysing the
isotopic composition.

When performing the procedure for identifying
nuclear materials directly in stainless steel containers,
it is necessary to consider the attenuation of photons
and neutrons generated during photofission when
passing through a steel container. The solution to this
problem is achieved by increasing the weight of the
studied samples and the current strength of electronic
flows generated by accelerators.

The proposed stimulation scheme allows more
efficient use of the initial electron beam (the number
of photons with energies >6 MeV interacting with the
sample formed at 1e) to stimulate the photofission of
shielded nuclear materials, i.e., reduces the cost of the
analysis procedure.

Conclusions

The use of a combination of theoretical and experimen-
tal studies establishes optimal parameters of the scheme
for stimulating the photofission of shielded nuclear ma-
terials on an electronic accelerator — Microtron M-30
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for analysing their isotopic composition. Namely, to
obtain the information necessary for the generation
of bremsstrahlung beams with the maximum photon
content with the minimum (or practically absent) con-
tent of residual electrons, secondary photoneutrons
interacting with test samples, with mandatory con-
sideration of their characteristics, design features of
the Microtron M-30, and the activation scheme. This
approach can be used to develop schemes for photo-
nuclear activation analysis of the isotopic composition
of special materials for various types of electronic
accelerators.

The conducted studies allow predicting the sen-
sitivity of the method for identifying nuclear materials
depending on the strength of electron beam currents
during sample irradiation. And, for the first time, the
established values of the relative absorption coeffi-
cients of photons and electrons with energies >6 MeV,
depending on the thickness of the stainless steel
screen, allow adjusting the parameters of the photo-
fission schemes of nuclear materials in containers of
arbitrary geometric shape.

For the first time, the values of the relative ab-
sorption coefficients of photons and electrons with
energies >6 MeV were established by filters made of
B,C, allow developing more efficient schemes for gen-
erating bremsstrahlung photon beams to stimulate
photonuclear reactions compared to conventionally
used filters.

This approach can be used to develop schemes
for photonuclear activation analysis of the isotopic
composition of special materials for various types of
electronic accelerators.
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OnTuMasbHa cxeMa CTUMYJIALil GOoToNnoAiTy ekpaHOBaHUX AZlePHUX MaTepialiB
Ha MikpoTpoHi M-30: koM0iHallifl TEOpeTUYHUX Ta eKCIIepUMEHTAIbHUX JOCTi/KeHb

Irop BacuiboBuu ITwinnuuHens

acmipanT, ORCID: https://orcid.org/0000-0002-0120-7703.
[HcTUTYT enekTpoHHOI ¢pisuku HAH Ykpainu,
88017, Bys1. YHiBepcUTeTChbKa, 21, M. YKropoz, YkpaiHa

AHoTaniga

AxTyanbHicTh. Peakuif ¢oOTONOATy eKpaHOBaHUX SAEPHUX MaTepiayiB IIMPOKO BUKOPUCTOBYETHCSI IS
pPO3poOKM MeTOZiB HEPYHHIBHOIO aHasidy ix i3oTomHoro ckiazgy. s cTUMy/Lii peakiii dotomogimry
BUKOPHCTOBYIOThCA My4YKM TalbMiBHOTO BMIPOMIHIOBAHHS, OTPMMAaHi Ha eJeKTPOHHMX IIPUCKOpPIOBAvYax. Ix
rapaMeTpH CYyTTEBO 3aJI€XKaTh Bil KOHCTPYKTUBHUX OCOOIMBOCTEH MPUCKOPIOBAYIB Ta CXeM aKTUBAIlil 3pa3KiB.

Merta. TeopeTryHe MOJETIOBaHHs ITapaMeTpPiB ONTHUMAIBHOI CXeMU CTUMYJIALIT peakiiii ¢poTonogiTy ekpaHOBaHUX
ANEpHUX MaTepiaiB Ha eJIeKTPOHHOMY MPUCKOPIOBadi — MikpoTpoHi M-30 A moTpeb aHasmisy ix i30TomHOTro
CKJIaZly, 3 BpaXyBaHHAM HOr'0o TEXHIYHUX XapaKTepUCTUK, Ta eKcllepruMeHTalIbHa IlepeBipka ii mapameTpis.

MeTozgosoria. TeopeTH4Hi po3paxyHKH MapaMeTpiB IIyYKiB raJbMiBHOI'O BHUIIPOMIHIOBaHHA JJi MiKpPOTPOHY
M-30 npoBoamiucs 3 3acTocyBaHHAM iHcTpyMeHTapito “GEANT4”. g ekcriepuMeHTalIbHUX JOCTiPKeHb BIUTUBY
KOHCTPYKTUBHUX €JIeMEeHTiB ONTUMAaJIbHOI CXeMU CTHUMYJALIl Ha iHTerpajabHi XapaKTepUCTHUK raJbMiBHUX
$OTOHIB, BTOPUHHUX (OTOHEHUTPOHIB BUKOPUCTAHO METOJ aKTUBAllil IETEKTOPIB i3 30/10Ta; AJIT 3aTUIIKOBUX
€JIEKTPOHIB — METO/, IPOIyCKaHHA Ha 6a3i mpoxigHoi kaMepu Ta mwiiHApy Papazes.

PesynpraTn. Y pe3ynbraTi o€ IHAHHA TEOPETUYHUX i eKCIIepUMEeHTaIbHUX J0C/TiIXKeHb BCTAHOBJIEHO ONITUMAaJIbHi
rmapaMeTpH CXeMU aKTHBAIlil iZIepHUX MaTepiaiaiB Ha MikpoTpoHi M-30.Cxema 3abe3neuye eKcrepruMeHTaIbHi
YMOBH, 33 TKWX BTPATH ITyUYKiB raJbMiBHHUX GOTOHIB, 1110 B3AEMOZIIOTh i3 TOC/TiIKyBaHUMU 3paskaMu (3 eHeprisiMU
= 6 MeB), He nepeBulIyI0Th 35 % Bij iX IOYATKOBUX 3Ha4YeHb, IPU NMPAKTUYHIN BiICYTHOCTI 3aJTUIIKOBUX
eJIeKTPOHIB (98 % eJIeKTPOHIB MOITMHAIOTHCS) i BTOPUHHUX GOTOHENTPOHIB (He 6itbie 1E-9 n/e).

BucHoBku. [TapameTpu, po3pobIeHOl cXeMU CTUMYJIALl A1 MikpoTpoHy M-30, MOXXyTb 6yTH 3aCTOCOBaHi
[UI pi3HUX TUIIB MPUCKOPIOBAYiB MPU BpaxyBaHHi iX KOHCTPYKTHUBHUX OCOOJIHBOCTEH, XapaKTEPUCTUK
JOCTiIXXyBaHUX 3pa3KiB i peasi3oBaHUX CXeM aKTUBallii

Kiro4oBi cioBa: rajibMiBHE BUIIPOMiHIOBAHHS, 3aTUINKOBI €IeKTPOHU, BTOPUHHI poToHelTpoHU, GEANT4,
aKTUBAIiHHUN AeTeKTOoD, IWiiHAp Papazes
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Abstract

Relevance. The relevance of the study and the corresponding results is based on the need for digital transfer
of scientific physical and mathematical devices for modelling the studied objects and phenomena of the real
world into a digital programme environment, which forms a powerful research tool with the possibility of
multi-reading and multi-vector calculation and forecasting of the nature and qualities of simulated elements
of the physical world with a different scientifically based configuration of the initial data. The quality and
reliability of digital models depend on the quality and completeness of consideration of various physical aspects
in the simulated research objects and phenomena. Therefore, it is appropriate and relevant to formulate the
initial iteration of digital transfer — the creation of a dependence-correlation apparatus. The second aspect that
confirms the relevance of the current study is the fact that there is no integral model of the electron: currently,
the world scientific community knows models describing individual characteristics and elements of the studied
elementary particle, but there are no models describing the electron as an integral object.

Purpose. The purpose of the study is to develop a model of an electron associated with a simulated vacuum
using appropriate analogue models from recognised fundamental studies.

Methodology. The study uses the methods of analogue Dirac models, spinor field models, the six-dimensional
space-time model of the Bartini world, and the Planck oscillator model.

Results. Based on the results of experiments and physical and mathematical transformations in the current
study, by integrating elements of the Ehrenfest paradox theory into the above models and basic elements of
physical science, a complete model of the electron was formulated, which not only received a description of
spatial and energy characteristics, but also allowed assessing the oetiological and morphological features of the
development of the elementary particle, and individual physical and correlation dependencies were established.

Conclusions. First, the Hubble constant is necessary as a vacuum parameter in modelling elementary particles;
second, the Hubble constant is included in the equation of the classical electron radius; and third, based on
model calculations, the hypothesis of differences between the electron, muon, and tauon is proposed
Keywords: vacuum quantum, electron radius, magnetic moment, Hubble constant, Ehrenfest paradox
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Introduction

The relevance of the study follows from the trends in
the development of the scientific sphere, which strives
for deep diffusion involvement in the research envi-
ronment of digital programme modelling tools, which
provides not only a more structured and holistic phys-
ical picture of any phenomenon or process of manifes-
tation of the real world, but also allows achieving the
ability to predict the development of the studied ob-
jects with an acceptable degree of confidence. The ba-
sis of the qualitative transition of analogue processes to
digital programme modelling (within the framework
of global trends of the 4th iteration of the industrial
progress of the multi-industry activity field) is a math-
ematical model adequate to real physical processes
and conditions, the formula expressions and depen-
dencies of which are the basis for the development of
a software and digital model of objects and processes
that carry out digital transfer. Software modelling of
any physical phenomena and processes is as qualitative
and adequate as the defined formula dependencies
describing the studied aspects of real-world manifes-
tations are more accurately and empirically converg-
ing. In the horizon of scientific research on the prob-
lems of simulation of electrons and electron-related
processes, it is worth noting the studies by C. Lamy
(on the possibility of using artificial neural networks
for modelling non-local electron transport in plas-
ma) [1], B. Tang (on numerical modelling of the pro-
cesses of suprathermal electron transport in the solar
wind) [2], X. An (on modelling the effects of bound
electrons in the process of model studies of particles in
a cell) [3], Y. Liu (on toroid modelling of electron loss
processes flowing out of a 3D field in the organisation
of research in the international experimental thermo-
nuclear reactor (ITER)) [4], X. Li (on modelling the
processes of acceleration and electron transfer in the
early pulsed phase of a solar flare) [5], “Modelling of
non-local electron transport in laser-driven double-ab-
lation fronts” [6], “Relaxation of electron beams/strahls
in solar outflows: observations vs. modelling” (on the
correlated analysis of the results of modelling and
full-scale measurements of electron beam/strahl relax-
ation processes in solar flows) [7], H. Funaba (on the
study of the Thomson scattering effect in modelling
and estimating electron temperature) [8], D. Vatan-
sever et al. (on modelling surfaces that emit electrons
when boundary layers are immersed in plasma) [9],
V. Lazurik (on the investigation of semi-empirical
models of electron beam control in radiation technol-
ogies) [10], O. Linder (on self-matching modelling
of electron run-up during breakdowns in Tokamak
(ITER)) [11], L. Adhikari (on modelling the process
of heating protons and electrons in a fast solar wind)
[12], M. Wibowo (on modelling the dynamics of ul-
tra-fast electrons in strong magnetic fields using re-
al-time electronic structure methods) [13], Y. Huang
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(on modelling strong electron heating by radio fre-
quency waves at EAST) [14], Z. Wang (on real-time
modelling and estimation of the total electron content
in the vertical global ionosphere using hourly IGS
data) [15]. When analysing these specialised publi-
cations, it was found that in modern physics, electron
models only describe its properties. Known electron
models do not answer questions about the structure
of the electron, the nature of the electric charge, the
nature of the fine structure constant, and the relation-
ship between electron parameters and vacuum param-
eters. Building a model of an electron, in the study of
which it is possible to establish new physical patterns,
is an urgent task. As part of the current study, when
modelling an electron in combination with vacuum
modelling, oetiological and morphological features of
the generation of the studied elementary particles are
established, which provides a more complete physical
picture of reality.

Materials and Methods

To achieve the established goals and objectives,
the study uses recognised methods of microparti-
cle modelling based on the application of analogue
models implemented in accordance with the recom-
mendations of R. Gaudenzi [16], A.J. Daley [17],
V.V. Mdzinarishvili [18], S.D. Bass & E. Zohar [19],
D. Hangleiter [20]. The use of these analogue models
allowed involving in the process of target modelling
the recognised physical-theoretical and physical-em-
pirical formulations and dependencies, based on the
results of integration of which the corresponding
first-iterative calculations were performed. The electron
model was developed in the following methodological
sequence:

— the general parameters of the space-time contin-
uum are determined, in particular, the concept of the
density of matter determined using the gravitational
constant and the Hubble constant;

— the model of physical vacuum is developed us-
ing the conceptual basis and theoretical background
of P.A.M. Dirac models, spinor field models, di Bartini
model of six-dimensional spacetime (Bartini world),
and M.K.E.L. Planck oscillator model;

— the energy characteristics of the simulated vacuum
are determined, in particular, the meager spinor energy,
the electric field density, the energy due to the mag-
netic field, the oscillator energies, etc., the derived de-
pendences of which allowed formulating the electron
model (in particular, determining the spatial and energy
parameters of the electron and the parameters of the
membrane of the elementary particle under study);

— for the purpose of correlation and scientific eval-
uation of the developed model of the object under
study, the previous scientific experience in modelling
the electron as an elementary particle is established
with the allocation of an appropriate vector for the



Pavliuk

development of analogue modelling with a focus on
the model development directly for the studied atomic
element associated with the vacuum model, in particu-
lar, by R. Solomon (on establishing the correlative de-
pendence of the mass and Hubble constant of an elec-
tron on the environment) [21], G. Qu & G. Tatara (on
the study of massive electrons by P.A.M. Dirac) [22],
A. Uka & S. Nazarko (on the use of di Bartini models
in energy expression and the use of spatial parameters
to achieve unification based on the ideas of Einstein
and Wheeler) [23], H.P. Le (on quantum modeling of
Fokker — M.K.E.L. Planck degenerate electrons) [24],
L. Nash (on the dynamics of Euclidean space-time at the
M.K.E.L. Planck scale) [25], J. Walkowiak (on approxi-
mate atomic models for fast calculation of the Fokker —
M.K.E.L. Planck equation in thermonuclear plasma with
high Z impurities and superthermal electrons) [26];

— the parameters of the electron for which it is
advisable to perform modelling are determined;

— analogue models are used to develop an elec-
tron model with the appropriate definition of derived
quantities that establish the simulation quality and
physical parameters of the model;

— the energy parameters of the generated electron
model are calculated;

— a correlation is established between the parame-
ters of the simulated electron and Hubble’s fundamen-
tal studies, in particular, on the direct participation of
the Hubble constant in the development of the elec-
tron model.

Based on the results of modelling with the de-
velopment of an appropriate mathematical frame-
work (based on specialised physical and empirical
formulations and expressions), analytical conclusions
are formed regarding the scientific value of the de-
veloped model of an electron associated with vacuum
modelling and the presence of a correlative relationship
with recognised aspects of the physical picture of the
real world.

Results and Discussion
The space-time continuum is characterised by a critical
density of matter [21]:

p=3 M

8nG ’

where G - gravitational constant; H — Hubble con-
stant. (H =3-10"%¢"1 +4.10718¢c™),

Known models of physical vacuum:

— model proposed by P.A.M. Dirac, where vacuum
is considered as an environment consisting of pairs of
particles and antiparticles;

— models of spinor fields, where the vacuum is
considered an environment consisting of non-mass
spinors [22].

There is also a well-known theory of the
(3+3)-dimensional continuum (Bartini world), which
was developed by a prominent aircraft designer,
theoretical physicist, cosmologist, and philosopher

R.O. di Bartini [23]. He considered his six-dimensional
space-time to be quantum. As the quantum of space,
R.O. di Bartini [23] adopted the classical electron ra-
dius. Assuming that the vacuum is quantum, there is
an element of the microstructure of the vacuum - a
particle with a spin % , with localisation radius r, and a
density p equal in magnitude to the critical density of
the space-time continuum. The meager spinor energy is
equal to the product of the density by the volume of the
localisation sphere and the square of the speed of light:

H?rc?

W= 2)
This minuscule energy is equated with the mi-
nuscule energy of a vacuum quantum %H and after
algebraic transformations, the radius of the spherical
surface equal to the classical radius of the electron is

obtained:

l

= (2 ®
Classical electron radius r, — a fundamental
constant of the length dimension, which is included
in a number of equations of classical and quantum
electrodynamics. From equation (3), it is advisable
to express and perform a numerical calculation of the
Hubble constant, since only its approximate value is
known in physics. Calculated value: H ~ 3,5-107*8¢7*,
The modelling technique requires the estab-
lished formulas to be derived from other model con-
structions. For the first time, the membrane model of
the Electron was proposed by P.A.M. Dirac [22]. The
elementary charge in his model is evenly distributed
over the spherical surface of the membrane. Next, the
study considers the membrane model of an electron,
with the following model constructions. One spatial
coordinate from a three-dimensional space is col-
lapsed, compacted, and its thickness is minimised. The
resulting membrane has the following surface density:

CcH

o= €]
Equation (4) was obtained by multiplying the
critical density value p by the volume of a sphere with
a radius ¢/H and dividing the resulting mass by the
surface area of this sphere. The surface energy density
of the membrane correlates with the energy density of

the electric field of an electron:

w = ga, (5

where g — parameter with the acceleration dimension.
Electric field energy density:

2
w= 2 (6)
2
where E - electric field strength; ¢, — electric constant.
Thus, the parameters of the two-dimensional
electric field of an electron are correlated with the



parameters of a two-dimensional membrane. The
magnetic field of an electron is characterised by
one-dimensionality — the magnetic moment of the
electron (N.H.D. Bohr magneton) is projected in any
fixed direction, taking the value +ug. Thus, a one-di-
mensional continuum element is observed in three-di-
mensional space. The study provides a mechanical
analogy of the N.H.D. Bohr magneton. Let the tube
be fixed at one end in the swivel joint. A miniature
robot inside the tube captures freedom of movement
in one coordinate. For him, space is one-dimensional.
The observer in a three-dimensional space records dif-
ferent positions of the tube, which has two degrees of
freedom of rotational motion, and notes its constant
length. The realisation of an electron in a space-time
continuum is associated with the splitting of three-di-
mensional space into two-dimensional and one-di-
mensional. In this case, the charge sign is determined
by the symmetry variants of the space-time continuum.
Mass of a spherical membrane with radius r is equal
to 4nor?, and the energy corresponding to this mass
is equal to:

Hrécd
W, = T 7
This energy can be identified as conditioned by
an electric field. The value ¢/r, which has the dimen-
sion of the cyclic frequency, is denoted by the letter
w,. Then, by analogy with rotational motion, the energy
conditioned by the magnetic field:
h hc
Win =~ wo = E (8)
By analogy with an electromagnetic oscillator
or with an electromagnetic standing wave, where the
energy of the electric and magnetic fields are equal,
the right-hand sides of equations (7, 8) are equated,
and the equation (3) of the classical electron radius is
obtained from the resulting equality. The bar frequency
is determined by the equation:
= (5) ©)
Then, a compact formula for the electron is ob-
tained from equation (3):
wo = (Hw?)? (10)
Next, as an analogue, the study considers a model
of the rotational motion of a ring or cylindrical surface
rotating around its axis at a linear speed close to the
speed of light. In this case, there is a paradox of the
special theory of relativity, formulated by P. Ehrenfest
in 1909. The essence of the paradox is that the ve-
locity of each element of the ring is directed tangen-
tially and the ring must undergo Lorentz reduction in
length. Then, for an external observer, the ratio of the
ring length to its radius will not be equal to 2z and,
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accordingly, the positions of the Euclid geometry are
not met. However, when formulating the paradox, the
phenomenon of relativistic aberration of light was not
taken into account. From the special theory of relativ-
ity, it is known that the direction of light propagation
transverse to the velocity V will be for an external ob-
server at an angle 6 to the velocity V [27]. Then:

cos cos O = % an

The wavelength of light in this direction is re-
duced due to the C. Doppler effect. In the rotating ring
model, this is manifested by a reduction in the length
of the radius. Thus, in the relativistic case, the radius
of rotational motion, i.e., the radius along which the
centripetal force acts, is directed at an angle 0 to the
linear velocity of the ring elements and equal to:

1
R=R(1- Z—zz)z (12)
where R, — geometric radius of the ring.

The centre of a circle is not a point, but an inner
sphere with a radius 22, to which radius R is directed
tangentially (Figure 1).

v

-----

Figure 1. Concept diagram of a model environment
for determining electron parameters

Shortening the length of the radius of rota-
tional motion along which the centripetal force acts
can be defined as compressing or folding a single spa-
tial coordinate. When the ring moves with linear ac-
celeration, there are two possible options:

1. Acceleration with a “+” sign and the spatial
coordinate collapses.

2. Acceleration with a
dinate unfolds.

Obviously, by analogy with the model of a rotating
ring, in an electron and positron, there is a convolution
or sweep of one spatial coordinate and the implementa-
tion of a two-dimensional membrane. The acceleration
sign determines the charge sign of the particle.

Next, the study environment considers the os-
cillator model by M.K.E.L. Planck [28; 29]. Accord-
ing to Planck’s quantum hypothesis, the energy of an

« ”

sign and the spatial coor-
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oscillator can only take certain discrete values equal to an
integer number of elementary portions of energy — en-
ergy quanta. According to the theory of M.K.E.L. Planck,
the average value of the oscillator energy with frequency
v is determined by the equation [28; 29]:

hv , (13)

expexp (:—;) -1

(Ey) =

where k — Boltzmann constant; T — radiation tempera-
ture of the oscillator.

In accordance with law of W. Wien, the fre-
quency v is related to the radiation temperature by
the ratio [30]:

T=%, (14

c

where Wien’s constant b is determined by the equation:

hc

= 4,965k (15)

Thus, b=2.9-10° mK. Substituting equations (14)

and (15) into equation (13), the following is obtained
after algebraic transformations:

hv hv

(E) = o traes 5~

expexp (4,965) —1 143

(16)

The coefficient 1/143 was obtained for the
M.K.E.L. Planck oscillator model [28; 29]. Interestingly,
there is a similar coefficient for an electron. This is the
so-called fine structure constant:

1
a~— a7
That is, for an electron, the following equation
is valid:
(18)

myc? = ahw,

where m — the rest mass of the electron.

The physical nature of the fine structure con-
stant in modern physics is unknown. There is also no
comprehensive knowledge of the structure of the elec-
tron. Therefore, it is premature to comment on the
obtained ratios of physical quantities. Next, the study
calculates physical quantities that have the dimension
of limit frequencies. A well-known equation that is
required for calculations [31; 32]:

(19)

e? = admeyhc

where e — elementary charge.
As a result of algebraic transformations, the
following is obtained from equation (5):

= go
2 g
e?  gcH
amert G
(20)
ahe _ g
G

Equation f = 9¢7 has a frequency dimension.

Values of f within the lowest and highest possible fre-
quencies in nature:

H<f<uw, 21

Then the possible frequencies in the mathemat-
ical model of the oscillator are within:
(Hw,)? < E < (Hw3)* (22)

The frequency of the upper limit corresponds
to the frequency of the fermium energy quantum. It is
known that in particle accelerators, an electron can be
given an energy not exceeding 294 GeV [33]. This is
the value of the fermium energy of the weak interac-
tion. Numerical calculations in the first approximation
confirm the ratio. Next, the study considers the nature
of the lower frequency limit.

Analysing the spectra of galaxies, E.P. Hubble [34]
concluded that most galaxies are moving away from
us at speeds proportional to their distance. Galaxies
are moving away not only from our galaxy, but also
from each other. The universe bound by the law of
E.P. Hubble, the same for an observer located at any
point in space. The fundamental fact of observation
is that the absorption lines in the spectra of nearby
galaxies are shifted towards the red part of the spec-
trum [34].

Two types of redshift are known: Doppler and
gravitational. In the 1920s, the general theory of rel-
ativity was not yet as widespread as it is now. There-
fore, it is natural that observers interpreted the red
shift in the spectra of galaxies as Doppler. But in mod-
ern cosmological theories, the expansion of the uni-
verse is related to the curvature of the space-time con-
tinuum, which is equivalent to a gravitational field.
The Doppler and gravitational redshifts are equivalent
when deriving the E.P. Hubble law [34] and are de-
scribed by the equation:



v = (1 —HTI) Vo (23)
where v, — frequency of light emitted by the object; v -
frequency of light reaching the observer; [ — distance
from the object to the observer.

The equivalence of Doppler and gravitational
redshifts allows introducing into theoretical calculations
a value with the dimension of the potential of the
gravitational field [35]:

a+o)=(1-%) (24)

The distance r=I[ from a compact object with
mass M is determined, on which the potential of its
gravitational field is equal to:

a+e)=(1-5) (25)

c?r

From equations (24, 25), the following is ob-
tained:

(26)

1

GM\2

= (3
cH

Next, the study determines at what value of r
the mass of a microparticle has the value:

Gh \s
r= ()
Equation (27) is substituted into equation (26)
and after algebraic transformations:

1

_ (Gh\s

r= (ch)

The formula for the classical electron radius in

the third model construction is obtained. The Planck
mass is expressed by the equation:

27

(28)

1

= (2 =2 2
The distance r, is defined for Plank mass:
n= (%); = - 1 (30)

B (Hwp)?

The denominator in equation (30) is the value of
the lower limit of the frequency f in equation (22). Inter-
estingly, the surface density of a membrane with a Planck
mass and a spherical surface radius r, amounts to 2o.

Elementary particles (electrons, muons, and
tauons) belong to the class of leptons. It is a well-known
hypothesis that muons and tauons are states of an ex-
cited electron. The main provisions of the theory of the
six-dimensional world developed by R.O. di Bartini
are used as a basis for model constructions [23]. In
this model, in addition to the usual Cartesian coordi-
nates of three-dimensional space, R.O. di Bartini [23]
proposed to consider the same three-dimensional time
model with three orthogonal coordinate axes. Phys-
ical phenomena of the microcosm, in particular, the

Electron modelling in conjunction witch vacuum modelling

crushing of elementary particles into quarks, suggest
the application of the theory of R.O. di Bartini [23]
in particle physics. In the (3+3)-dimensional contin-
uum of the microcosm, it is possible to implement the
addition of mutually perpendicular velocity fluctu-
ations. Analogue models with calculations based on
the formulas of relativistic addition of velocities are
published in [36].

Let in the relativistic case be mutually perpen-
dicular fluctuations in the velocity of a material point
at the same oscillation frequency and phase difference.
Setting the values of the speeds at which circular mo-
tion can be implemented:

V, = ¢ sin sin wt 3D
V, = ¢ cos cos wt (32)
V, = c cos cos wt (33)

where ¢ — speed of light in a vacuum.

In accordance with the law of relativistic addi-
tion of velocities, the resulting velocity when adding
mutually perpendicular vibrations is equal to:

1
VEVE\2
= (w24 =25 (34)

Substituting equations (31) and (32) into equa-
tion (34), and after algebraic transformations, the fol-
lowing is obtained:

1
V, =c(1—0.25"sin*2wt)? (35)

Therefore, the resulting linear velocity of circular
motion is pulsating.

In the case of relativistic addition of mutually
perpendicular velocity fluctuations along three Carte-
sian coordinate axes, the resulting velocity is equal to:

1

+ By (36)

VEVE  VEVE VEVZ

VT:(VXZ-’-VyZ-’-VZZ_ cy_ 2 };2

Substituting the values of velocities from equa-

tions (31-33) into equation (36) and after algebraic
calculations, the following is obtained:

1
V, = c(1 — 0.25sin? 2wt * cos*wt)z (37)

Pulsations of the resulting velocities in ana-
logue models give an idea of the nature of the excited
states of the electron, which are manifested in the im-
plementation of the muon and tauon.

Conclusions
In the current study, in accordance with the formulated
goal and the identified scientific problem regarding
the absence of electron models in the scientific space
(moreover, in combination with the vacuum model),
proper results were obtained.

With the help of a multilocal literature review,
it is established that currently existing mathematical
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and physical models carry out model reproduction of
only certain characteristics of the studied elementary
particle, while the entire object of research (electron)
(according to scientific research in the current chrono-
metric horizon) is not reproduced in any of the relevant
specialised studies in the digital model environment.

It is established that modelling with the devel-
opment of an appropriate mathematical framework
(through algebraic transformations) for a certain sci-
entific aspect under study (development of an integral
electron model) can be carried out using analogue
models and corresponding recognised scientific re-
sults of modelling spinor fields, modelling six-dimen-
sional space-time, and modelling an oscillator.

Using recognised scientific results, a model of
the electron is created that reproduces not only its
spatial and energy characteristics, but also determines
the oetiological and morphological features of the gen-
eration of the elementary particle under study, which

provides a more complete physical picture of reality.

When modelling the electron in combination
with vacuum modelling, it became obvious that the
constant is a vacuum parameter necessary for mod-
elling and calculating elementary particles. The sim-
ulation results allow going beyond the paradigms of
modern physics. It becomes obvious that elementary
particles are not just material objects in the void of
vacuum, but are created as a result of its splitting,
crushing, oscillating movements, and interaction with
vacuum quanta.

The prospect of further development of models
consists in visual modelling of elementary particles
made up of quarks as oscillating systems in which the
distance between the components is a multiple of A/4
and the transfer of the obtained physical and mathe-
matical framework to a digital program environment
for the development of an already direct electronic
model of the elementary particle under study.
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MogenroBaHHS eJIEKTPOHA B IIOEJHAHHI 3 MO/l TIOBAHHAM BaKyyMy

JleoHia OnekcitioBud ITaBiarok
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AHoTania

AKTyaJbHICTb. AKTYaJIbHICTb JOCTIZKEHHS Ta BiATIOBIAHUX pe3y/bTaTiB GOPMYyeThCs 3 ypaXyBaHHAM HEOOXiTHOCTI
3aiticHeHHs U PoBOro TpachepuHra HayKOBUX Hi3MKO-MaTeEMaTUYHUX allapaTiB MO/IETIOBAaHHS IOCTIIKYBaHUX
00’eKTiB Ta SBUII peaJbHOTO CBITY B IU(pOIporpaMHe cepeZoBUIIE, 0 GOPMYeE MOTYKHIM AOCTIAHUIBKUH
iHCTPYMEHT MOK/IHBICTIO 6araToiTepalliiHoOro Ta pisHOBEKTOPHOT'0 OOUMCIEHHS Ta IPOTHO3YBaHHSA XapaKTepy Ta
SIKOCTEM 3MO/Ie/TbOBaHUX eJIeMeHTIB GisIHOI KapTUHU CBITY 3 Pi3HOI0 HayKOBO OOT'PYHTOBAHOIO KOH}Irypailieto
BUXIZIHUX JaHUX. SIKiCTh Ta AOCTOBipHiCTb ITUPOBUX MOAeeH 3aleKUTh Bifl IKOCTi Ta TIOBHOTU BpaxXyBaHH
pisHuX (Qi3MYHUX acleKTiB B MOJENIbOBAaHUX AOCTIAHUIIBKAX O0’€KTax Ta fABHUINAX. BiATak, AOULIPHUM Ta
aKTyaJbHUM € GOpMY/TIOBaHHS IMTOYATKOBOI iTepallii 1[dppoBOro TpaHCPEPUHTY — CTBOPEHHS 3a/leKHiCTHO-
KOpeJsIiiHoro amapaTy. JIpyrdM acleKToM, L0 3acBiguye aKTyaJabHICTh MMOTOYHOTO AOCTI/KEHHS € (akT
BiZCyTHOCTI IIiTicHOI MoZiesli eJIeKTPOHY: Hapasi y CBIiTOBill HayKOBilf CIINIBHOTI BiZloMi MOZeJi, [0 OMUCYIOTh
OKpEeMi XapaKTEPUCTHUKU Ta eJleMeHTH JOCTiIKyBaHOl eleMeHTapHOi YaCTUHKH, ITPOTe MO/IETi, 1o onucyBasia 6
€JIEKTPOH SIK ITiTiCHUI 00’'€KT — BiICyTHI.

Meta. MeTa cTaTTi — po3pobKa Mojiesli eIeKTPOHY, 1110 TTOB’sI3aHa 3 MO/IeIbOBaHUM BaKyyMOM 3 BUKOPHUCTAHHIM
BiATIOBIIHMX aHAJIOTOBUX MO/ieJiel BU3HAHUX QpyHAaMEeHTaIbHUX HAYKOBUX IIpallb.

MeTozosoria. B moToyHOMy ZAOCIiZP)KeHHI BUKOPHCTaHI METOJM aHAJOTOBUX AipaKOBHX Mozesel, mozenei
CITIHOPHUX MOJIiB, MOZENb IIECTUBUMIPHOTO MPOCTOPY-4acy OapTiHiBCHKOTO CBiTY Ta MOZEJh IUIAaHKIBCHKOTO
OCLIUJIAATODY.

PesynbraTi. 3a pesyibTaTaMU AOCTiAIB Ta Gi3MKO-MaTeMaTUIHUX TpaHCHOpPMAIliil y TOTOYHOMY JOCTi/PKEeHH]
MIUIXOM iHTerpaliii eleMeHTiB Teopii epeHdecTChKOTO MapafoKCy B 3a3HavueHi BUIle Moziesli Ta 6a30Bi eleMeHTH
¢isnyHOi Hayku chopMynoBaHa IliCHA MOJENb €JIeKTPOHY, sSKa He JIUIIe OTpUMaja OMKC IPOCTOPOBUX Ta
€HEPTeTUYHUX XapaKTePUCTUK, a H JO3BOJNWIA OL[iHUTH eTiosoro-Mopdosoriui ocobiuBocTi popMyBaHHS
JOCTiZKYBAHOI eJleMeHTapHOI YaCTUHKY, a TAK0XK BCTAHOBJIEHI OKpeMi (i3MKO-KOPEeJIALiiTHI 3a1eKHOCTI.

BucHoBku. [To-niepiie, xab610Ba mocTiiiHa HeoOXifHA K TapaMeTp BaKyyMy IIpU MOZETIOBaHHI eJleMEHTapHUX
YaCTUHOK, MO-IpyTe, XabioBa MOCTiliHAa BXOAUTH 0 GOPMYyIU KJIACHYHOTO pajiyca eJeKTPOHa, MO-TPeTe, Ha

OCHOBI pO3paxyHKiB Moziesieli 3aIIpOIIOHOBAHA TiNoTe3a BiAMiHHOCTEH eJIeKTpOHAa, MIOOHA i Ta0OHa

Kiro4oBi cjioBa: KBaHT BaKyyMy, paliyc eleKTpOHa, MarHiTHHUI MOMEHT, TIOCTiiHa Xa66.1a, mapasokc EpeHdecTta
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Abstract

Relevance. This paper describes the measurement of the cross sections of the fission and fragmentation reactions
of a plutonium target irradiated with a series of protons characterized by an energy of 660 MeV at the Phazotron
accelerator of the Joint Institute for Nuclear Research.

Purpose. The experiment focuses on the determination of short-lived radionuclides.

Methods. The experimental sample was measured in offline mode using gamma spectrometry with HPGe detector.
The reaction rates of the formed residual nuclei were studied. The products of spallation reaction were determined
with the help of the direct kinematics method. The DEIMOS32 software was used to process y-spectra.

Results. As a result of the interaction of nuclear elements with protons, nuclei were formed in the 2*Pu sample.
Those nuclei were identified using the TJ02000321-V3 software. The reaction products were identified based
on gamma energies, intensity and half-life after the measurement set. During the study of the gamma spectra
determined for the irradiated plutonium target, it was possible to establish 50 gamma lines and reveal 31
nuclides by energy and half-life cycles from 14.4 m to 3.19 h. The measured nuclear reaction cross-sections can
serve as reference data for theoretical simulations of the interaction of protons with #*Pu and they can be a
supplement to the nuclear databases.

Conclusions. The obtained experimental result is compared with the simulation on MCNP 6.1. The data overall
correspond to the expected range, but it still needs more evaluation. The next logical step is to search for primary
products (mother nuclei) and compare the obtained experimental data with the results of computer simulations

Keywords: Phasotron accelerator, TJ02000321-V3 software, gamma spectra, radionuclides, y-spectroscopy,
accelerator-driven systems

Suggested Citation:
Tanchak A., Katovsky K, Haysak II, Adam JJ, Holomb RR. Research of spallation reaction on plutonium target irradiated by
protons with energy of 660 MeV. Scientific Herald of Uzhhorod University. Series “Physics”. 2022;(52):36-45.

“Corresponding author



Tanchak et al.

Introduction

Given the large number of nuclear power plants around
the world and plans to build new ones, it is safe to say
that nuclear power continues to play an important role
in the industry. At the same time, one of the biggest
problems facing nuclear energy is still highly radioactive
material produced during energy production.

An extremely important place in the policy of
the world’s leading states is occupied by the environ-
mental vector, namely processing and working with
waste generated during the operation of nuclear pow-
er plants. The issue of processing or domestic sale of
weapons of plutonium and highly enriched uranium
is urgent among the international community. This is
especially true of countries that possess nuclear weapons,
which brings about constant updating of approaches
to the regulation of this sphere. Such programs will be
developed in Europe, North America, Japan and rus-
sia [1-3]. According to the IAEA, in 2018 the volume
of all exploited nuclear fuel in the world has reached
330.000 tons [4].

The composition of exploited energy resources
includes uranium (296%), plutonium (x1%) and
high-level radioactive waste (=3%). Uranium with a
fission of less than 1% 2**U and plutonium can be re-
used. The products formed as a result of the exploita-
tion of energy resources and their processing should
be classified depending on their chemical composition
into uranium, plutonium, and high-level waste.

Plutonium is the only transuranic element that
is released and used on a large scale. Plutonium is
better as a fuel for energy production because the
fission reaction of one nucleus usually forms 3 new
neutrons. Plutonium can be used in nuclear reactors
from two sources: as a fission product in reactors of
28U isotope; or excess plutonium created for atomic
bombs [5]. By solving the problems and issues that
arise in nuclear policy, with the help of nuclear fission
energy, it is possible to provide permanent electric
resources with a base load.

Accelerator-driven nuclear cross-section (ADS)
data obtained by the subcritical system will help fu-
ture researchers in the field of nuclear technology [6].

Self-absorption

As for solving the issue of transmutation of highly
active nuclear products, it is advisable to implement
this process based on the approach using accelerators
(ADS). These systems have a higher margin of safety
due to their ability to stop the chain reaction by stopping
the supply of protons.

Materials and Methods

In this experiment, direct kinematics method [7; 8]
was used for determining spallation products. In this
method, relativistic light projectile hits a heavy tar-
get. Using y-spectroscopy and mass spectrometry, the
cleavage products are detected and stopped at the tar-
get. Gamma-ray spectrometry is used to identify ra-
dionuclides and to measure their activity. Gamma-ray
spectra were obtained from experimental results and
prepared using the DEIMOS program. The spectrum is
the main part of determining the experimental rates of
the reaction products.

As a result of the implementation of the intranu-
clear cycle, as well as differentiation, fragmentation,
evaporation of light nuclei and nucleons, the nuclei of
the operated object are formed in connection with pro-
tons located in the target nucleus. The general form for
this process is:

;;T(p, x)4N €h)

where, (p, x) expresses the type of nuclear reaction,
T and N are the chemical objects of the target nucleus
and the element, AT and ZT are the mass number and
charge of the target nuclide, A and Z are the mass
number and charge of the nuclide resulting from the
nuclear reaction. The yields of radioactive products
nuclear reaction are determining:

R =0(E)- ®(E) (2)

where o(E) — cross sections of a nuclide production
and ®(E) is the proton flux density.

The number of formed residual nuclei Q (Ar,
Zr) per atom in the sample N, and one incident deu-
teron per second N, form the reaction rate, which is
determined by the equation (Fig. 1).

correction Beam Real Correction for
correction measurement decay during
time cooling time Decay constant
Peak area “
Irradiation
i . . At . time
Reaction R Sp Caps(E) *Bgtreg 1 1 eAto) Ao tipr
rate = _— ;
F L, - &y(E) tiive NaNp 1 — e(“trea) 1 — e(-Atirr) Correction for
. decay during
Gamma-line irradiation
intensity Correction for
Detector Live time of the Numb}ar of Number of decay during
T measurement atoms in the i —— measurement
efficiency sample

Figure 1. Reaction rate formula

Source: [9]



The effective cross-section of the reaction o ex-
presses the probability of this transformation in 1 s
when the nucleus is bombarded with a flux density of
1 particle in 1 s per 1 cm?. If N nuclei are contained
in the target and the flux of I particles per 1 cm? per
s falls on it, then oNI of nuclear transformations per
1 s occurs. The total effective cross section is the sum
of the cross sections of the processes on all channels:

(3)

The reaction depends on the effective heat cross
section of the incident particle, which is important:

o= f(E) )

oc=o0,+0 +
c

In real physical experiments, it is not always
possible to directly measure the effective cross sec-
tion. The directly measured value is the yield of the
reaction. The output of the nuclear reaction B at a
given energy of the falling particles is the ratio of the
number of acts of reaction that occurred to the num-
ber of particles that fell on the target, provided that

, . . . taii
Sy(Ey,i) — {Ae—lafz(l)(l _ e—ﬂafs,r(l)) + Be—lbfz(l)(l _ e—ﬁbts,r(l))}ﬂ

Experimental setup

The experiment was carried out at the Phasotron at the
Joint Institute for Nuclear Research (JINR) in Dubna.
The experiment is to irradiate a thin target composed of
a mixture of PuO, with Al. Irradiation of the plutonium
target occurred on the external proton beam with an
energy of 660 MeV. The target was made according to

Research of spallation reaction on plutonium target...

all target nuclei fall the same stream of bombarding
particles. The yield can be calculated if the known ef-
fective cross section of the process o:

p=lt e g emon 5 gp 5)
10 IO

For targets of complex isotopic composition

and targets in which the studied isotope is part of a

chemical compound, there is the following formula

for calculating the cross section:

6.
Sy (Ey(j))laxﬁ

(6)

Oa (Ey (1)) =

. - —Apt, i —Agts, iy 2
Nmergsyly(Ey(]))(l—e 2at1)e P l2i(1—e "atni)

Aq[c™1] —is the decay constant for the nucleus a;
&, (Ey (j)) absolute efficiency of registration of y-quanta
with energy E,(); (Ey (j)) - intensity of gamma ray
decay with energy E, (j);1, t,, t,;, t,, — exposure time,
delay, real and real measurement time, respectively.

The ratio between the cross sections of the daugh-
ter product and the main maternal product o, [10]:

(7)

tariy

the sandwich geometry of plutonium and aluminium
product. The size of the object is @21x1.5 mm, it con-
sists of 2*°Pu foil, and its mass is 446 mg. At the same
time, the thickness of the foil is about 58.1 microns.
Three aluminium foils served as a monitor for the inci-
dent proton beam, and one as a collector of plutonium
target fragmentation nuclides (Fig. 2).

1 Welding Proton | beam 2
-
iR Y
L —
Al (dural.) ‘

1
1

" Al foil : 239Pu0, with Al

— | \ 021 : / N

Al foils /

(beam monitors)

034

Figure 2. Arrangement and description of the plutonium target

Using Phasotron, the experimental samples
were irradiated [11]. This device is a cyclic accel-
erator of heavy charged protons, which allows ele-
ments to carry out motor activity in a constant and
uniform magnetic field, as well as to accelerate in a
high-frequency electric field, which decreases in fre-
quency. An accelerated series of protons provided an
energy of 660 MeV. During the irradiation cycle, the

tray with the sample sandwich inside was taped to the
centre of a 50x50 mm, 0.1 mm thick aluminium plate
placed on the fixture perpendicular to the protons.
This position prevents the accumulation of *Na,
22Na and "Be appearing on the Al monitor. All control
over the intensity of the proton beam is provided by
the monitor. Table 1 shows the exposure indicators
of #39Pu.
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Table 1. Indicators of 2*°Pu target irradiation

Energy,

Mass of sample, (g)

Irradiation time,

Integrated proton flux, Output beam

(MeV)
660 446

(min)
5.25

p/(cm?-s)x 103
49 = 0.1

current, mA
2.02

Irradiation lasted 5.25 min; the experiment
was performed after 12 minutes of experiment with
Uranium. The integral flow of protons was (4.9 + 0.1)
1013 as a result of starting a current of 2.02 mA in the
output beam. The beam parameters are especially
important for determination of the decay of short-lived
nuclei during irradiation.

As a result of the irradiation, the objects were
removed from the phasotron camera and placed on the
spectroscopic mechanism of the YaSNPP-2. After that,
the characteristic gamma radiation spectra of the re-
leased residual nuclei in the target were measured, in
particular along the 1332 keV vector with a power of
19% and 1.78 keV of the CANBERRA HPGe detector.
Due to the high activity of the sample, the irradiation
was carried out at a great distance from the detector.

The transfer time of the plate to the detectors
was not more than 10 minutes. The measuring posi-
tion was chosen so that the dead time of the detector
did not exceed 20%, and in the case of active samples
did not reach much below 10%. As for actinides, which
often have their own low-energy gamma particle, this
use of the filter is very advantageous. Filters made of

lead sheets provide the absorption of higher energies
of gamma quanta. It is advisable to supplement them
with filters with a smaller number of nucleons (Cd, Cu),
which absorb X-rays excited in lead.

The study calculated the average proton flux
density. With the help of activated aluminium films,
the verification and control of the proton beam was
implemented for the reactions #’Al (p, 3pn) 2*Na, Al
(p, 3p3n+) #Na, Al (p, 10p11n+)’Be. A monitoring
reaction was used for this purpose ?’Al (p, 3pn) ?*Na.
Insights into the effective cross section on the Al plate
reaction and their small energy dependence at high
energies were used to monitor the number of protons
trapped of the p + AL

However, Al (p, 3pn) ?*Na reaction is usually
affected by the parasitic neutron reaction #’Al (n, o)
24Na. The effect depends on the distance of the alu-
minium foil from the system, and with a reasonable
choice it is effect is in the order of units or tenths of
a percent. Control can be carried out by reactions of
27Al (p, 3p3n) 2Na and ?7Al (p, 10p11n) "Be. When
placing the film directly on the target, it can give these
reactions 30% less proton integral (Table 2).

Table 2. The neutron- and proton-induced yields are calculated
in the ratio of 2*Na, ?Na and "Be formed in 2Al+p

Nuclide o (mb) o, (mb)
Al 24Na 31.1 11.4 0.0301 8.21
22Na 12.8 18.1 2.13
7Be 0.0143 0.99 0.043

Source: [12]

Data calculation and evaluation

During the experiment, DEIMOS32 software was
used for processing y-spectra. DEIMOS32 software
was developed at the Institute of Nuclear Physics in
the Czech Republic (Rzezh) and at the Joint Institute
for Nuclear Research in Dubna, was used to process
y-spectra [12]. Thanks to this software, it was possi-
ble to analyse and evaluate the peaks, their size and
other indicators. In addition, an examination and de-
tection of short-lived radionuclides formed in #°Pu
samples as a result of nuclear interaction with protons
was carried out. The last process was implemented on
the basis of a number of scripts belonging to the Ruby
programming language (TimeConst, AttCor, EffCor,
MidLit5, NonLin64, PureGam, SepDepe, SigmalJ7).
The output files of each program in the package are
input files for the next, and they must be in the root
folder of the corresponding program, so the output

files must be copied to the root of the program for
which this file is input.

The study used the program EFEKT8.EXE,
which determined the effectiveness of the HPGe de-
tector. At high gamma radiation energy, annihilation
radiation can leak out. After creating a positron-elec-
tron pair, the positron annihilates and creates two an-
nihilation photons 511 keV. In germanium detectors,
there is a high probability that one of the peaks of
destruction will escape. If one of the photons escapes,
one output peak (SEP) will appear in the measured
spectrum. If both photons escape, a double output
peak (DEP) will result.

The peak area of SEP or DEP can be determined
according to the area of peak E at full energy:

S(Espp) = S(Ey) * €spp(Ey) ®

S(Epgp) = S(Ey) * EDEP(Ey) C))



esep,eppp are single and double-peak coefficients deter-
mined experimentally. These coefficients are independent
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of the distance of the target to the detector. The depen-
dence of e;pon the peak energy is shown in the Figure 3.

Single/Double Escape Peak to Energy Peak Pations
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Figure 3. Experimentally determined dependency of SEP/DEP
and full-peak area ratios on full-peak energy E,

Source: [13]

The parameters set by the program EFFEKT8
are given in the Table 3. The experimentally measured
points were determined by formula:

exp(Ey) = exp (so + 51+ In(E, ) + 5,1n(E, )" + 531n(E,)°) (10)

Table 3. Experimentally determined parameters e,(E,) of the function

SEP DEP
i Si [-] ASi [-] Si [-] ASi [-]
0 -2.0866027851 0.2860230743 -1.3273140355 0.1814312750
1 13.8832738535 1.1099975243 12.8053750577 0.8383854495
2 -8.2291578426 1.3992857931 -8.9129115117 1.1473203273
3 1.7178618884 0.5675750337 2.6470549618 0.4847393276

Source: [14]

The program that is responsible for correcting the
efficiency of the detector. This amendment (n, (Ey)) is
defined by the formula:

Ne (Ey) = exp(ao + Z?:pl ailni(Ey)) 1D

a, — parameters of the efficiency curve, estimated us-
ing the program EFFEKT8.EXE after a series of mea-
surements calibration standards and E — gamma peak
energy.

In the study AD4HEL — Activation Detectors for
High Energy Lasers [15] program was used. This is
a special program for the analysis of the spectrum of
neutrons generated by the laser. Software developed
on the basis of the Brno University of Technology,
located in the Czech Republic. Only “prn” format is
supported. This program gives possibility to calculate
production/reaction rate: unit of production rate is
the number of reactions in sample per 1 second and
reaction rate is number of reactions normalised per

one incident particle and one atom of foil (need integral
flux). Some values and results are saved in the “.xIsx”
file in the “out” folder.

Based on the energies of y-rays Co-57, Fu-152,
Co-60, Ra-226, Cd-109 and Ba-133, which have the
required energy range, the quality (&) of the struc-
ture of the HPGe detector was revealed. In parallel,
the efficiency calibration can be performed in order to
obtain not only the range of energy value but in the
future also the values of the activity of the sample and
radionuclide impurities. The change in the efficiency
index with the heat of y-radiation is not characterized
by the location of the detector, although its absolute
value is correlated with this feature.

Efficiency calibration: mathematical fitting 43
experimental values (points) in the 121-to-2614 keV
range (Fig. 4). Fitting coefficients were determined
for each position, which used to further calculate the
result (Table 4).
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Figure 4. Efficiency calibration obtained with help of the Python scripts

Table 4. Efficiency fit coefficients of the HPGe-detector for example Position 2

a0 6.43425653
al -0.78928838
a2 0.09669678
a3 -0.20612789
a4 -0.440179361
a5 0.08561548
a6 0.25554557
a7 0.08057409

Results and Discussion

50 gamma lines and 31 nuclides (see Figs. 5, 6) were
established as a result of the examination of 21 gamma
spectra described for the irradiated plutonium target.
During this process, the energy and half-life ranged
from 14.4 m to 3.19 h. The investigated nuclides are
characterized by indicators from 41-239 with gaps in
indicators 41-149 and 197-239.A sample of #*°Pu was

subjected to fragmentation during neutron irradiation.
The latter was formed in an aluminium target. Quan-
titative materials for 31 nuclides were described with
a wide range of plutonium fission elements:*Sr, %Rb,
9%mNb, 101Mo, 9Ru, 135mCs, 118mGh, 134Te, 13¢4], 130Lq, 201Bj
and other. The results of isomers are shown in Table 5.
All obtained nuclides are shown Figure 5-6. Also, Na
was obtained which formed in the aluminium foils.

Table 5. List of isomers with their cross-section

Isotope E, keV )
%8mNb 722 73.8 2.63E-29 1.47E-30 2.33E-05 1.23E-06 0.85 1.56
787 93 3.08E-29 | 1.64E-30 0.85 0.8

1169 17.8 4.96E-30 3.25E-31 0.85 1.26

otmy 555 95 1.48E-29 | 1.34E-30 | 5.12E-05 | 2.36E-06 0.83 1.3
oomy 479 7.27E-30 3.67E-31 2.52E-05 9.79E-07 3.19 3.49
1iompp 1293 84.44 | 5.31E-29 | 2.79E-30 | 2.74E-05 | 7.31E-07 0.9 0.93
1097 56.2 8.52E-30 4.50E-31 0.9 0.91

2112 15.5 6.48E-30 | 4.33E-31 0.9 1.62

116mSh 843 11.2 1.08E-29 2.24E-30 4.15E-05 1.79E-06 1 0.16
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Table 5, Continued

Isotope E, keV Iy, % RR, s dRR, s 20,b do, b exp.
1293 100 1.02E-28 1.27E-29 1 0.94

135mCg 846 95.9 3.37E-30 | 4.79E-31 1.79E-05 4.79E-07 0.88 0.67
786 100 4.58E-30 1.83E-30 0.88 0.89

201mBj 846.833 5 1.77E-28 1.21E-29 | 9.87E-05 4.45E-06 0.98 1.33

Note: Y o,b — the sum of cross-section of all y-lines for one isomer (b-barn)

Experimental data

Experimental data
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Figure 5. Calculated and experimental cross-sections
of created isotopes in irradiated 2*Pu target

In Figures 5-6 the red points are experimental
data, and the green points are obtained isomers. The
figures reveal the researched and developed cross-sec-
tions of short-lived radionuclides that were identified
in the ?Pu target. The latter, in turn, was irradiated
with a beam of 660 MeV protons.

As it was mentioned before, plutonium is widely
used in the nuclear industry as a component for nuclear
weapon, fuel for nuclear reactors, as well as an energy
source for space devices. Therefore, the need for ex-
perimentation for the plutonium study, its behaviour
in reaction time, such as nuclear fission, is increased.

Most of the heavier elements, such as plutonium,
uranium and others, fission under the influence of
protons, if the proton energy is high enough to over-
come the nucleus Coulomb repulsion. In the work car-
ried out, the plutonium target was bombarded with
a number of protons characterized by an energy of
660 MeV. As a result of the conducted research, it
was possible to establish 50 gamma-lines and reveal
31 nuclides, the obtained results are confirmed by the
data presented in the previous section.

In order to compare the obtained research re-
sults, their confirmation or refutation, an analysis of
works in this field by other authors over the last few
years of publication was carried out. Since the reac-
tion of nuclear fission belongs to multifaceted cycles,
which are affected by a number of indicators, therefore
a rather small number of works have been covered in
this area.

Charge number (Z)

Figure 6. Calculated and experimental cross-sections
of created isotopes in irradiated #°Pu target

In their study, J. Adam et al. [16] studied the
transmutation of 2**Pu and ?**Pu and other radioac-
tive chemical elements such as '?°I, 2’Np, and **Am.
During the work, the “Energy and Transmutation” tar-
get was irradiated with a number of protons. In turn,
the latter were formed from the Nuclotron accelerator.
The research was conducted in russia, namely at the
High Energy Physics Laboratory of the Joint Institute
for Nuclear Research in Dubna. In the neutron field,
outside the blanket, and the outputs of transmutation
reactions (the outputs of the formation of residual
nuclei) were determined using y-spectroscopy, it was
possible to irradiate samples of radioactive iodine,
neptunium, plutonium, and americium. An examination
of the energy distribution of the neutron field was car-
ried out, based on a number of threshold detectors.
According to the authors, the results of this scientific
work are among the primary indicators of plutonium
transmutation in the “Energy and Transmutation”
target-blanket system. According to the work results,
238py has a smaller fission cross-section than 2*°Pu in
the energy region below 0.5 MeV. Five 2*Pu fission
products and 19 #°Pu fission products are observed.

Another work by J.-S. Wang et al. [17] was
aimed at researching transmutation. In this work, the
transmutation of 2*Pu and similar differentiated ele-
ments °'Sr, °2Sr, “Zr, Mo, Ru, °*Ru, *°Sb, *?Te,
1331 1357 and #3Ce was investigated. The research was
conducted on the basis of the Joint Institute for Nu-
clear Research in Dubna. For a beam of protons, the
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energy of which corresponds to 1.0 GeV, the differen-
tiation dynamics of 2*?Pu was 0.0032 atoms per pro-
ton in plutonium samples weighing 1 g; for a proton
with an energy of 0.53 GeV is about 0.0022. The stud-
ied error can reach 15%. Surveys are analysed and
evaluated based on the numerical data of a pair of
theoretical models with negligible efficiency with the
implementation of the Duben Cascade Model (CEM)
and the LAHET code.

A. Al-Adili et al. [18] in their work studied the
effect of corrections for prompt neutrons on the final
fission fragments distributions. According to the au-
thors, the multiplicity of fast neutrons also depends
on the weight of the fragment and the kinetic energy
of fragmentation. These indicators are characteristic
of a small number of fission reactions under the in-
fluence of thermal neutrons. As a result of their study,
the authors concluded that establishing an approach
to neutron operations played an important role in the
context of the nature and planning of the differentia-
tion reaction. In this way, it affects the formation of
new surveys that concern the calculations of fission
fragments, which are more similar to fission neutrons.
In addition, the qualitative analysis of the output of
post-neutron fragments affects the correct assessment
of the processing of nuclear surplus products and the
effective selection of methods for the output of pre-
cursors of late neutrons.

J.P. Lestone [19] developed the interpolation
method between and/or extrapolation from two fis-
sion product yield curves to the first chance neutron
emission of mass-asymmetric fission. Measured spon-
taneous fission of ?*°Pu, as well as thermal neutron
fission of 2*°Pu fission element excesses (FPY) are de-
termined to establish the probable energy interaction
and n + %°Pu FPY for incident neutron characteristics
from O to 16 MeV. As a result, the inclusion of innova-
tions related to mass-symmetric differentiation, neu-
tron emission, and multi-hour fission revealed by the
FPY model are described with the data and estimate of
ENDF/B-VII.1. In addition, the model is provided with
the ability to reproduce the energy dependence of the
ENDF/B-VII.1 estimate, indicating that the weight
classification of differentiated plutonium is not fixed
on the plane of the fission barrier, but is characterized
by heat and surface nuclear potential energy, especially
during significant changes.

Research by D. Neudecker et al. [20] was
aimed at evaluating the energy spectra of neutrons
emitted instantaneously as a result of the differenti-
ation of 2**U and #°Pu. Neutron energy spectra were
reanalysed for ENDF/B-VIIL.O. Complementing the
considered data, which is published and character-
istic of ENDF/B-VIL.1, relevant surveys are disclosed
in the context of experimental specific indicators or
concerning a number of properties of incident energy,
materials on deformed measurements that reveal dif-
ferences. In addition, the factors affecting the size and

distribution of the total kinetic energy from the en-
ergy tasks of the incident neutron were determined.
The considered and proven numerical materials and
covariances fully correspond to the studied amount of
information that affects the conduct of the survey and
the establishment of the assessment.

M. Alrwashdeh [21] analyzed ?*Pu based on
the SAMMY code for neutron operations in the reso-
nance plane up to 2.5 keV. In state 8.0.0 of the SAMMY
code, the handling of wide covariance matrices of op-
posite parameters was developed. The value of this
article lies in the analysis of the investigated infor-
mation using the specially formed fitting code of the
studied nuclear materials FITWR and their analysis
using the SAMMY code, as well as the evaluation of
indicators with the Bayesian approach. The output of
these methods is based on the SAMMY code, in order
to reveal the opposite parameters of the covariance
matrix within the range of energies from 0 to 2.5 keV.
Thus, the experiments conducted within this paper
were conducted at the IMAN1 facility, the Jordan
National Supercomputing Centre (IMAN1).

As it can be seen from the literature analysis,
most of the work was aimed at studying the trans-
mutation of 2*°Pu, while in the carried out experi-
mental work the main vector was aimed at studying
the reaction of fragmentation and fission of the #°Pu
nucleus at an energy of 660 MeV. Nuclear fission, frag-
mentation and transmutation are interrelated processes.
The key difference between these concepts is that fission
is the process of nuclear fission, fragmentation is the
process of ions dissociation from molecules, and trans-
mutation is the process of transformation of one nucleus
into another, as a result of nuclear reactions. The study
of the radioactive element behaviour in induced processes
is a very important part of the experiments.

In comparison with previous studies, it can be
emphasised that this work confirms the results obtained
earlier. It can also be noted that this work complements
the previous study and is exclusive in its kind.

The next logical step in conducting experimen-
tal work is the search for primary products (mother
cores) and the evaluation of the received information
in accordance with computer modelling materials.
Also, it will be very important to conduct a study on
the study of plutonium fission under the influence of
deuterons, or under the action of slow neutrons.

Conclusions

In this experiment, the reactions of fragmentation and
fission of the 2*Pu nucleus at the energy of 660 MeV
were investigated. The experiment focuses on the de-
termination of short-lived radionuclides. Irradiation
of the sample took place on a direct proton beam
by means of activation gamma spectrometry and so-
called direct kinematics. This measurement method
has been used for a long time for very accurate and
complete measurement of the effective cross sections



of nuclear reaction nuclei under special conditions,
namely high heat. When measuring the qualitative
distribution of the exploitation of protons with %°Pu
nuclei by y-spectroscopy and mass spectrometry
methods, the arrival of protons into the plutonium
target is detected, after which residual products are
formed that stop in the target.

In total, 85 spectra were measured as a result
of the experiment. The survey and calculations were
carried out on different planes based on two HPGe de-
tectors from CANBERRA and ORTEC, the efficiency of
which is from 19% to 33%, and the resolution is from
1.78 keV to 1.86 keV along the 1332 keV line. The
calculations were divided into two parts (1-5 positions
by CANBERRA detector, 6-9 positions by ORTEC de-
tector) to avoid overlap of energy lines, accurate iden-
tification of radionuclides, and due to different charac-
teristics of the used detectors (efficiency, nonlinearity,
etc.). For a complete picture of the formed radionu-
clides, it is necessary to calculate the results separately.
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Therefore, as a result of the examination of
21 gamma spectra calculated by the Canberra detector,
during the study of the plutonium target that was ir-
radiated, 31 nuclides were identified, for which the
reaction rate and effective cross sections were de-
termined. Figure 5-6 shows the results of effective
cross-sections of the spallation products of the plutonium
target. These data can serve as input data for theo-
retical simulations of the interaction of protons with
239Pu, and they can be a supplement to the nuclear
database. The study is useful for future applications of
accelerated nuclear waste transmutation and energy
enhancement (subcritical type reactor). The obtained
experimental result is compared with the simulation
on MCNP 6.1 (Fig. 5-6). The data overall correspond
to the expected range but for a complete result needs to
be evaluated other spectres. The logical next step is to
search for primary products (mother nuclei) and com-
pare the obtained experimental data with the results
of computer simulations (Geant4, MCNP or other).
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AHoTanig

AKTyanbHicTB. Y CTaTTi ONMMCAaHO BUMIpIOBaHHA Ilepepi3iB peakiili MOALTY Ta BiKOJIY ILTyTOHi€BOI MillleHi,
OTIPOMiHEHOI TTPOTOHHUM ITyYKOM 3 eHeprieio 660 MeB Ha mpuckopioBadi ®azoTpon O6’€ZIHAHOTO IHCTUTYTY
ANEPHUX JOCTiKeHb.

Merta. EkciepuMeHT CcIIpAMOBaHUM Ha BUSHAUYE€HH KOPOTKOKUBYYUX PAZiOHYKITiZiB.

MeTogosoria. ExcriepyuMeHTaIbHUM 3pa30oK BUMIpPIOBAIM B aBTOHOMHOMY pPEXHUMi 3a ZOIOMOTOI0 raMma-
cnektpometpii 3 HPGe zgetexkTopom. JloCHi/pkKeHO IIBUAKOCTI peakIlii yTBOPEHWX 3aJUINKOBUX szAep. 3a
JIOTIOMOT'0I0 METOZAY MPsIMOi KiHEMAaTHKW BU3HA4YalIW TPOAYKTH peakiil Biakomy. Jii o6poOKH Y-CIEKTPIiB
BUKOPUCTOBYBaJIM IIporpaMHe 3abe3meuenHs DEIMOS32. 3a [J0mOMOTrom MIpOTpaMHOTO 3abe3nedeHHs
TJ02000321-V3 6yno izeHTHdIKOBAHO sAApa, WO YTBOPWINUCA B 3pasky 2*’Pu B pe3yJibTaTi AAepHUX peaklliil
3 mpoTroHaMu. [IpoAyKTH peaxilii Oysnu izeHTHIKOBaHI Ha OCHOBI raMMa-eHeprili, iHTEeHCUBHOCTI Ta mepiofy
HaIiBpo3nazy Micjaa BUMipIOBaHHS.

PesynbraTu. Y pesynbTaTi 06po6KU raMMa-CIIeKTPiB, BUMIPSIHUX I OTIPOMiHEHOI IUTyTOHIEBOI MileHi, Gy/I0
BUsBIeHO 50 ramMma-ninii, a 31 HykIiAM igeHTHUdIKOBaHI 3a eHeprielo Ta mepiogaMu HamiBposnazay Big 14,4 M
70 3,19 rox. BumipaHi nepepi3u AfepHUX peaKIili MOXYTh CIYTYBaTU ONIOPHUMU JAHUMMU I TEOPETUYHOTO
MOZIETIOBAHHS B3a€MOZiI MPOTOHIB 3 2*°Pu i MOXYTb OyTH ZOMOBHEHHIM /IO siIEPHUX 0a3 JaHUX.

BucHoBku. OTpUMaHUN pe3y/lbTaT eKCIePUMEHTY MOPiBHIOEThCA 3 MoZentoBaHHAM Ha MCNP 6.1. 3aranom
OTpUMaHi [aHi BiAMOBiZIalOTh OYiKyBaHOMY [iara3oHy, aje JAaHi Bce Ie TMOTPe6yIOTh J0ZAaTKOBOI OIliHKH.
HacTymHUM JIOTiYHUM KPOKOM € TIOIYK IMTEPBUHHUX IMTPOAYKTIB (MaTEPUHCHKUX A/IEP) Ta MOPiBHIHHI OTPUMAaHUX
eKCIIeEPUMEHTATbHUX JJAHUX 3 PE3YIbTaTaMU KOMIT FOTEPHOTO MO/IETIOBAHHA

Knto4oBi cioBa: $pa3oTpoHHUM IpUCcKOpoBay, mporpamue 3abesmneuents TJ02000321-V3, ramMa-crieKTpH,
PaZiOHYKJIIZIN, Y-CITIEKTPOCKOITiS, CUCTEMU 3 IIPUCKOPIOBAYEM
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Abstract

Relevance. High-strength steels are increasingly in demand in modern industry for various applications. Maraging
steels are the primary material in the manufacture of most aircraft parts as well as machine-building components.
This type is low-carbon and is rich in nickel, which forms martensite when cooled as well as demonstrates
properties such as high hardness, wear resistance, etc. The hardening process is the main factor affecting the
functional properties of maraging steel. At certain temperatures, austenite has the ability to transform into various
kinds of phases. However, the shortcoming that lies in the presence of some impurities limits the established types
of improvement technologies, leading to the search for innovative methods to improve the characteristics of steel
without losing any of the desired properties. Good qualities appear in maraging steels mainly after treatment with
a solution at a temperature of about 1000°C and during aging at a temperature of about 490°C.

Purpose. Thus, the purpose of this research paper is to analyze the structure of maraging steel powders and
study the thermal effect on its properties.

Methodology. In this paper, powder steel was pressed by spark plasma sintering technology at a pressure of
60 MPa to a powder compact and heated at a temperature of 1100°C for 180 s at a rate of 20°C/s, after which
the samples underwent phase and elemental analysis, their hardness was measured, the value of which amounted to
about 60 HRC.

Results. The results of this scientific research demonstrate the presence of a variety of precipitates. The presence
of impurities such as Co, Ti, and Re led to an improvement in strength due to martensitic phase transformation
and precipitation hardening, as well as slowed down the diffusion process.

Conclusions. In addition, tasks for further research on the issue of manufacturing maraging steels by the additive
manufacturing method were identified. This technology enables obtaining strong maraging steels based on a
powder mixture with the required characteristics
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Introduction

Various branches of engineering require the refine-
ment of high-strength steels. Maraging steels are
low-carbon high-strength steels. Their structure and
characteristics with good mechanical properties pro-
vide resistance to impact loads. High-alloy maraging
steels with high strength and processability as well as
good fracture toughness are popular in various areas
of activities (for example, in the aerospace industry,
mechanical engineering, various types of structures) [1;
2]. Despite the low carbon content, high strength val-
ues are due to the Ni-martensitic matrix as well as
the presence of significant dislocation density, subse-
quently formed martensitic metamorphosis, atoms of
a chemical compound between elements in the form of
a phase of variable composition or intermetallic com-
pound. The deposition of such compounds is one of
the most effective ways of hardening maraging steels.
However, it should be emphasized that the high per-
centage of Ni with the combined presence of retained
austenite sharply decreases the steel’s strength. Ni is
an element that is widely used as an impurity, with
Mo, Cu, Ti and others following it. During aging, the
metastable state has an increased free energy, and
therefore tends to decay with deposition of phases
that give strength: Fe, Mo, Ni,Ti (Mo), etc. An increase
in the content of impurities of various kinds leads to
an increase in the volume of precipitated phases and
greater dispersion strengthening, despite the fact that
a shortage of such elements leads to the search for
new ways to improve the functional characteristics of
steels without losing such properties as ductility, brit-
tleness and toughness.

At high temperatures, Fe has a face-centered
cubic lattice (FCC), while at low temperatures it has a
body-centered cubic lattice (BCC). A feature of maraging
steels is martensitic hardening, i.e., intermetallic com-
pounds are deposited in Fe-Ni martensite with negli-
gible carbon content during aging, which hardens the
steel. As reported by L.F. Van Swam, R.M. Pelloux &
N.J. Grant [3], such steel is typically heat-treated us-
ing a one-hour solution annealing at 820°C followed
by cooling to room temperature to form Fe-Ni mar-
tensite. The results of the maraging steel research
by T.A. Chernyshova & T.V. Lyulkina [4] show that
rapid hardening of maraging steels significantly af-
fects the nature of phase metamorphoses, structure
and functional characteristics of steels. Z.-F. Hu &
Ch.-Xu. Wang [5] report grain refinement after heat
treatment. However, hardness tests show that the me-
chanical properties of maraging steel do not depend
significantly on grain size. Thus, the preparation of the
austenitic phase in the martensitic matrix has a bene-
ficial effect on the strength and ductility of the steel.
In their paper, J.M. Pardal, S.S.M Tavares, V.F. Terra,
M.R. da Silva & D.R. dos Santos [6] propose a model
for the aging of maraging steel within the temperature
range of 440-560°C using the following equation:

AH = (ko)™ (1)

where: k is the rate constant depending on tempera-
ture; n is the exponent that is weakly dependent on
temperature; AH is the increase in hardening volume;
t is the aging time.

In detail, the hardening process consists of
quenching and aging, or of quenching, cold work-
ing and natural aging. Higher strength properties are
achieved through hardening, deformation and ag-
ing [7]. During rapid quenching, a martensitic transfor-
mation occurs due to the shift of FCC to BCC, creating
a microstructure with a high density of internal defects.
When a quenched supersaturated solid solution is re-
heated to a certain temperature, the precipitates are
formed and their number increase [8]. Morphology, di-
mensions and concentration of precipitates mainly de-
pend on the chemical composition and hardening. It is
worth to consider cases of lattice mismatch, which will
lead to the formation of precipitates in the dislocation
regions, which in turn weakens the ability to distribute
precipitates throughout the matrix. In addition, there
is the potential to regulate the concentration and num-
ber of precipitates by adjusting the solution treatment
conditions [9].

Research journals lack information about the
study of powders obtained by spark plasma sintering.
Therefore, the purpose of this research is to study
the structure after sintering of a maraging powder
mixture and to analyze the heat treatment on its
properties.

Materials and Methods

Maraging powder steel containing 18% Ni, 9% Co, 5%
Mo, 1% Ti, 1% Re was selected the object of study. This
steel belongs to class C maraging steel, which usually
contains about 18% Ni as well as contains alloying
elements such as Co, Mo and Ti. Powders are obtained
by gas atomization, which is a polarization method for
the production of powder steel. When sprayed, spher-
ical particles with a relatively round shape are usually
formed. As part of this process, the assimilation of the
alloy occurs, which is subsequently excited by a gas
flow at an ultrahigh speed. In the course of this, the
liquid metal is distributed into droplets with further
solidification in the form of continuous powder grains.
The method for pressing powder mixture in this paper
is the technology of spark plasma sintering by apply-
ing 60 MPa to the powder compact and heating it at
a temperature of 1100°C for 180 s at a rate of 20°C/s.
This method was chosen due to good compaction as well
as high relative density. Figure 1 shows a schematic
representation of the SPS (spark plasma sintering)
technology unit, which includes graphite molds, into
which the powder mixture is poured between stamp-
ings. An image of the powder mixture is shown in Figure 2,
3 shows sintering results.
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Figure 1. SPS technology unit diagram

Source: [10]

Figure 2. Image of the powder mixture before
sintering

To study the microstructure before observation,
the samples were etched in a Fry’s reagent solution
(FeCl3 + CuCl, + HNO, + HCI + ethanol + H,0) and
then examined using scanning electron microscopy
(SEM). To study the characteristics, a Difrey-401 dif-
fractometer was used to obtain phase and elemental
analysis. The phases are established by comparing and
matching the diffraction angles and intensity values of
the diffraction peaks with well-known template X-ray
patterns obtained from open sources. In the cubic sys-
tem, the a_, lattice parameter for diffraction from (h,
k, 1) defined by the diffraction angle 8, , is calculated

as follows:
P (R2+k2+12)1/2
hiL ™ "3 /25in0pa

(2)

where: A is the X-ray wavelength.

The share of austenite in the linear model
varies depending on temperature, ranging from the
beginning and end of austenite occurrence (617°C

Figure 3. Image of powdered steel after sintering

and 674°C respectively). The transformation of aus-
tenite to martensite is calculated using the Koistinen-
Marburger phase transformation model:

fmartensite = faustenite[l - exp(—0.0ll(Ms - T)) (3)

where: f is the volume fraction of the phase; Ms is the
initial temperature, at which martensite appears.

The following section is divided into three main
parts, which discuss important aspects for this re-
search. To begin with, the issue of the hardening ef-
fect on the structure and functional characteristics of
martensite-containing steels was considered. For com-
parison, studies are given where the authors carried
out different types of heat treatment of steels, the mi-
crostructure, phase transformations and properties of
which were subsequently considered. The second part
analyzed an innovative method for the production of
maraging steels using laser technologies for powder
mixtures. The results of the influence on the structure
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and properties of steels produced using this technol-
ogy are presented. The third part analyzes the effect
of chemical composition on the structure and me-
chanical properties of maraging steels. The research
papers cited as examples can be used as a basis for
further research.

Results and Discussion

Below are the sampling areas of initial powder and
sintered powder steel (Fig. 4). The data obtained,
presented in Table 1, confirm the composition of the
powder mixture.

Table 1. Elemental analysis of the initial powder

Figure 4. Selective sampling region

Spectrum

number
1 67 15 8 7 1 1
2 68 13 6 4 1.3 0.8
3 69 18 9 3 1.5 0.9
4 61 20 4 4 0.9 0.7
5 62 18 8 5 0.85 1.2
6 64 19 9 6 0.9 1.1
7 63 18 10 3 1.1 0.95
8 66 17 7 5 1.2 0.9

During phase analysis, it was noticed that dif-
fusion reactions slowdown, which in turn affects the
formation of phase inhomogeneity throughout the
volume of the material obtained. The Rockwell hardness
of the samples was also measured, the value of which
amounted to 60 HRC.

Martensitic transformation theories provide
specific parameters for each of the geometric and
crystallographic features of the transformations as-
signed to a particular invariant shift system. That is,
each variant of the correspondence between the lat-
tice and its orientation is the result of the choice of
an invariant lattice shift system. The high strength of
maraging steels was achieved due to the martensitic
y—a transformation and martensite aging. The fatigue
properties of the material are explained by its service
life. That is, these properties are usually qualified as
the ultimate performance indicator that determines
whether a material can be developed for further
use. The experiments performed show the possibility
of forming structures such as martensite, ferrite, a
chemical compound of martensite and ferrite-forming
elements, such as oxyfer, depending on the rate of
cooling of solid solution and subsequent cooling. The
formation of an austenite phase at the boundary of a
martensite grain plays a significant role in reducing the
concentration of deformation stresses and coordinating
deformation. Part of the austenite phase was retained
during quenching. The maximum amount of reduced
austenite is mainly observed at room temperature. The

aging of the steel under study is accompanied by the
formation of intermetallic compounds such as Fe3(Ni,
Mo), Fe2Mo, FeMo, Ni3Ti, Ni3Mo, -Ni3Ti, as well as
Fe7Mo6. That is, such compounds increase strength
by accompanying the formation of segregations, meta-
stable and stable phases, but with a sharp decrease in
ductility. The sintered powder steel in the annealed state
has a fully martensitic structure.

J. Tian, W. Wang, H. Li, M. Babar Shahzad,
Y. Shan, Zh. Jiang & K Yang [11] talk about a method to
increase the hardness of maraging steel by quenching.
J.M. Pardal, S.S.M Tavares, V.F. Terra, M.R. da Silva &
D.R. dos Santos [6] report that direct aging provides the
stiffest state with the highest flexural strength. There
are also opinions about improving the microstructure
due to the transformation of martensite into austenite
using thermal cycling. The distribution of elements af-
ter thermal cycling accelerates the kinetics of formation
and growth of austenite grains. The transformation of
martensite into austenite depends on diffusion phe-
nomena occurring within a certain temperature range.
Therefore, the stimulation of metamorphosis in the
temperature range where sedimentary phenomena are
not observed and the stabilization of reverse austen-
ite at room temperature is of paramount importance
for improving the functional properties of the steel.
Based on the data obtained from elemental analysis, it
is possible to identify an area enriched in iron, i.e., the
basis of the compressed powder mixture (Fig. 5) is an
iron frame. Elemental analysis also shows that in the



range of at least 26 microns, there is a large amount
of iron on the surface with added alloying elements.
The micrographs of the samples (Fig. 6) show a small
porous structure formed after sintering. In addition
to the main particles, there are fractions of regular
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spherical shape, located mainly at the junction of large
Fe grains. The shape and arrangement of the particles
of this fraction allows assuming that they were formed
due to the liquid phase. It should also be noted that
their size does not exceed the size of small pores.

SEM HV: 20.0 kV
Det: SE

SEM MAG: 10.0kx | B

Figure 6. Sample micrography

Thus, the basis of the microstructure of the
hardened 18% maraging steel is martensite with a low
carbon content and a high content of nickel and co-
balt. Aging at low temperatures (<450°C) occurs due
to ordered and coherent phases, and will also be fol-
lowed by the propagation of dislocations, which play
an important role in increasing hardness and strength
during aging. However, the propagation of disloca-
tions can lead to the appearance of precipitates, such
as Ni,Ti (Mo), and an increase in their concentration.
Hardening at high temperatures (above 850°C) leads
to the increase in grain size and ductility. Therefore,
it is necessary to harden maraging steels at 800-850°C
in air, followed by aging within the temperature range
from 480°C to 520°C.

A detailed analysis of the steel microstructure is
the most important indicator in describing the material
for the correct definition of purpose and application.
Also, mechanical properties directly depend on the na-
ture and features of the microstructure. The chemical
composition can affect the change in phase stability.
Alloying powder steel with cobalt led to an increase in
the aging effect. Titanium and aluminum, in turn, also
influenced the aging process in the future. M.A. Cerra
Flore, U.C. Pereira, J.L. Cardoso, F.J. Santos Oliveira,
W.S. Aratjo, G.F. Ribas, H.F. Gomesde Abreu &

M.J. Gomes da Silva [12] obtained results indicating
a decrease in the electrochemical corrosion resistance
of maraging steels in relation to the amount of con-
tent of certain elements. The dissolution of alloying
elements in iron occurs due to the replacement of Fe
atoms by impurity atoms. Changing the dimensions
of the a-lattice leads to a change in properties, i.e.,
morphology mainly depends on the chemical compo-
sition. For example, doping with substances such as
Mo, Ti and Ni can increase the density. The content
of Ni and Ti is necessary for the formation of interme-
tallic phases that cause aging. The presence of a high
content of Ni, Si, or Mn compared to Cr, Mo, and W
strengthens the single-phase region y to room tem-
perature, i.e., contributes to martensitic transforma-
tion, which hardens the steel. Ni stabilizes the y-solid
solution, while reducing the transformation tempera-
ture y—a. The addition of refractory Re to the overall
chemical composition can increase the hardness after
heat treatment. In turn, Re has the ability to reduce
the self-diffusion coefficient, which mainly leads to
high thermal stability [13]. For example, in the pa-
per of A. Fedoseeva, 1. Nikitin & N. Dudova [14; 15],
Re was added to the martensitic steel and the results
show that this hardened the steel. At that, the pres-
ence of Ti negatively affects the processibility of the



Aghbalyan & Simonyan

alloy. Re also gives the microstructure a hierarchical
appearance, which consists of austenite grains in the
form of blocks with martensite laths. The absence of
Ti leads to the absence of precipitates, more specifi-
cally, the nickel-based intermetallic compound of the
Ni,Ti type, which, in turn, is the main hardening pre-
cipitate and dissolves in the y'-phase [16; 17].

S. Dehgahi, H. Pirgazi, M. Sanjari, R. Alaghmandfard,
J. Tallon, A. Odeshi, L. Kestens, M. Mohammadi,
M.H. Ghoncheh & B. Shalchi Amirkhiz [18; 19] re-
ported an increase in the proportion of the austenite
phase after heat treatment by increasing Ti, where it
promotes the formation of austenite in the presence
of Ni and Mo. The presence of titanium (TiO,) or mo-
lybdenum (MoO,) oxides gives the steel additional
protection. It has also been found that ductility was
improved in samples with a high Ti content by de-
veloping the copper texture and fibers that facilitate
the movement of dislocations. The reversible kinetics
of y formation, stimulated by the addition of Ti, has
the greatest strengthening effect due to Ni,Ti precip-
itates in the matrix. J. Tian, W. Wang, H. Li, K. Yang,
Z. Jiang [20] demonstrated that specimens with a
high titanium content are more ductile but have lower
strength compared to specimens with a low Ti con-
tent. J. Tian, W. Wang, H. Li, K. Yang, Z. Jiang [20]
investigated martensitic steels with different Ti con-
tent. From the analysis results, it can be noted that the
martensite content is almost the same in various pow-
der mixtures. The addition of Co in the presence of
Mo in the alloying elements reduces the solubility limit
in the lattice coordinate system, contributing to the
formation of a uniform volume fraction of the Fe,Mo
precipitates dispersion.

S. Dehgahi, M.H. Ghoncheh, A. Hadadzadeh,
M. Sanjari, B. Shalchi Amirkhiz & M. Mohammadi [21]
confirmed the presence of CoNi precipitates and a
high fraction of dislocations in horizontal samples with
a large amount of Ti, which implies good strength
of the samples. It is also worth paying attention to
raising questions about the hardening of maraging
alloys by copper deposition. At the initial stage of
the process, Cu is deposited as a precipitate with a
body-centered lattice in the a-Fe matrix, maintaining
the integrity of the structure up to the peak quenching
temperature. For example, G. Yang, F., Deng, S. Zhou,
B. Wu & L. Qin [22] developed a new maraging steel
reinforced with copper. The results show that the mi-
crostructure of such steel is mainly composed of lath
martensite, §-ferrite, as well as reduced austenite in the
precipitated state. After quenching and direct aging,

the microstructure consisted of martensite and reduced
austenite. But it is worth noting that copper does not
form compounds with iron and its solubility is about
1%. Maraging alloy steels have excellent stress resis-
tance and corrosion resistance. However, the high
cost of alloying additions such as Co or Mo prevents
their widespread use [5]. In this connection, a recent
promising direction is the development of maraging
steels without the addition of Co, while preserving
good characteristics. The addition of a large amount
of Cr to improve corrosion resistance may cause the
formation of precipitates, which will lead to brittle-
ness, more precisely, the cold brittleness threshold
will increase [23]. Therefore, the development of ultra-
strong maraging steels with good ductility, stability and
economic benefits is of great interest.

Powder metallurgy has recently gained mo-
mentum as a promising technology for the production
of steels due to the production of steels with a homo-
geneous microstructure, which gives it the expected
characteristics. The current technology used for pow-
der steels is spark plasma sintering (SPS), which was
applied to obtain these samples. This sintering tech-
nology pays attention to the rapid compaction of the
powder mixture to a high density (up to 95% for the
presented samples) at low temperature ranges, but at
a fast time interval (in this case in 180 s) compared to
traditional sintering methods. In the manufacture of
steel using the SPS method, the sample is subjected
to rapid sintering and then cooling, which removes
nitrogen well and gives greater performance and high
density. However, it must also be taken into account
that the morphology and size of the powder affects the
density of sintering. More precisely, the smaller the size
of the powder, the denser it is sintered. During SPS
sintering, plastic deformation occurs, i.e., the through-
put of a pulsed direct current through the sample forms
an electric field. It is also important that the powder is
heated inside and outside and melted by applying pres-
sure, which has a good effect on the sintering density
and functional characteristics of the sample. The sin-
tering temperature in this way can reach up to 2500°C,
resulting in high-quality steel [24]. The preparation
of maraging steels using the SPS method will not allow
abrasive phases and side reactions to occur. For example,
these samples were also tested for abrasion resistance,
the results of which are shown in Figure 7. According
to the experimental values obtained, it is noticeable that
the abrasion resistance is much higher than that of other
steels. This technology also has low cost (saving up to
80%), which is an important criterion.
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Figure 7. Experimental data results

Note: 1 — current strength; 2 — voltage; 3 — temperature in time during spark plasma sintering of the mixture
18%Ni+9%Co+5%Mo+1%Ti+1%Re+66%Fe at different heating rates

Source: [25]

Recently, the method of additive manufactur-
ing has gaining popularity, namely, the production of
powder steel using laser deposition. Materials made
using this technology demonstrate really good re-
sults, namely the unique microstructure and defects
that can be controlled to obtain effective mechanical
characteristics. For example, M.J. Paul, Y. Muniandy,
J.J. Kruzica, U. Ramamurty & B. Gludovatz [26],
Zh. Zhao, L. Wang, D. Konga, P. Liu, X. He, X. Ni,
L. Zhang, Ch. Dong [27] and D. de Baere, M. Moshiri,
L. Smolej & J.H. Hattel [28] obtained a maraging
powder steel, the samples of which had high hard-
ness, which allows increasing the development and
use period. Maraging steels harden according to the
general law of metals with a body-centered lattice,
which favorably affects such characteristics as hard-
ness, yield stress and strength. At that, to obtain the
expected values, it is necessary should monitor the
substance’s structure. As mentioned above, powder
mixture laser deposition technology is widely used, in
which a metal powder mixture is developed by laser
beam assimilation one layer after another upon solid-
ification. Obtaining optimal hardness with the help of
LB-PBF (laser beam-powder bed fusion) technology
requires improvements, i.e., carrying out hardening
or aging. Thus, carrying out heat treatment during the
laser processing will give the expected results, thus
neglecting post-thermal processing.

N. Nouri, Q. Li, J. Damon, F. Miihl, G. Graf,
S. Dietrich & V. Schulze [29] developed a new mar-
aging steel by the LB-PBF method. The results show
a reduction in time and cost for optimizing steel char-
acteristics. It should be noted that the crystallographic
texture also depends on the strain rate and other la-
ser processing parameters. For example, S. Dehgahi,
H. Pirgazi, M. Sanjari, R. Alaghmandfard, J. Tallon,
A. Odeshi, L. Kestens, M. Mohammadi, M.H. Ghoncheh

& B. Shalchi Amirkhiz [18; 19] addressed this issue,
showing that the strain rate does not have a significant
effect on the texture in samples that have undergone
heat treatment. The results of the paper by M.A. Cerra
Flore, U.C. Pereira, J.L. Cardoso, F.J. Santos Oliveira,
W.S. Aratjo, G.F. Ribas, H.F. Gomesde Abreu &
M.J. Gomes da Silva [12] show that quenching has a
significant effect in terms of transformation and vari-
ability in the microstructure of the sample. At that,
proper selection of heat treatment parameters can
eliminate microstructure defects. The microstructure of
steels produced by laser processing consists of marten-
site with precipitates and preserved austenite. However,
L. Guo, L. Zhang, J. Andersson & O. Ojo [30] report
that the content of precipitates can reduce ductility and
fracture toughness. Thus, the production of powder
steel using the LB-PBF technology results in samples
with favorable characteristics. The microstructures of
such steels can reach high hardness values compared to
conventional samples produced by traditional methods.
Research shows that this technology also allows achiev-
ing an age hardening effect. Heat treatment during the
production process can potentially lead to sufficient
age hardening to allow post-heat treatment to be ne-
glected. In the manufacture of steels by this technol-
ogy, each layer of material is subjected to a repeated
heating cycle, which leads to repeated austenization
and the nucleation of martensite. It is also worth not-
ing that the microstructure of steels produced by laser
processing consists of martensite with precipitates and
preserved austenite. A typical structure of steel pro-
duced by laser processing can be described as follows:

— the formation of multilevel hierarchical solidifi-
cation systems such as molten precipitate boundaries,
columnar or equiaxed grain boundaries, as well as ul-
trathin subgrain boundaries (i.e., columnar, dendritic
and cellular subgrains);
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— the distribution of segregation of elements and
retained austenite along the subgrain boundaries.
Plasma nitriding has also proven itself as an ef-
fective and innovative method for improving the sur-
face quality of maraging steel. The thermal effect of
the nitriding reaction, in which energy is released or
absorbed, leads to hardening of the maraging steel.
Theoretically, the mechanical properties of laser-pro-
duced steel can be improved through the effect of si-
multaneously undergoing the aging and nitriding pro-
cess. Y Hong, D.D. Dong, S.S. Lin, W. Wang, C.M. Tang,
T.C. Kuang, M.J. Dai [31] report an improvement in
the hardness and wear resistance of maraging steel by
performing plasma nitriding, during which a nitrided
layer is formed.

Conclusions

The studied powder steel grade PS-H18K9M5TR,
pressed by spark plasma sintering, is a heavy-duty
maraging steel, the hardness value of which amounts
to 60 HRC according to the Rockwell method. The
presence of a number of alloying elements such as
cobalt, molybdenum, titanium and rhenium gives this
steel an advantage over other structural materials. After
quenching, a uniform distribution of finely dispersed
particles of secondary phases takes place in the mar-
tensitic matrix. In the course of the research, elemen-
tal and phase analyzes were carried out, microphoto-
graphs of the structure were obtained and described.
In the course of elemental analysis, regions enriched
in iron were identified; the basis of the compressed
powder mixture is an iron frame. Elemental analysis
also shows that there is a large amount of iron on the
surface with added alloying elements within the range
above 26 microns.
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AHoTaniga

AKTyasbHICTh. BUCOKOMIILIHI CTali KOPUCTYIOTHCS BCe OLTBIIMM MOMUTOM Y CyJacHidl MPOMHCIOBOCTI /s
pisHUX 3acTocyBaHb. MapTEH3UTHO-CTapiHHI CTaai € OCHOBHUM MaTepiajioM [jis BUTOTOBJIEHHS OLIBIIOCTI
JleTasteli JiTakiB, a TAaKOXK KOMIIOHEHTIB MalIMHOOyAyBaHHs. Lleil THUI € HU3bKOBYIVIELIEBUM i 6araTuil HikenreM,
AKUN YTBOPIOE MapTEHCUT IIPU OXOJIOZKEHHI, a TaKOXX J€MOHCTPYE Taki BIACTUBOCTI, K BHUCOKA TBEPZICTh,
3HOCOCTIiHKiCTh ToIIO. [IpoIiec rapTyBaHHA € OCHOBHUM (aKTOPOM, IO BIUTMBAE Ha GYHKIIIOHAIbHI BIaCTUBOCTI
MapTeHCUTHO-CTapoi cTaji. [Ipy meBHUX TeMIepaTypaxX ayCTeHIT Ma€ 3[JaTHICTb MepeXOAUTHU B PiZHOTO POy
¢dasu. OaHaK HeAOJIK, TKUH MOJATaE B HAABHOCTI A€IKUX JOMIIIOK, OOMeXKy€e BCTAHOBJIEHI TUIY TEXHOJIOTIH
TIOJTITTIIIEHHA, 1[0 TTPHU3BOJUTD [0 TIONITYKY iHHOBAI[iIHHUX METO/IIB TOJIIMIIIeHHS XapaKTEPUCTHUK cTasli 6e3 BTpaTu
Oy Ib-IKUX OaXKaHUX BIACTUBOCTEMN. XOPOIlli IKOCTi 3’ IBIAIOTHCSA B MApPTEHCUTHO-CTAPTOBUX CTAJISIX B OCHOBHOMY
micy1s1 06pOOKYM PO3YMHOM TP TeMIepatypi 6;1u3pko 1000°C i miz yac crapiHHs mpu TemiepaTypi 6iusbko 490°C.

MerTa. OTxKe, MeTOIO I1i€ii HayKoBOI poOOTH € aHasi3 CTPYKTYypH MOPOLIKIB MapTEHCUTHO-CTAPTOBOI CTali Ta
BHBUYEHHS TepMiYHOT0 BIUIMBY Ha ii BTaCTHUBOCTI.

MeTtozosorid. Y 11ifi po60Ti IOPOIIKOBY CTaJb MIPECYBaIU 32 TEXHOJIOTIEI0 iCKPOBOT0O TUIa3MOBOI'O CITiIKAHHS ITijl
trckoM 60 MIla o mopoInKoBoi KoMIakTHOI ¢popmu Ta HarpiBanu npu temmnepatypi 1100°C mpotarom 180 c 3i
mBuAKicTIO 20°C/C, Mic/IA 90ro 3pasku miAzaBanucs ¢asi Ta eleMeHTHOTO aHasi3y 6y/10 BUMipsHO iX TBEPAiCTb,
3HaYeHHA AKOi cKi1ano 6mm3bko 60 HRC.

PesynbTaTu. Pe3ynbTaTél 1IbOTO HAyKOBOTO JOCTIMKEHHS AE€MOHCTPYIOTh HAsABHICTh Pi3HOMAaHITHUX OMaZiB.
HasaBHicTh Takux gowmiinok, gk Co, Ti, Re mpusBoAwia A0 MiZIBUIIEHHA MIIIHOCTI 3a PaXyHOK MapTEHCUTHOT'O
$ba3oBOTO MepeTBOPEHHS Ta AUCIIEPCIHOTO 3MIITHEHHS, a TAKOXK YIIOBLIbHIOBAJIA TIpollec Anudy3ii.

BucHoBku. KpiM TOro, BU3HAaYeHO 3aBAAaHHA [JiA TMOJAJNBUINX JAOCTIKEeHb 3 NPoOIeMH BUTOTOBJIEHHS
MapTEHCUTHOCTAPTOBUX CTalell aUTUBHUM METOJOM BUPOOHULTBA. Ll TEXHOJOTIS 03BOJSE OTPUMYBATH
MillHi MapTEHCUTHO-CTApPEIOYi CTali Ha OCHOBI TOPOLTKOBOI CyMillli 3 HEOOXiJTHUMU XapaKTePUCTUKAMU

KnrouoBi cjioBa: ickpoBe TUTa3MOBE CIIiKaHHs, JTadepHa 06pobKka, aJUTUBHE BUPOOHUIITBO, HaMiIlHa CTaJb,
TepMiuHa 06pobKa
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