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To implement the process of non-destructive photon-activation analysis of the content of rare earth elements in
the samples under study using electron accelerators and to predict the results, reliable information on the yields of
the products (radioisotopes) formed during their activation by generated bremsstrahlung photons is necessary. The
results of modelling the yields of radioisotopes *Sc, %Y, **¥La, **'Ce, “°Pr, *"Nd, *sm, *?Eu, **°Gd, **Th,
YDy 1%4Ho, ¥y, 18Tm, *¥91%yh, My, formed via the (y,n)-reaction channel, are presented. Calculations were
performed for the case of irradiating rare earth element samples at the electron accelerator of the Institute of Elec-
tron Physics of the National Academy of Sciences of Ukraine — the M-30 microtron, operating with bremsstrahlung
photons at 12 MeV, taking into account its technical characteristics.

PACS: 28.60.+s; 87.53.Jw

INTRODUCTION

One of the current challenges is the need to assess
the potential natural resources of rare earth elements
[1, 2] in Ukraine [3]. To solve this problem, it is neces-
sary to develop methods for determining the content of
rare earth elements in the samples under study, which
can be implemented using the technical equipment
(physical installations) available in Ukraine.

One method for determining the content of rare earth
elements in the samples under study is photonic activa-
tion analysis, which uses electron accelerators (linear
and microtron accelerators) [4-7]. The experience of
their use for the implementation of the activation analy-
sis process indicates their high competitiveness with
other types of physical installations (for example: reac-
tors, neutron generators, charged particle accelerators
[8, 9]), since it allows providing, in addition to photon
activation, also neutron activation analysis and their com-
binations, which is especially important for the determina-
tion of rare earth elements in the samples under study due
to their nuclear-physical characteristics [10-13].

The effectiveness of using photon activation analysis
(analysis accuracy and lower detection limit of the stud-
ied elements) to determine the content of rare earth ele-
ments in the studied samples is characterized by the
numerical values of the yields of their activation prod-
ucts, formed through photonuclear reaction channels
(for example: (y,n)-, (y,p)-, (v,)-, (y,y')-, etc.), when
irradiating experimental samples with photons generat-
ed in electron accelerators [4,14]. In this context, the
key information is about the yields of radionuclides
formed through the (y,n)-reaction channel (which is
basic, since its cross sections have larger numerical val-
ues compared to the cross sections of other possible
photonuclear reactions (for example, (v,p)-, (V,0)-,
(v,y')-, etc.) at the same photon energies [15, 16]), to
ensure the process of photon activation analysis [4, 10].

The yields of activation products of the studied ele-
ments depend on the characteristics of the bremsstrah-
lung photon beams (energy spectra, their integral values
and transverse distributions over the potential plane of
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placement of the analysed samples and intensity (nu-
merical values of the number of particles interacting
with the sample)), which are used to stimulate the (y,n)-
reaction, the numerical values of their cross sections
[17, 18] and the irradiation time which depends on the
nuclear-physical properties of the formed radioisotopes
[19], convenient for analysis.

Information on the intensity of photon beams, their
energy spectra, and integral values (summed from the
thresholds of the (y,n) reaction to the maximum photon
energy) is necessary to predict the yields of formed ra-
dionuclides when irradiating experimental samples at
electron accelerators and to develop possible activation
schemes [20-22].

Information on the transverse distributions of brems-
strahlung photons in the plane of sample placement [23]
during irradiation is necessary to optimise the geometric
dimensions to increase the yields of the formed radionu-
clides [24-26].

It should be noted that the characteristics of the
beams of bremsstrahlung photons that interact with the
studied samples of rare earth elements during their acti-
vation (initiating (y,n)-reactions), in addition to the irra-
diation schemes used, will be influenced by the charac-
teristics of the initial electron beams at the output of
electron accelerators [27], which significantly depend
on their technical parameters and may differ among
themselves for accelerators of the same type [28, 29].
Therefore, these factors must be taken into account
when developing schemes for stimulating (y,n)-
reactions of rare earth elements on electron accelerators
to ensure the process of photon activation analysis.

Since experimental studies of the characteristics of
bremsstrahlung photon beams generated at electron ac-
celerators, taking into account their technical parame-
ters, are associated with significant difficulties (expen-
sive and long-term measurements), Monte Carlo model-
ing is used to determine them, which provides the pos-
sibility of obtaining the necessary information (for ex-
ample: photon energy spectra, their integral values, and
transverse distributions in the plane of potential place-
ment of the samples) in the maximum approximation to
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the real conditions of bremsstrahlung photon formation
[29-31].

Therefore, to ensure the process of determining the
content of rare earth elements in the samples (or photon
activation analysis) on electron accelerators, reliable
information on the yields of their activation products via
the (y,n)-reaction channel is necessary, which will take
into account the technical parameters of the electron
accelerators.

The paper presents the results of modeling the yields
of rare-earth radionuclide products (*Sc, Y, **La,
141Ce' 14°Pr, 147'149Nd, 153Sm' 152EU, lngd, 158Tb, 157Dy,
109Ho, ¥%r, 1%8Tm, 91%yp, YLu), formed via the
(y,n)-reaction channel, at the electron accelerator of the
Institute of Electronic Physics of the NAS of Ukraine —
the M-30 microtron at the maximum bremsstrahlung
photon energy 12 MeV.

1. MATERIALS AND METHODS

To select possible (convenient) radioisotopes formed
during irradiation of rare earth element samples via the
(y,n)-reaction channel, suitable for ensuring the process
of determining their elemental content in the studied
samples, systematised data on nuclear physical con-
stants for photon activation analysis were used [32-34].

The yields of products (radioisotopes) formed via
the (y,n)-reaction channel during the activation of rare
earth element nuclei were calculated according to (1)
[18, 35]:

Y(©) = Nt [ $(E, Ena)o (E)AE, (1)
where Y(t) — numerical values of the yields of (y,n)-
reactions depending on the irradiation time t; N — num-
ber of nuclei of rare earth elements in the studied sam-
ples; t — activation time of the studied samples;
¢ (E, Epqy) — density of photon fluxes with maximum
energy Enax ; 0(E) — cross-section values of (y,n)- reac-
tions with energy E; E,;— threshold energy of reactions;
Epax=12.0 MeV.

Modeling of the outputs of activation products of ra-
re earth element samples on the electron accelerator —
microtron M-30 was carried out for the following irradi-
ation scheme: bremsstrahlung photons were generated
by a tantalum (Ta) converter (rectangular in shape with
dimensions — 100x50 mm, thickness — 1 mm), placed
perpendicular to the electron beam axis at a distance of
22 mm from the exit window (material — titanium,
shape: ellipse 22x6 mm, thickness — 50 um) of the ac-
celerator [18]; experimental samples (square shape with
dimensions — 10x10 mm and 100x100 mm and thick-
ness — 1 mm) were placed perpendicular to the beam
axis at a distance of 60 mm from the Ta-converter.

To simulate the characteristics (energy spectra, their
integral values and transverse distributions in the plane)
of the bremsstrahlung photon beam generated by the Ta
converter on the M-30 microtron, which hit the plane of
placement of the studied samples (1000x1000 mm) and
onto the samples themselves (10x10 and 100x100 mm),
a program was developed in C++ [18, 30, 31] using the
GEANT4 v11.1 class library [36]. Calculations were
performed for the initial number of electrons — 10E9.
During the simulations, all particles generated by the Ta
converter (bremsstrahlung photons, residual electrons,
secondary photoneutrons) that hit the plane of potential
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placement of the samples and the samples were record-
ed.

Fig. 1 shows a visualisation of the simulation of the
irradiation scheme using the GEANT4 toolkit (Designa-
tion: Ta converter — in green, sample (10x10 mm) — in
red, electron and photon beams — in red and green, re-
spectively).

Fig. 1. Visualization of the modeling scheme using the
GEANT4 toolkit

From the obtained energy spectra of photons (¢(E)),
their integral values (N) were calculated according to
formula (2):

N = [ (E)dE. @

When performing calculations, the energy spectra of
photons and their integral values were normalised to one
initial electron.

To optimise the geometric dimensions of the irradi-
ated samples, probability maps of the transverse distri-
bution of photons in the plane of placement were gener-
ated using the inverse Gaussian cumulative distribution
[31].

In the process of modeling the yields of radioisotope
products formed during the activation of rare-earth ele-
ments, according to (1), numerical values of the cross
sections of (y,n)-reactions and their thresholds from the
TENDL nuclear data library [37] were used, which is
based both on the results of Monte Carlo calculations by
the TALYS code [38] by default, and on corrected cal-
culations, as well as on data from other sources [39]. It
should be noted that the TALY'S code has been success-
fully used to study the cross sections of (y,n)-reactions
in the interaction of photons with rare earth nuclei [40,
41].

For routine calculations of yields of products formed
via the (y,n)-reaction channel during activation of rare
earth element nuclei, the self-created computer program
“NPMA Reaction Yield Version 1.1.2304” [42].

2. RESULTS AND DISCUSSION

As a result of the simulations, the energy spectra of
bremsstrahlung photons hitting the plane of potential
placement  of rare-earth element  samples
(10001000 mm) and the samples themselves (with
dimensions of 10x10 and 100x100 mm) when they are
irradiated by the M-30 microtron were calculated by the
program created on the basis of the GEANT4 toolkit
[36]. The technical parameters of the electron ejection
unit were taken into account when performing the calcu-
lations [18, 31].
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Fig. 2 presents the energy spectra of photons and the
cross sections of (y,n)-reactions of the interaction of
photons with the nuclei of rare earth elements [37].

107

040 _“ge(un)®Sc

=YY
-™La(yn)La

- "Ce(y.n)"'Ce
R

——-10x10 mm
—— - 100x100 mm
——- 1000x1000 mm

Aoas
107
Pr(y,n) *Pr

~ e dty.n) NG
~ NGy ) Nd
- Sty ) PSm
Sy (yn)PEu
- "®Gd(y,n)'*Gd
- Tb(y,n)"*Tb

- "™Ho(y,n)'*Ho
Tty ny

- Tmiy,n)*Tm
- "b(y,n)""Yb
- "¥b(y,n) ¥b

10°

vle

10%E

107

10°

40,00

15 RN

Ey, MeV

Fig. 2. Energy spectra of bremsstrahlung photons and
cross sections of (y,n)-reactions [37]

Numerical integral values photon energy spectra
summed from 0 to 12 MeV and from 8 to 12 MeV are —
0.04816 y/e and 0.00176 y/e for a sample with a size of
10x10 mm, respectively. For a sample with a size of
100x100 mm, they are: for the entire energy spectrum —
0.83448 /e, for spectra from 8 to 12 MeV —0.02162 y/e.

The percentage of photons in the bremsstrahlung beam is
81.71 and 64.21% for the cases of 10x10 mm and 10 0x10 0
mm, respectively.

From the modelling results, the profile of the bremsstrah-
lung photon beam in a section on a plane measuring
1000x1000 mm at the location of the experimental samples
(Fig. 3) and their transverse distribution (Fig. 4) were ob-
tained.

As a result of the simulations, it was found that 4.93E5
photons hit the area of the central cross-section with a size of
10 mm, and 1.74E6 in the area of 200 mm. With a plane of
100x100 mm (namely, an increase in the area by 10 times),
the photon concentration increases only by 3.54 times,
which indicates that an increase in the area of the sample

does not lead to a significant increase in the number of inter-
acting photons, but an increase in the number of accompany-
ing particles, namely residual electrons and secondary pho-
toneutrons, is possible [18, 30, 31].

X, cm

Fig. 3. Profile of bremsstrahlung photons on the plane
at the potential location of rare earth element samples
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Fig. 4. Transverse distribution of bremsstrahlung pho-
tons in the plane of sample placement

Yields of activation products of rare earth elements (normalised to 1 initial electron, 1 second of irradiation and one
atom of the element) formed via the (y,n)-reaction channel at the maximum energy
of bremsstrahlung photons — 12 MeV

Abundance,| Ew y.n). Yield Yield Increase,
Element | Isotope |"7o 'y ™| "\t | Product] T(U2)* | 00 mm | 100x100 mm | times
21SC Sc-45 100 11.33 Sc-44 4.042 h 6.795E-36 3.592E-35 5.29
39Y Y-89 100 11.48 Y-88 106.627 d 7.176E-37 3.265E-36 4,55
s7La La-139 99.91 8.78 La-138 | 1.03x 10”y 4.436E-33 4,618E-32 10.41
s5Ce Ce-142 11.11 7.17 Ce-141 | 32.504d 6.388E-33 7.156E-32 11.20
50Pr Pr-141 100 9.40 Pr-140 3.39m 2.264E-33 2.148E-32 9.49
Nd Nd-148 5.7 7.33 Nd-147 11.03d 9.577E-33 1.081E-31 11.29
Nd-150 5.6 7.38 Nd-149 | 1.726h 1.025E-32 1.122E-31 10.95
62Sm Sm-154 22.75 7.97 Sm-153 | 46.284 h 1.066E-32 1.138E-31 10.68
63EU Eu-153 52.19 8.55 Eu-152 | 9.3116h 8.030E-33 8.293E-32 10.33
64Gd Gd-160 21.86 7.45 Gd-159 | 18.479h 1.483E-32 1.641E-31 11.07
65 Th Tb-159 100 8.13 Th-158 10.70 s 9.603E-33 1.008E-31 10.50
6Dy | Dy-158 0.06 9.05 | Dy-157 | 8.14h 7.336E-33 | 7.245E-32 9.88
e7HO Ho-165 100 7.99 Ho-164 28.8m 7.636E-33 7.858E-32 10.29
= Er-170 14.91 7.26 Er-169 9.392d 1.588E-32 1.796E-31 11.31
6g 1M Tm-169 100 8.03 Tm-168 93.1d 1.299E-32 1.410E-31 10.85
vb Yb-170 3.04 8.46 Yb-169 | 32.018d 1.209E-32 1.285E-31 10.63
70 Yb-176 12.76 6.87 Yb-175 | 4.185d 1.713E-32 1.966E-31 11.48
#Lu Lu-175 97.41 7.69 Lu-174 142 d 1.106E-32 1.187E-31 10.73
* s —second, m — minute, h — hour, d — day, y — year
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The obtained results reproduce the general patterns
in the influence of the geometric dimensions of the irra-
diated samples on the integral values of the interacting
photons and are consistent with the results of similar
studies [18, 24-26]. Differences in numerical values
may be associated with the initial parameters of the cal-
culations (initial electron beam, its energy, sample irra-
diation schemes [27, 28, 31]).

The results obtained allow us to estimate the mini-
mum sample size required to achieve satisfactory repre-
sentativeness for the specified research task — optimisa-
tion of the photon activation analysis process on the
M-30 microtron.

The results of calculations of the characteristics of
bremsstrahlung photon beams generated on the M-30
microtron, interacting with the studied samples of rare
earth elements (sizes 10x10 and 100x100 mm) during
their irradiation, were used to model the yields of radio-
isotopes formed via the (y,n)-reaction channel, accord-
ing to formula (1).

When performing calculations, the yields of activa-
tion products of rare earth elements formed via the (y,n)
reaction channel were normalised to 1 initial electron,
1 s of irradiation, and one atom of the element.

Results of simulations of the yields of activation
products of rare earth elements — radioisotopes **Sc,
88Y, 138La, 141C€, 140Pr, 147’149Nd, lSSSm, 152EU, 159Gd,
158Tb, 157Dy, 164HO, 169Er, 168Tm, 169’175Yb, 174Lu by
bremsstrahlung photons with an energy of 12 MeV,
formed via the (y,n)-reaction channel, are presented in
Table.

The obtained values of the yields of rare earth ele-
ment activation products for different geometric sizes
(10x10 and 100x100 mm) of the studied samples can be
used to optimize the stimulation scheme of the (y,n)-
reaction on the electron accelerator — the M-30 micro-
tron to ensure the process of determining their isotopic
content.

CONCLUSIONS

The simulated values of the yields of activation
products of rare earth elements — radioisotopes **Sc,
88Y, 138La, 141Ce, 14°Pr, 147’149Nd, 153Sm, 152EU, 159Gd,
158-|—b, 157Dy' 164HO, 169Er, 168-|—m, 169,175Yb’ 74 by
bremsstrahlung photons with an energy of — 12 MeV,
formed via the (y,n)-reaction channel, supplement the
existing literature data necessary to ensure the process
of photonuclear activation analysis on electron accelera-
tors.

The proposed modelling scheme (using nuclear
Monte Carlo codes: GEANT 4, TALYS, and the self-
created computer program “NPMA Reaction Yield Ver-
sion 1.1.2304”) of activation product yields can be used
to optimise photonuclear reaction stimulation schemes
at the electron accelerator — the M-30 microtron for a
wide range of nuclei and predict the yields of the
formed radioisotopes.

This work was carried out within the framework of
the topic ""Monte Carlo modelling of rare earth ele-
ment activation schemes for non-destructive isotope
analysis', state registration number: 0125U002853.
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MOJIEJIOBAHHA BUXO/IIB ITPOAYKTIB AKTUBAIII PIIKICHO-3EMEJIbHUX
EJIEMEHTIB YTBOPEHHUX 11O KAHAJY (y,n)-PEAKIII HA MIKPOTPOHI M-30

€.B. Oneiinixos, 1.B. Ilununuuneyys, B.B. Iluckau, O.0. Ilapaaz, B.M. I'onoegeit

Jnst peanizawii mpouecy HeJIECTPYKTHBHOTO (POTOHHOTO aKTHBALIITHOTO aHANi3y BMICTY DiJKICHO-3EMEIbHHX
€JIEMEHTIB Y JIOCIIJDKYBaHUX 3pa3Kax Ha eJISKTPOHHHX NPHCKOPIOBaYax Ta MPOTHO3yBaHHS OTPHMAHMX PE3YJbTaTiB
HeoOXi/THa TOCTOBIpHA iH(QOPMAIis PO BUXOAW MPOIYKTIB (Pazioi30TOIiB), YTBOPSHUX IPH IX aKTHBALil 3TeHEpO-
BaHMMH ranbMiBHAME (oToHAaMH. IIpe/IcTaBIeHO pe3yIbTaTH MOETIOBAHHS BUXOIB pamioisoromis *Sc, Y, ¥ a,
1o W0py 147140\ 158g 152F 189Gy 1s6Tp 17Dy 164y 169F 1687 169475y “174) |\ yrponenux mo Kamany
(y,n)-peaxmii. Po3paxyHKku NmpOBOIWIKCS IJIs BHUIAOKY OIPOMIHEHHS 3pa3KiB PiIKiCHO-3eMENbHUX €JIEMEHTIB Ha
enektpoHHOMY mpuckoproBadi IE® HAH Vkpainm — mikporpori M-30, ramemiBHUME (OTOHAMH 3 €HEPTi€r0
12 MeB i3 BpaxyBaHHSIM HOTO TEXHIYHUX XapaKTEPUCTHUK.

116 ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. A26(160)



