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The paper presents the results of modelling the yields of activation products of rare earth elements (*Sc, 8Y, 1!Ce,
140pr, 147149, 1585m, 152EY, 159G, 58Th, 57Dy, 16*Ho, ¥°Er, 168Tm), 16%175Yh, 7#Lu) under direct stimulation of the
(y,n) reaction, that is, when the electron beam interacts directly with the rare earth element samples. For the
simulations, a computer programme based on the GEANT4 toolkit was developed to calculate the characteristics of
bremsstrahlung photons generated within rare earth element samples during irradiation by the direct electron beam of
the M-30 microtron, which interacts directly with the sample under study. A comparison was made with the results of
modelling the yields of activation products of rare earth samples using the conventional irradiation scheme on the
M-30 microtron, in which bremsstrahlung photons are generated by a tantalum converter. The results obtained make
it possible to optimise the non-destructive photon activation analysis of rare earth elements using electron accelerators.

PACS: 28.60.+s; 87.53.Jw
INTRODUCTION

To determine the isotopic composition of rare earth
elements in the samples under study, the (y,n) reaction is
used, initiated by bremsstrahlung photons generated on
electron accelerators [1, 2]. One method of stimulating
the (y,n) reaction in experimental samples is to use a
direct electron beam, which generates bremsstrahlung
photons within the samples, for example, in the
production of medical radioisotopes [3-5].

This paper presents the results of modelling the yields
of radionuclide products of rare earth elements (*Sc, 88Y,
1“1Ce, 1“°Pr, 147'149Nd, 1535m, 152Eu, 159Gd, 158-|—b, 157Dy,
16440, 189Er, 18T m, 169175y, 174 u) formed through the
(v,n) reaction channel for a direct stimulation scheme, in
which bremsstrahlung gamma quanta were generated by
electrons directly inside the experimental samples, on the
electron accelerator of the Institute of Electron Physics of
the NAS of Ukraine, namely the M-30 microtron, at an
electron energy of 12 MeV.

1. MATERIALS AND METHODS

The modelling of the yields of irradiation products
from rare earth element samples formed via the (y,n)
reaction channel was carried out for a direct stimulation
scheme, in which bremsstrahlung photons were
generated by the electron beam within square
experimental samples measuring 10 x 10 x 0.1 mm. The
samples were positioned perpendicular to the electron-
beam axis at a distance of 83 mm from the electron-beam
extraction unit in air, using a 50 um-thick, elliptical
titanium window with axes of 22 and 6 mm. The sample
activation scheme is shown in Fig. 1.

This scheme was analogous to the indirect activation
scheme of rare earth samples, in which bremsstrahlung
photons were generated by a tantalum (Ta) converter,
used for determining the yields of products formed
through the (y,n) reaction channel [1]. The parameters of
the experimental studies [2] were used in the
calculations.
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Fig. 1. Irradiation scheme of the experimental samples

The GEANT4 toolkit [6] was used to model the
characteristics of the electron beam, namely the energy
spectra, their integral values, and transverse distributions
in the plane, both in the plane of potential sample
placement (1000 x 1000 mm) and on the sample itself.
The technical characteristics of the M-30 microtron [7]
were taken into account in the calculations.

Additionally, a probability map of the transverse
electron distribution in the sample-placement plane was
modelled using the inverse cumulative Gaussian
distribution.

In the calculations, the electron energy spectra and
their integral values were normalised to one primary
electron.

2. RESULTS

As a result of simulations performed with the
developed programme, the energy spectra of electrons
reaching the plane of potential placement for the rare
earth element samples and the samples themselves during
irradiation on the M-30 microtron were calculated. Fig. 2
shows the energy spectrum of electrons incident on the
experimental sample, which generates bremsstrahlung
photons within the sample and thereby stimulates the
(v,n) reaction with the nuclei of rare earth elements.
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Fig. 2. Energy spectra of electrons stimulating the
(y,n) reaction inside the experimental sample

The integral values of electrons interacting with the
experimental sample, with energies from 0 to 12 MeV,
and the integral values of electrons generating
bremsstrahlung photons within it, with energies from
8 MeV (corresponding to the threshold values of the (y,n)
reaction for most rare earth element isotopes) to 12 MeV
(Fig. 5), were calculated. Their values are 0.8738 e/e and
0.8715 ele, respectively. Electrons stimulating the (y,n)
reaction in the experimental samples account for 99.74%
of the total number of electrons reaching the sample. In
the case of the conventional stimulation scheme with a
tantalum converter, 3.654% (0.00176 vy/e in the
8...12 MeV range) of the total number of photons
reaching the sample (0.0482 y/e in the 0...12 MeV range)
interact with the sample.

Fig. 3 shows the transverse distributions of electrons
in the plane where the rare earth element samples are
placed during irradiation. The number of electrons
stimulating the reaction in the sample amounts to 89.1%
(4.910E6) of the number of electrons reaching the plane
(5.511ES6).
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Fig. 3. Transverse distribution of electrons in the plane
of placement of the experimental samples

Fig. 4 presents the energy spectra of photons
generated inside *Sc and 1"5Yb samples. For comparison,
the figure also presents the photon spectrum generated by
the Ta converter for the indirect stimulation scheme
[1, 2]. The results of modelling the energy spectra of
bremsstrahlung photons are consistent with calculations
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performed using the NIST "ESTAR" programme [8] for
photon yields arising from the radiative deceleration of
monoenergetic electrons in the nuclei of rare earth

elements.
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Fig. 4. Energy spectra of bremsstrahlung photons
and cross sections of the (y,n) reaction [9]

Table presents the results of calculations of the yields
of products formed through the (y,n) reaction channel for

the direct and

indirect

experimental samples.

irradiation schemes of the

Yields of rare earth element products (radioisotopes)
formed through the (y,n) reaction channel for the direct
and indirect irradiation schemes of the experimental

samples
Elements Isotopes Indirect Direct
1 2 3 4
21SC Sc-45 3.395E-13 5.465E-14
39Y Y-89 1.589E-14 1.053E-14
ssCe Ce-142 7.615E-12 5.598E-12
s5oPr Pr-141 1.734E-11 1.586E-11
soNd Nd-148 2.434E-10 2.091E-10
soNd Nd-150 2.569E-10 2.254E-10
52Sm Sm-154 6.503E-12 6.327E-12
s3EU Eu-153 1.399E-11 1.542E-11
54Gd Gd-160 1.940E-11 1.668E-11
6sTh Tb-159 2.219E-10 2.525E-10
s7HO Ho-165 9.436E-11 1.189E-10
esEr Er-170 1.933E-10 2.378E-10
goTM Tm-169 2.455E-10 3.254E-10
20Yb Yb-170 1.172E-11 1.394E-11
20Yb Yb-176 1.605E-11 1.822E-11
nlu Lu-175 2.846E-11 3.545E-11

CONCLUSIONS

The results obtained make it possible to optimise the
process of non-destructive photon activation analysis of
rare earth element content in the samples under study
using different types of electron accelerators.

The present work was carried out within the
framework of the topic “Monte Carlo modelling of rare
earth element activation schemes for non-destructive
isotope analysis”, state registration No. 0125U002853.
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MOJIEJIOBAHHA BUXO/IIB ITPOJAYKTIB AKTUBAIIIL PIAKICHO3EMEJBHUX
EJIEMEHTIB ITPA IPSIMIN CTUMYJISIII (y,n)-PEAKIIII HA MIKPOTPOHI M-30

€.B. Oneiinixos, 1.B. Ilununuuneys, B.B. ITuckau, I M. I'omonaii, O.0. Ilapnaz, .M. Jlax

IIpencTaBieHO pe3y/IbTaTH MOJACTIOBAHHS BUXOIIB IPOAYKTIiB aKTHBALi PiIKo3eMeIbHUX eneMenTiB (*Sc, 88y
138L8., 141C€‘, 14OP|’, 147’149Nd, 153Sm’ 152EU, 159Gd, 158Tb, 157Dy, 164H0, 169Er, 158Tm, 169'175Yb, 174Lu) npu HpﬂMifI (T06TO
MpY B3a€EMOJII MydYKa €JICKTPOHIB 31 3pa3KaMM PiIKO3EMEIbHHUX EJIEMEHTIB) CTUMYJSII (y,n)-peakiii. s mpo-
BEJICHHSI MOJICJIIOBaHb OyJjia CTBOpEHa KOMIT IoTepHa nporpama (Ha 0asi iHcTpymenrapito GEANT4) po3paxyHKy
XapaKTePUCTHK TaJbMIiBHUX (POTOHIB, 3TCHEPOBAHMX Y CEPEIUHI 3pa3KiB PiIKICHO3EMENBHHUX EIEMEHTIB TpH iX
OMPOMIHCHHI NPSIMHUM IyYKOM €JIEKTPOHIB MiKpoTpoHy M-30, 1m0 0e3mocepeHb0 B3a€MOIIIOTh 3 AOCIIHKYBAaHUM
3pa3koM. [IpoBesieHO MOPIBHSHHS OTPUMAaHUX JAHUX 3 Pe3yJIbTaTaMH MOJIENIOBaHb BUXOJIB NPOJYKTIB aKTHBALil
3pa3KiB PiKiCHO3EMEIbHUX EJIEMEHTIB i3 BUKOPUCTAHHIM TPAAUIIHHOI CXEMH OMPOMIHEHHS HAa MiKpoTpoHi M-30
(reHeparris ranpMiBHHX ()OTOHIB TAHTAJIOBHM KOHBepTepoM). OTpuMaHi pe3yibTaTH JO3BOJIIIOTH ONTHUMI3yBaTH
MpPOIIEC HEACCTPYKTHBHOIO ()OTOHHOTO AKTHBAILIHHOIO aHATI3y PiAKICHO3EMEIbHHX CJIEMEHTIB Ha EJICKTPOHHHUX

IMpUCKOpPrOBavax.
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