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Abstract

Purpose. One of the most important tasks of the nuclear industry is to control the non-proliferation of fissile
nuclear materials (for example ?*Th, #°U, 28U, #°Pu) at all stages of their use (movement, storage, etc.).
To successfully solve this problem, reliable information about their isotopic composition is required. The
present study aims to simulate the yields of pairs of photofission products of ?2Th, **U, #*U, *Pu nuclei, the
delayed gamma radiation of which can be used for nondestructive isotopic analysis of nuclear materials at
electron accelerators.

Methods. Calculations of the mass distributions of the photofission products of *?Th, *U, U, *°Pu nuclei were
carried out using the GEF code. The bremsstrahlung spectrum was simulated during the interaction of electrons

(E=12.5 MeV) with a tantalum converter (1 mm) using a GEANT4 10.7.

Results. Simulations of mass distributions of photofission products of #*Th, *°U, #8U, *°Pu nuclei have
been carried out. The yields ratios for product pairs (Y ,/Y,., Y,/V, .. Y /Y ... Yo /Y 0 Yo'V o Yoo/ 'Vine
Yo /Y.» Yoo/ Vi Yo /Y,,,) are calculated for the indicated cores. Estimates of the difference between the
numerical values of the ratio of yields of pairs of fragments for pairs of nuclei **Th and **U, **U and **U,
28U and *°Pu are made on a percentage basis. The values of the difference in the ratios of the yields of these
pairs of products are — 5.0+43.2%, 14.1+39.3%, and 14.1+39.3% for nuclear pairs **Th and **U, U and **U,

28U and *°Pu, respectively.

Conclusions. The results of the simulation indicate the possibility of using the above pairs of fission
products as sources of delayed gamma radiation when performing nondestructive isotopic analysis of
nuclear materials. The results obtained can be used to optimize experiments on electron accelerators, which
will improve the accuracy and reliability of the results
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Introduction

One of the most important tasks of the nuclear
industry is to control the non-proliferation of
fissile nuclear materials (for example **Th, *°U,
28U, #°Pu) at all stages of their use (movement,
storage, etc.). To successfully solve this problem,
reliable information about their isotopic compo-
sition is required. As a rule, transportation and
storage of nuclear materials is carried out in
hermetically sealed capsules or containers made
of stainless steel [2; 3].

One of the widely used non-destructive
methods for the detection and isotopic identifica-
tion of unshielded and shielded fissile nuclear ma-
terials is based on the use of delayed gamma radi-
ation from the products of their separation [4-6].
The essence of this method is to use experimen-
tally obtained information on the ratio of the in-
tensity of stimulated delayed gamma radiation
from light and heavy products of their separation.
The yields of light products-fragments signifi-
cantly depend on the mass of fissile nuclei, so at
the same excitation energies their mass distribu-
tions shift towards larger masses with increas-
ing mass of fissile nucleus. At the same time, the
mass distribution of heavy fragments is almost
constant and does not depend significantly on
the mass of the fissile nucleus.

Fission products that are potential sources
of delayed gamma radiation suitable for the
analysis of shielded and unshielded nuclear ma-
terials must satisfy a number of basic require-
ments: a) a high probability of their formation
in the fission process; b) the presence of a wide
set of intense gamma radiation lines with ener-
gies> 1000 MeV, free from spectrometric interfer-
ence (characteristic, background gamma lines,
from the products of accompanying reactions)
c) with convenient half-lives for analysis. It
should be noted that fission product pairs with
close half-lives should be used in the analysis.

The following products-fragments meet
these requirements: ¥Kr, %Kr, %Rb, ¥BRb, *Sr,
B, 138Cs, 2La, which were formed as a result

of (n, f)-reactions induced by thermal, fast and
high-energy (14 MeV) neutrons [4-6] and brems-
strahlung of electronic accelerators [7-9]. Their
nuclear-physical characteristics [10] meet the
above criteria. The above works [4-9] demon-
strated the possibility of using them for the
isotopic identification of unshielded [4-7] and
shielded [8; 9] fissile nuclear materials.

The aim of the presented work is to analyze
the possibility of using these nuclides-fragments
(with A = 87, 88, 89, 92,135, 138, 142) as potential
sources of delayed gamma radiation, to identify
4 main fissile nuclear materials (**2Th, *°U, #*U,
#°Pu) when they are activated by bremsstrahlung
obtained on an electronic accelerator — a micro-
tron. Therefore, it was necessary to calculate the
dependence of number values of post-neutron
output of pairs of fragments (Y, /Y, ., Y, /Y,

YQZ/YL')’S’ Y87/Y138’ Y88/Y138’ YS/YL')’S’ Y87/Y142’
Yo'V, Yoo V000 for the above mentioned fis-

sile nuclei produced at the stimulation of the of
photofission reaction.

Modelling Post-Neutron Outputs of
Actinide Nuclear Photofission Products

In order to solve this problem, it is necessary to
model post-neutron yields of photofission prod-
ucts of actinides #*Th, U, 28U, #°Pu at a fixed
energy of bremsstrahlung, and to calculate the
numerical values of the ratios of the pairs of frag-
ments whose delayed gamma radiation analysis
is nuclei. Delayed gamma radiation suitable for
isotopic analysis of the specified nuclei.

The GEF code [11], which allows the cal-
culation of characteristics for fissile nuclei in
any type of fission (spontaneous, neutron and
proton induced, photofission) and which can be
used to calculate the post-neutron yields of pho-
tofission products of actinides [12; 13], was used
for modelling.

The simulation is carried out for brake ra-
diation, which is generated by electricity with
energy of 12.5 MeV at a tantalum radiator with



thickness of 1 mm. The bremsstrahlung spec-
trum was simulated during the interaction of
electrons (E=12.5 MeV) with a tantalum con-
verter (1 mm) using a GEANT4 10.7 [14; 15], with
the following input parameters: the number of
events — 108, and for the distances: electron
source — bremsstrahlung target — irradiated ob-
ject, which were — 18 and 100 mm, respectively.
The choice of the specified energy was due to the
possibility of isotopic analysis for both unshielded
and shielded fissile nuclear materials[16], i.e. the
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energy was lower than the thresholds of possible
photonuclear reactions for potential elements
from which stainless steel containers are made.

The results of the calculation of the spectrum
of bremsstrahlung with an energy of 12.5 MeV are
presented in Figure 1. The same figure shows
the cross sections (y, f) — reactions for #?Th, #°U,
28U, #Pu actinide nuclei from the library of esti-
mated nuclear data ENDF [17], which were used
to calculate the average excitation energy for
these fissile nuclei [12].
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Figure 1. Braking radiation spectrum and photofission cross sections of #*Th, **U, **U and *’Pu

The calculated average excitation energy
for the photofission of the #*2Th, *°U, #*U, #*’Pu
nuclei at the maximum braking radiation ener-
gies of 12.5 MeV were — 8,821; 10,013; 9,744 and
9,922 MeV, respectively. The obtained values
were used as input data in the GEF code sim-
ulation of post-neutron outputs of products for
fissile nuclei #?Th", 2°U", 28U", #°Pu”. The latest
version of the GEF code — 2020 / 1.1[18] was used
for calculations.

The results of the calculation of post-neu-
tron yields of fission products are presented in
the panel of Figure 2. The existing experimental
data that were studied at close excitation energies
are also presented here. Excitation energy val-
ues — for #?Th: 8.8 MeV [19], 8.35 MeV [20]; #°U:
9.7 MeV [21]; #*U: MeV 9.7 [22], 9.09 MeV [23].

The results of modeling the post-neutron
yields of **Pu were compared with the estimated
values of the yields of the reaction products **Pu
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(nfast, f) [24] resulting in a similar fissile nuclei
Py’ as there are no experimental data on the
yields of photofission of products at close energies.
The average excitation energy <E > for the fissile
nucleus *Pu’ in neutron fission was calculated
from the average neutron energy <E > by for-
mula (1):

<E"> = (4238Pu + An - 4239Pu) + <E,> (1)

where A — excess (or defect) of the mass, the
values of which were taken from [25]. The value
of <E'>=6.14 MeV.
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The results of the calculations are consistent
with the experimental data within the errors for
fissile nuclei #°U, U, #°Pu at close excitation
energies. For **Th, there is a discrepancy be-
tween the calculated and experimental yields
values [19; 20] for both light and heavy products
(with maximum yields values). It should be noted
that for #*Th there is also a discrepancy between
the existing experimental data.
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Figure 2. Post-neutron product yields for fissile **Th, U, #*U and *Pu nuclei

Figure 3 shows the dependences of
post-neutron yields of photofission products of
#2Th, 25U, #*U, *Pu on product mass at the
same brake radiation energy of 12.5 MeV. As
can be seen from the mass distributions shown
in the figure, the yields of light products shifts
towards larger masses, increasing the mass of
the fissile nucleus. At the same time, the mass
distribution of heavy fragments remains virtually

unchanged and does not depend significantly
on the mass of the fissile nucleus. This indicates
that the yields of light photofission products of
actinide nuclei #*Th, #°U, #*U, *’Pu depend on
the mass of fissile nuclei at the same stimulation
energies.

The dependence of the ratios (Y,/Y,) of
the numerical values of the yields of light (Y))
and heavy (Y,) products on the mass of fissile



nuclei is calculated. The calculations were per-
formed for the following product pairs Y,/ Y

135
Y92/Y135’ Y92/Y138’ Y87/Y138’ Y88/Y138’ Y89/ Y138’

Yo,/ Y, Yoo/ Y, Yoo /' Y,,,. The fission prod-
ucts selected for analysis are potential sources
of delayed gamma radiation suitable for isotopic
analysis of shielded and unshielded nuclear
materials and meet the above requirements:

Y87 = Y87Kt’ Y88 = Y88Kr’ Y89 = Y89Rb’ Y92 = Y92$1’
Y135 = Y135P Y138 = Y138Cs’ Y142 = Y142La [10] )

The results of the calculation Y /Y, are
presented in panel Figure 4. As can be seen
from the figure, the output ratio depends on the
mass of the fissile nuclei. Here, the Y /Y, yields
ratios are presented, for which experimental
data were used [19-24]. The obtained data are
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consistent with each other within the experi-
mental errors.

Table 1 shows the numerical values of the
Y /Y, yields ratio for the fissile nuclei **Th, **U,
28U, #Pu and the difference (percentage) in
percent (%) between the numerical values of the
ratio of pairs of fragments for these nuclei. The
percentage difference was calculated between
the pairs of nuclei **Th and **U (5.0+43.2%),
U and *U (14.1+39.3%), *U and *Pu
(14.1+31.4%).

Thus, the selected product pairs of photofis-
sion nuclei #*Th, #°U, #U, and #?’Pu can be used as
sources of delayed gamma radiation in non-de-
structive isotope analysis of these actinides.
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Figure 3. Dependence of post-neutron yields of fission products *2Th", #°U", 28U,
and *Pu’ on their mass
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Figure 4. Dependence of the ratios of the numerical values of the yields of light and heavy products on the

Table 1. Numerical values of the Y, /Y, yields ratio for fissile nuclei **Th, **U, **U, *’Pu, and the value of
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mass of fissile nuclei ?*Th, #°U, 28U, *Pu

the difference in the yields ratios between adjacent pairs of nuclei

Y, /Y, 22Th % 25y % 238y % 239py

Y, /Y, 0,95918 432 0,54439 34.7 0,35532 314 0,24371
Y,,/Y,s 1,1013 24.0 0,8372 15.2 0,70991 27.8 0,51245
Y, /Y, 0,97806 5.0 0,92957 14.1 0,79844 16.1 0,66998
Y, /Y, 0,71654 37.9 0,44515 36.0 0,28503 17.2 0,23589
Yo/ Y, 0,85724 29.5 0,60445 33.9 0,39964 20.3 0,31862
Y, /Y, 0,94446 26.8 0,69173 28.3 0,49569 25.6 0,369

Y, /Y., 0,89638 38.5 0,5129 39.3 0,33437 14.1 0,28735
Y,/ Y., 1,0724 30.2 0,74857 37.4 0,46882 17.2 0,38813
Y, /Y., 1,18151 27.5 0,85666 321 0,5815 22.7 0,4495




Conclusions

As a result of the calculations, optimal pairs of
light and heavy products (with close half-lives)
of photofission of actinide nuclei **Th, **U, #*U,
#Pu were identified as potential sources of de-
layed gamma radiation and suitable for analysis of
their isotopic composition. It has been demon-
strated that combinations of numerical values of
the ratio of the fields of light and heavy prod-
ucts (Y88/Y135’ Y92/ Y135’ Y92/Y138’ Y87/ Y138’ Y88
/Y139 Y89/Y138’ Y87/Y142’ Y88/Y142’ Y89/Y142)
are substantially dependent on the mass of the
fissile nuclei.

Simulation the yields of actinide nuclei photofission products as sources...

The calculations made make it possible
to determine the ratio of the yields of light and
heavy photofission products of actinide kernels
for which no experimental data are available,
and allow optimization of the procedure of
non-destructive analysis of the isotope compo-
sition of unshielded and shielded fissile nuclear
materials on electronic accelerators — microtron.

Acknowledgments

The authors express their gratitude to Full Doctor
of Physical and Mathematical Sciences, Professor
L.M. Suslikov for fruitful discussions and advice.

References

[1] Gozani T. Active non destructive assay of nuclear materials: Principles and applications. United
States: National Technical Information Service; 1981. 403 p.

[2] Agarwal C, Chaudhury S, Nathaniel TN, Goswami A. Nondestructive assay of plutonium in empty
stainless steel boxes by apparent mass method. Radioanal Nucl Chem. 2012;(294);77-80.

[3] De Stefano R, Carasco C, Pérot B, Simon E, Nicol T, Mauerhofer E. Feasibility study of fissile mass
detection in 870 L radioactive waste drums using delayed gamma rays from neutron-induced fission.
J. Radioanal. Nucl. Chem. 2019;(322):1185-94.

[4] Beddingfield DH, Cecil EE. Dentification of fissile materials from fission product gamma-ray spectra.
Nucl. Instr. Meth. A. 1998;(417):405-12.

[5] Marrs RE, Norman EB, Burkeetal JT. Fission-product gamma-ray line pairs sensitive to fissile
material and neutron energy. Nucl. Instr. Meth. A. 2008;(592):463-71.

[6] Iyengar A, Norman EB, Howard C, Angell C, Kaplan A, Ressler JJ, et al. Distinguishing fissions of
22Th, %’Np and **U with beta-delayed gamma rays. Nucl. Instr. Meth. B. 2013;(304):11-15.

[7] Hollas CL, Close DA, Moss CE. Analysis of fissionable material using delayed gamma rays from
photofission. Nucl. Instrum. Methods Phys. 1987;24-25(1):503-505.

[8] Carrel F, Gmar M, Laine F, Loridon J, Ma J-L, Passard C. Identification of actinides inside nuclear
waste packages by measurement of fission delayed gammas. IEEE Nucl Sci Symp Conf Rec.
2006;28(1):909-913.

[9] Carrel F, Agelou M, Gmar M, Lainé F, Loridon J, Ma J-L. Identification and differentiation of
actinides inside nuclear waste packages by measurement of delayed gammas. IEEE Trans. Nucl.
Sci. 2010;57(5):2862-71.

[10] Decay radiation search. Decay radiation database version of 12,/2/2019.

[11] Schmidt K-H, Jurado B, Amouroux C, Schmitt C. General description of fission observables: GEF
model code. Nucl. Data Sheets. 2016;(131):107-221.

[12] Pylypchynets IV, Parlag OO, Oleynikov EV. Simulation the yields of actinide nuclei photofission
products induced by bremsstrahlung of electron accelerators. Scientific Herald of Uzhhorod
University. Series “Physics”. 2017;(42):169-77.



Scientific Herald of Uzhhorod University. Series “Physics”. 2020;(48):38-49

[13] Bernard D, Serot O, Simon E, Boucher L, Plumeri S. Photofission delayed y-ray spectra calculation
tool for the conception of a nuclear material characterization facility. EPJ Web of Conferences.
2018:(170):06001.

[14] GEANT4 10.7 [Internet]. 2020. Available from: https://geant4.web.cern.ch/node/1899.

[15] Introduction to GEANT4 [Internet]. 2000. Available from: https://geant4.web.cern.ch/sites/
geant4.web.cern.ch/files/geant4/support/training/CSC2000/CSCG4.pdf.

[16] Parlag OO, Maslyuk VT, Dovbnya AM, Pylypchynets IV, Golovey VM, Lendel OI, inventor; Institute
of Electron Physics, National Academy of Sciences of Ukraine, patent owner. Method of stimulating
delayed gamma radiation from fission products of actinide nuclei in sealed stainless steel containers
for identification of their isotopic composition. Ukrainian patent for utility model No. 133090. 2019
Mar. 03.

[17] Evaluated Nuclear Data File (ENDF). Database Version of 2017-10-27.

[18] GEF 2020/1.1 [Internet]. 2020. Available from: http://www.khschmidts-nuclear-web.eu/GEF-2020-
1-1.html.

[19] Piessens H, Jacobs E, De Frenne D, De Clercq A, Verboven M, De Smeet G. Photon induced fission
of #2Th with 12 and 20 MeV bremsstrahlung. In: Seeliger D, Seidel K, Marten H, editors. Proceeding
of the XV International Symposium on Nuclear Physics — Nuclear Fission; 1985 Nov. 11-15; Gaussig.
Dresden: Technical University of Dresden; 1985. 92-95.

[20] Naik H, Kim GN, Schwengner R, Kim K, John R, Massarczyk R, et al. Fission product yield distribution
in the 12, 14, and 16 MeV bremsstrahlung-induced fission of **Th. Eur. Phys. J. A. 2015;(51):150.

[21] Jacobs E, Thierens H, De Frenne D, De Clercq A, D’hondt P, De Gelder P, et al. Product yields for the
photofission of #*U with 12-,15-, 20-, 30-, and 70-MeV bremsstrahlung. Phys. Rev. C. 1980;21(1):237-45.

[22] Jacobs E, Thierens H, De Frenne D, De Clercq A, D’hondt P, De Gelder P, et al. Product yields for the
photofission of #8U with 12-, 15-, 20-, 30-, and 70-Mev bremsstrahlung. Phys. Rev. C. 1980;(19):422-32.

[23] Naik H, Carrel F, Kim GN, Laine F, Sari A, Normand S, et al. Mass yield distributions of fission
products from photo-fission of *®U induced by 11.5-17.3 MeV bremsstrahlung. Eur. Phys. J. A
2013;(49):94.

[24] England TR, Rider BF. Endf-349 evaluation and compilation of fission product yields 1993. Los
Alamos: Los Alamos Nationatial Laboratory; 1994. 174 p.

[25] Nuclear Wallet Card Search. Nuclear Wallet Cards database version of 7,/10,/2019.



Simulation the yields of actinide nuclei photofission products as sources...

CHucoK BUKOPUCTAHOI JIiTepaTypu

[1] Gozani T. Active non destructive assay of nuclear materials: Principles and applications. United
States: National Technical Information Service; 1981. 403 p.

[2] Agarwal C, Chaudhury S, Nathaniel TN, Goswami A. Nondestructive assay of plutonium in empty
stainless steel boxes by apparent mass method. Radioanal Nucl Chem. 2012;(294);77-80.

[3] De Stefano R, Carasco C, Pérot B, Simon E, Nicol T, Mauerhofer E. Feasibility study of fissile mass
detection in 870 L radioactive waste drums using delayed gamma rays from neutron-induced fission.
J. Radioanal. Nucl. Chem. 2019;(322):1185-94.

[4] Beddingfield DH, Cecil EE. Dentification of fissile materials from fission product gamma-ray spectra.
Nucl. Instr. Meth. A. 1998;(417):405-12.

[5] Marrs RE, Norman EB, Burkeetal JT. Fission-product gamma-ray line pairs sensitive to fissile
material and neutron energy. Nucl. Instr. Meth. A. 2008;(592):463-71.

[6] Iyengar A, Norman EB, Howard C, Angell C, Kaplan A, Ressler JJ, et al. Distinguishing fissions of
22Th, %’Np and **U with beta-delayed gamma rays. Nucl. Instr. Meth. B. 2013;(304):11-15.

[7] Hollas CL, Close DA, Moss CE. Analysis of fissionable material using delayed gamma rays from
photofission. Nucl. Instrum. Methods Phys. 1987;24-25(1):503-505.

[8] Carrel F, Gmar M, Laine F, Loridon J, Ma J-L, Passard C. Identification of actinides inside nuclear
waste packages by measurement of fission delayed gammas. IEEE Nucl Sci Symp Conf Rec.
2006;28(1):909-913.

[9] Carrel F, Agelou M, Gmar M, Lainé F, Loridon J, Ma J-L. Identification and differentiation of
actinides inside nuclear waste packages by measurement of delayed gammas. IEEE Trans. Nucl.
Sci. 2010;57(5):2862-71.

[10] Decay radiation search. Decay radiation database version of 12,/2/2019.

[11] Schmidt K-H, Jurado B, Amouroux C, Schmitt C. General description of fission observables: GEF
model code. Nucl. Data Sheets. 2016;(131):107-221.

[12] Pylypchynets IV, Parlag OO, Oleynikov EV. Simulation the yields of actinide nuclei photofission
products induced by bremsstrahlung of electron accelerators. Scientific Herald of Uzhhorod
University. Series “Physics”. 2017;(42):169-77.

[13] Bernard D, Serot O, Simon E, Boucher L, Plumeri S. Photofission delayed y-ray spectra calculation
tool for the conception of a nuclear material characterization facility. EPJ Web of Conferences.
2018:(170):06001.

[14] GEANT4 10.7 [Internet]. 2020. Available from: https://geant4.web.cern.ch/node/1899.

[15] Introduction to GEANT4 [Internet]. 2000. Available from: https://geant4.web.cern.ch/sites/
geant4.web.cern.ch/files/geant4/support/training/CSC2000/CSCG4.pdf.



Pylypchynets et al.

[16] TTapaar OO, Macmtok BT, ZloB6us AM, [Tunumuutensd 1B, Tomoseit BM, Jlengen OI, BUHaXiTHUK;
IHCcTUTYT enekTpoHHOI ¢isvkn HAH Ykpainu, maTeHTOBIaCHUK. CIIOCiO CTUMYJIAII] 3ami3HiIoro
ramMMa-BUIIPOMiHIOBaHHA BiZl IPOAYKTIB MOZAUTY siZiep aKTHHIJIB B repMeTUYHUX KOHTelHepax i3
Heip:kaBirovoi crani s izeHTHIKaIlii iX i3oTomMHOTO cKIazmy. [TaTeHT YKpaiHu Ha KOPUCHY MOZEb
N2 133090. 2019 6epes. 03.

[17] Evaluated Nuclear Data File (ENDF). Database Version of 2017-10-27.

[18] GEF 2020/1.1 [Internet]. 2020. Available from: http://www.khschmidts-nuclear-web.eu/GEF-2020-
1-1.html.

[19] Piessens H, Jacobs E, De Frenne D, De Clercq A, Verboven M, De Smeet G. Photon induced fission
of #?Th with 12 and 20 MeV bremsstrahlung. In: Seeliger D, Seidel K, Marten H, editors. Proceeding
of the XV International Symposium on Nuclear Physics — Nuclear Fission; 1985 Nov. 11-15; Gaussig.
Dresden: Technical University of Dresden; 1985. 92-95.

[20] Naik H, Kim GN, Schwengner R, Kim K, John R, Massarczyk R, et al. Fission product yield distribution
in the 12, 14, and 16 MeV bremsstrahlung-induced fission of **Th. Eur. Phys. J. A. 2015;(51):150.

[21] Jacobs E, Thierens H, De Frenne D, De Clercq A, D’hondt P, De Gelder P, et al. Product yields for the
photofission of #*U with 12-,15-, 20-, 30-, and 70-MeV bremsstrahlung. Phys. Rev. C. 1980;21(1):237-45.

[22] Jacobs E, Thierens H, De Frenne D, De Clercq A, D’hondt P, De Gelder P, et al. Product yields for the
photofission of #8U with 12-, 15-, 20-, 30-, and 70-Mev bremsstrahlung. Phys. Rev. C. 1980;(19):422-32.

[23] Naik H, Carrel F, Kim GN, Laine F, Sari A, Normand S, et al. Mass yield distributions of fission
products from photo-fission of *$U induced by 11.5-17.3 MeV bremsstrahlung. Eur. Phys. J. A
2013;(49):94.

[24] England TR, Rider BF. Endf-349 evaluation and compilation of fission product yields 1993. Los
Alamos: Los Alamos Nationatial Laboratory; 1994. 174 p.

[25] Nuclear Wallet Card Search. Nuclear Wallet Cards database version of 7,/10/2019.



Simulation the yields of actinide nuclei photofission products as sources...

Po3paxyHOK BUXOZiB IPOAYKTiB pOTONOALLY siiep aKTHUHIZIB — JKepe
3alli3HiJIOro raMMa-BUIIPOMiHIOBaHHA ISl MOTPe0 aHaIi3y iX i30TOIMHOTO CKIaZy

I.B. ITmiunuusens, €.B. OneitHukos, O.0. ITapiaar

IHcTuTyT enexkTpoHHOi ¢pisuku HAH Ykpainu
88017, Bys1. YHiBepcUTETCBKa, 21, M. Y:Kropos, Ykpaina

AHoTAa1ia

MeTa. OgHVM 3 HaWBXIMBIMINX 3aBJaHb ATOMHOI TPOMUCIOBOCTI € KOHTPOJIb 32 HEPO3IOBCIO)KEHHAM
sIZIEpHUX MaTepialiB, I0 pO3LIEIUTIOIThCs (Hanpukiaz, 22 Th, 2°U, 28U, *Pu) Ha Bcix eTamax ix BUKOPUCTAHHS
(mepemirmenns, 36epiranHs ToIio). s YCIIITHOTO BUPpIllleHHA Ii€i mpobsjemMu MoTpibHa JOCTOBipHA
indopmariist mpo ix i30TONMHM ck1aj. MeTow A0CTiIKeHHS € MOZIeTIOBAHHS MaCOBUX PO3MOALTIB IPOAYKTIB
dboronoginy saaep #*Th, *°U, #8U, *Pu, 3aTpuMKa raMMa-BUIIPOMiHIOBaHHS IKUX MOXKE OYTU BUKOPHUCTAHO
JUI HepyHIBHOTI'O i30TOITHOI0 aHasli3y AZepHUX MaTepiaiB Ha IPUCKOPIOBaYax eJeKTPOHIB.

MeToau. Po3paxyHKU MacOBUX PO3IO/LTIB IPOAYKTIB ¢poTopo3iierieHHs saaep »?Th, #°U, #8U, *°Pu 6y1o
MpoBeZieHo i3 3acTtocyBaHHAM GEF-kozy. CIieKTp raJbMiBHOTO BUIIPOMiHIOBAHHS OYJI0O 3MOJEIbOBAHO IIifl
yac B3aemozii esekTpoHiB (E=12,5 MeB) i3 TanTamoBuM nepeTrBoproBadeM (1 Mm) 3a gomnomororo GEANT4
10.7.

PesynbTaTh. [IpoBeiIeHO MOJIETTFOBAHHS MacOBUX PO3MO/IIiB MPOAYKTIB poTonoAiny saep #*Th, 2°U, #U, *Pu.
KoediuieHT BUXOAiB POAYKTIB /U1 A/IEPHUX AP (Ysg/Y 1357 Ygz/Y 1357 Y92/Y 138 YB/Y 139 Yo' Vize Y89/Y 138 Y87/Y 142
Yoo/'Y,» Yoo/Y,,,) POBPAXOBYIOTBCA I 3a3HaYeHUX sifep. OLiHKa PiSHULI MK YUCIOBUMM 3HAYEHHAMU
koeodinienTa Buxozy ¢parmMeHTiB nap i sgepHux nap *2Th ta U, U ta #8U, »8U ta #’Pu 3pobiseHo y
BiZicOTKaX. 3HAYeHHs Pi3HUII y CHiBBiIHOIIEHHAX BUXOAY IIUX IMap MPOAYKTIB CTAHOBIATH -5,0+43,2 %,
14,1+39,3 % Ta 14,1+ 39,3 % ana aaepuux map 2*Th ta #°U, ?*U Ta *8U, #8U i *’Pu BiamosigHo.

BUCHOBKMU. Pe3ynbTaTy MO/Ie/IIOBaHHA BKa3yIOTh Ha MOXJIMBIiCTh BUKOPUCTAaHHSA 3a3HauYeHUX BUIIE 1ap
IIPOZYKTIB MOJLTY fIK /pKepesl 3aTPUMKY raMMa-BUIIPOMIHIOBaHHSA IIpY ITPOBeZIeHHI HepYIHIBHOTO i30TOITHOTO
aHaszy sepHUxX Martepianis. OTpUMaHi pe3ybTaTh MOXKyTh OYTH BUKOPHUCTAHI /IS ONITUMI3allil eKCIIepUMEHTIB
Ha MMPUCKOPIOBavyax eJeKTPOHIB, 110 MiABUIIUTh TOUHICTh Ta HAZIMHICTh Pe3y/IbTaTiB

Ki1ro4oBi cj10Ba: szepHi MaTepianu, i30TonmHU# aHasi3, GOTONOALT, BUXOAU IPOAYKTIB, 3ali3Hile ramma-
BUIIPOMiHIOBaHHA
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PacyeT BbIXOZ0B IIPOAYKTOB dOoTOeNeHNS AAep aKTUHNU/I0B — HICTOYHUKOB
3ama3ZibIBarolero raMmmMa-usaydeHus JJI HyXK, aHaJIru3a UX U30TOITHOrO COCTaBa

N.B. [TmniununHen, E.B. OneitHukoB, O.A. ITapiar

VHCTUTYT asekTpoHHOU dusuku HAH YkpauHbl
88017, yn. YHUuBepcuTeTcKas, 21, . YKropoz, YkpanHa

AnHOTaIMA

Hesnb. OnHOM M3 BAXKHENIINX 33/1a4 aTOMHOM IIPOMBIIIUIEHHOCTH SIBJISETCA KOHTPOJIb 33 HEPACIIPOCTPaHEHNEM
SAIEPHBIX pacCIIelIAonuXcsa MaTepuanoB (Hampumep, **Th, U, #U, *Pu) Ha Bcex dTamax HUxX
HCIIO/Ib30BaHUs (IepeMelieHre, XpaHeHWe U T.A.). i YCIIEIHOro pelleHus 3TOW MpobseMbl Hy:KHA
nmocroBepHasi uHbopMaIys 06 UX M30TOMMHOM cocTaBe. Lle/bio MCCIeOBaHUSA SIBISETCA MOZAEINPOBaHUE
MacCCOBBIX pacIpeejeHn MpoAyKToB hoToAeneHus saep 22Th, 2°U, #8U, *Pu, 3aziepkka raMMa- U3y deHus,
KOTOPO€ MOKET ObITh HCIIOIb30BAHO /IS HEpa3pyIIaIOIero M30TOMHOIO aHAIM3a AZIePHBIX MaTepHUaIOB Ha
YCKOPUTEJIAX IEKTPOHOB.

MeTozbI. PacueThl MacCOBBIX pacipeeieHuit IpoaykToB poTopaciuerienus saep »2Th, *°U, 28U, #°Pu
6bUT0 TIpoBeZieHO ¢ mpuMeHeHWeM GEF-koza. CrieKTp TOPMO3HOTO H3JIy4eHHs ObLIO CMOZETHMPOBAHO
IpU B3auMozercTBud 3yeKTpoHoB (E=12,5 M3B) ¢ TaHTasn0oBEIM IpeobpasoBaTesneM (1 MM) ¢ IOMOIIBIO
GEANT410.7.

Pe3ynbTaThl. IIpoBeZieHO MOZAETUPOBAHUE MACCOBBIX pacHpefeleHU MPOAYKTOB (OToAeNIeHUs saep
232 235 238 239

Th, U, U, *’Pu. KoapuimeHT BbIXOJOB TPOAYKTOB YIS SIEPHBIX TIap (YSB/YBS, Yo,/ Yoo Yoo/ Yoo Yo Y o
Yoo/ Yiog Yoo Yiogr Yor /Y s Yoo/ Y 105 Yoo /Y, 42) pacCYUTHIBAIOTCA 1 yKa3aHHBIX Azep. OlleHKa pasHULbl MeXAy
YHUCIOBBIMY 3HAYEHUAMU K03 PuIilreHTa Bbixoga GpparMeHTOB map i siepHbix map **Th u U, U u
28U, 28U u #Pu caeiaHoO B IpOlleHTaX. 3HaUeHe Pa3HUIIBI B COOTHOUIEHMSIX BRIXO/Ia 3TUX Map MPOAYKTOB
cocTaBiAoT 5,0+43,2 %, 14,1+39,3 % u 14,1+39,3 % a1a saaepusix map *?Th u *°U, U u 2*U, ®U u *Pu
COOTBETCTBEHHO.

BBIBO/IbI. Pe3ymbTaThl MOZIETMPOBAHMSA YKA3bIBAIOT HA BO3MOXKHOCTH MCIIOTb30BAHMSA YKAa3aHHBIX BBIIIIE TTaP
MIPOZAYKTOB JleJIeHUsI KaK MCTOYHUKOB 33ZIeP:KKU TaMMa-u3IydyeHus IpU MPOoBeleHUU HepaspylIlaiollero
M30TOITHOTO aHaM3a sSePHbIX MaTepUasIoB. [1oyYeHHbIEe PE3YJAbTATHl MOTYT OBITh WCIIOJIB30BAHbBI IS
ONTUMU3ALNMN SKCIIEPUMEHTOB Ha YCKOPUTENAX 3JeKTPOHOB, YTO IOBBICUT TOYHOCTb W HAa/le’KHOCTb
pe3y/ibTaToB

KiarouyeBbie ciaoBa: AAE€PHbIE MaTEpHaJibl, M30TOIHBIN aHaIn3, (l)OTO,ZLeJIeHI/Ie, BbIXOZbI IIPOAYKTOB,
3alasJbiBaromniee raMma-nusjiIydceHue



