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Abstract

This thesis is dedicated to the experimental and theoretical investigations of excitation
functions for proton induced reactions from natural tungsten, as well as the flux-weighted
average cross sections for bremsstrahlung photon induced reactions from natural rhenium and
natural niobium.

Our concern is focused on targets that can produce radionuclides of use in applications.
During the experiments the high purity natural targets were used. For isomeric pairs the isomeric
cross section ratios were determined.

The experiments were performed in the A.l. Alikhanyan National Science Laboratory
(AANL) Yerevan, Armenia. For the gamma induced reactions the electron linear accelerator
LUE-75 was used. The irradiations were carried out for 30 MeV and 40 MeV end-point
bremsstrahlung energies. For the proton induced reactions the cyclotron C18/18 was used,
covered the energy range from reactions threshold up to 18 MeV.

Experiments were carried out using the activation technique. The irradiated targets were
measured by off-line gamma spectroscopy. The analyses were carried out on HPGe detector
using the MAESTRO program.

The experimentally obtained data were compared with the available publications and the
model calculations by the TALYS 1.9 and EMPIRE 3.2 codes. The comparison demonstrates
the necessity for further improvements of the models and the codes. Phenomenological aspects
of residual nuclides production and the capabilities of nuclear models to predict respective cross

sections are described in this thesis.

Aim of the dissertation
The main focuses of this thesis are:
e Measurements of flux-weighted average cross section for "Re(y,xn)
reactions;
e Measurements of flux-weighted average cross section for "™Nb(y,xn)
reactions;
e Measurements of excitation functions for 1818218318418 pa ragiqual nuclides

by proton induced reactions on "'W;



e  Measurements of isomeric cross section ratio for ®™9Re, %MIRe and
186m9Re isomeric pairs;

e Determination and assessment of gamma and proton induced activity for
18694

Both photon and proton induced irradiations were performed at the AANL.

Novelty of the dissertation

Measurement of reaction cross sections is one of the main aims of many experimental
nuclear physics groups due to the need of proven cross section data for the reactions. Moreover,
the lack and discrepancies among the available data still exist. In order to improve the
fundamental science, low energy nuclear reaction models, as well as the nuclear physics based
applications the large amount of database is needed. Taking these conditions into account, the
photon and proton induced reaction experiments were done. The new received data will make
the significant contribution to the international database.

The current experimental results were compared with previously obtained experimental
data available in the literature and with the theoretical calculation by TALYS and EMPIRE
nuclear codes. Good agreement between current and other experimental data and the codes were
obtained for residual nuclides. Still in some cases there are discrepancies between them which
require further improvements.

The cross section values for *™Nb residual nuclide and the ICRs for #2™9Re, 1#MmIRe
isomeric pairs are obtained for the first time.

All data from photon induced experiments are included to the international EXFOR

database.

Practical value

The main part of this thesis has been the experimentally obtained data and its analysis,
which were compared with the data available from the other research groups and the model
calculations by the TALYS and EMPIRE codes. The comparison demonstrates the necessity for
further improvements of the models and the codes. Phenomenological aspects of residual
nuclides production and the capabilities of nuclear models to predict respective cross sections
are described in this thesis. For the production of **9Re medical isotope the assessment of the
specific activity are given and the production possibility in photon and proton induced reactions

are considered.



Main points to defend

The main points to defend are experimental and theoretical investigations of proton and
photon induced reactions for different nuclei in intermediate energy region. Particularly, for
photon induced reactions the "™Nb and ™'Re targets have been used. The flux-weighted average
cross section measurements have been done for both. The data for the “™Nb residual nuclide
obtained for the first time. The experimental and semi-empirical isomeric cross section ratios for
the rhenium isomeric pairs are published for the first time.

The proton induced experiments were carried out on "™W targets. The stacked-foil
technique has been used to get the excitation functions for residual nuclides. The experimental
and semi-empirical isomeric cross section ratios for the ¥2™9Re; #M9Re and ¥M9Re isomeric
pairs have been obtained. Due to the stacked-foil technique ICR values for ten different proton
energies have been received.

The possibility of ®®Re medical isotope production for both, LUE-75 linear accelerator
and cyclotron C18/18 was discussed.

Structure of the dissertation
This dissertation is composed of:
e  List of papers - published based on dissertation data
e  List of figures
e  List of tables
e  Abbreviations
e  Abstract
e Aims and objectives of work
e Introduction
e  Five chapters
e  Conclusion
e  References
All figures and data tables are listed in the beginning of thesis. Five chapters are
including theoretical and experimental activities and discoveries. Each one of five general
chapters consists of several sections. In the final part of dissertation all results are summarized in

“Conclusion”. The abbreviations taking part in this work are presented.



Content of the dissertation

In the “Aims and objectives of work” part it is presented the main goal of defended
subjects.

The “Introduction” of this dissertation is present the detailed description of nuclear
reactions and mechanisms. Study of nuclear reaction mechanism is the fundamental tool to study
the behavior of nuclear force between the nucleons inside the nucleus and to understand the
nuclear structure. Most of the known nuclear reactions are produced by irradiating different
materials to the beam of accelerated nuclear particles. In order to test these models, it is
important to have extensive data on reaction cross sections, excitation functions, energy and
angular distributions etc. of emitted particles. Nuclear reactions induced by proton and photon
projectiles with neutron emission are of interest for fundamental and applied researches. These
important tools are presented in this part shortly.

The CHAPTER 1 “Experimental facilities” is dedicated to the experimental facilities.
The LUE-75 and the cyclotron C18/18 are described in details. The main working parameters of
accelerators are presented in Sections 1.1 and 1.2, respectively. Both, the linear accelerator and
the cyclotron are located at the AANL, Yerevan, Armenia. The incident electron energies used
for experiments at LUE-75 were 30 MeV and 40 MeV. The proton beam energy used for
experiments at cyclotron was 18 MeV. In order to measure the flux-weighted average cross
sections (gamma induced reactions) and excitation functions (proton induced reactions) for
residual radionuclides the activation analysis was used. The gamma ray spectroscopy has been
done by HPGe detector, which is available at the AANL as well. Detailed description of this
facility is in Section 1.3.

In CHAPTER 2 “Theoretical programs” the theoretical programs related to this thesis
are presented. The nuclear codes used for theoretical calculations and simulations are described
in Sections 2.1-2.4. Apart from the experimentally accessible measurement of production cross
sections, the theoretical modeling is necessary in order to understand the nuclear reactions. In
addition, the theoretical modeling plays an important role to predict the cross sections for which
measurements are either unavailable or have large discrepancies. In all experimental projects
the theoretical calculations and simulations are needed, therefore different nuclear codes and the
special written scripts were used.

CHAPTER 3 “Experiments and evaluation” is the largest section of the thesis. It is

dedicated to the photon and proton induced experiments. There are presented both irradiation
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conditions at LUE-75 linear accelerator (Section 3.1) and cyclotron C18/18 (Section 3.2), as
well as the target preparations for the experiments. Both, for photon induced and proton induced
experiments the target holders were made at the AANL (Subsections 3.1.1 and 3.2.1). In this
part of thesis detailed parameters for each target is described separately (Subsections 3.1.2 and
3.2.2). The target materials are held in different target holders. A successful radionuclide
production is crucially depends on the quality and composition of the target materials. The
radionuclidic composition of the product is influenced by the isotopic composition of the target
itself.

For the bremsstrahlung photon beam experiment the target holder was prepared
manually, corresponding to the experiment conditions (Subsection 3.1.1). In Subsection 3.2.1
the Nirta target module for the cyclotron is presented. The targets descriptions and working
parameters are described in details.

The flux-weighted average cross sections by gamma induced reactions (Subsections
3.1.4 and 3.1.5) are measured. The experiment has been done on the bremsstrahlung beam of the
linear electron accelerator LUE-75 at 30 MeV and 40 MeV electron beam energies. The electron
beam shape was elliptical with a 2 cm major and 1.4 cm minor axes. The photon flux
determination has been realized by monitor reaction (Subsection 3.1.3). For the ™Re(y,xn)
reactions the calculated and measured flux-weighted average cross sections are presented in
Table 1.

Taking into account that the monitor and studied reactions thresholds are different, the
C, flux conversion ratio is included. For ™Re(y,xn) 18#183184186Re reactions, the average flux
obtained from the ®Cu(y,n)®Cu monitor reaction is multiplied by a different conversion C,
factors, based on the monitor and studied reactions threshold difference.

The overall experimental uncertainties are coming from both statistical and systematic
errors. The statistical errors are coming from counting statistics and mostly depend on the half-
life of the radionuclides of interest. It is estimated to be about 3-7%. The systematic errors are
due to uncertainties in the irradiation time - about 1%, the detection efficiency error - about 3%,
the facility error about 10%. The overall uncertainties of the cross section measurements are in
the range of 11-13% and the errors on the isomeric ratios and activity are the propagated errors

from the reaction cross sections.



Table 1. The flux-weighted average cross sections for ™Re(y,xn)'#m9183:184mg1880pa reactions
based on the experimental data of Ref. [1] and calculations by TALYS 1.9 and EMPIRE 3.2

Bremsstrahlung Flux Flux-weighted average cross section
Residual end-point conversion (mb)
nuclide energy ratios )
Experimental TALYS 1.9 |EMPIRE 3.2
(MeV) (€I

30 0.079 0.45+0.05 0.64 -
1820p

40 0.224 0.93+0.09 1.34 -

30 0.079 2.27+0.23 1.19 -
182mRe

40 0.224 2.26+0.22 1.84 -

30 0.518 16.56+1.98 30.3 40.02
183Re

40 0.623 15.62+1.71 2421 31.71

30 1.409 29.00+3.19 48.21 43.72
1849R0

40 1.305 24.06+2.52 42.94 39.13
N 30 1.366 0.78+0.09 1.26 0.47
84mRe

40 1.273 0.76+0.08 1.29 0.52

30 1.503 93.37+10.08 126.96 100.03
lSGgRe

40 1.374 92.12+9.48 110.45 87.01

The EMPIRE 3.2 does not perform the separation of metastable and ground states of
182m9Re jsomeric pair, thus it is not given in Table 1. However, the TALYS 1.9 calculations are
in good agreement with the measurements of current experiment for 30 MeV and 40 MeV
bremsstrahlung end-point energies.

For '8Re isotope, the experimental and theoretical results are different twice.

For '8%Re isotope the calculations by both codes are in good agreement, while the
experimental cross section is significantly lower from them.

In case of %*™Re and **“Re the EMPIRE 3.2 calculations are closer to the experimental
results. Following to obtained results, there is no significant description for all isotopes. In order
to coordinate these disagreements between experiments and theoretical calculations, it is
necessary to do more experiments in wide energy region.

For the ™Nb(y,xn) processes the flux-weighted average cross sections are presented in

Table 2. The comparison can be done taking into account the data from other data in literature.
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It shows that for **Nb(y,n)**™Nb reaction, when the emission of one neutron takes place,
there is good agreement between the experimental data based on the calculation of the number
of photons performed by calculations using the TALYS 1.9 and EMPIRE 3.2 codes and the
purely theoretical calculations using the same codes. It is notable that for all reactions the values
of flux-weighted average cross sections calculated by EMPIRE 3.2 code are lower than the
results from TALYS 1.9 code.

For reactions with a large number of emitted neutrons %Nb(y,2n)**"Nb and
®Nb(y,3n)®Nb, the experimental data based on the TALYS 1.9 and EMPIRE 3.2 codes are in
good agreement, but they strongly differ from the theoretical calculations based on the same
codes. In the case of the *®"Nb isotope, due to the short lifetime (T,=18.8 s), the total cross
section of **Nb is measured, since *™Nb is converted into ““Nb by isomeric transition.

Table 2. Comparison of the experimental and theoretical data of the flux-weighted average cross

sections with data from [2, 3]

Flux-weighted average cross section
(mb)
Isotope ';\:Zr\?;’ Reference tIixperimental resul-ts based -on Theoretical resuts
e calculated monitor reaction
TALYS | EMPIRE| TALYS EMPIRE
) 1.9 3.2 1.9 3.2
0N b 40 This work - 2.88+0.033(2.62+0.031| 2.25 1.56
45 [2] [3.011+035] - - - -
sty 30 This work - 8.34+0.61 | 7.75+0.56 6.45 5.54
40 This work - 6.33+£0.69 | 5.91+0.68 5.16 4.57
12 21  [873x0.196] - - - -
14 2] 14.61+1.31 - - - -
16 [2] 20.37+1.65 - - - -
92N b 30 This work - 36.79+0.38/34.19+0.35| 31.06 26.20
32 [3] 29.9+1.90 - - - -
40 This work - 26.81+0.14(25.06+0.14| 27.10 22.80
45 [21 [23.94+1.89 - - - -




The next part of this chapter deals to the measurement of excitation functions of proton
induced reactions on "'W. The excitation functions for ™W(p,xn)8!182m.1831840.188pe raactions
from the reaction thresholds up to the maximum energy provided by the cyclotron C18/18 have
been obtained based on the external proton beam of cyclotron C18/18. In order to determine the
excitation function, the stacked-foil technique has been used (Subsection 3.2.2). The measured
cross sections and corresponding errors are summarized in Table 3.

The comparisons of the current experiment, theoretical calculations and available
experimental data in literature have been done. For these comparisons the database after 2000
were taken. In order to increase the predictive power of theoretical models, it is necessary to use
more new experimental data in RIPL (Reference Input Parameters Library).

Table 3. Measured cross sections and errors for ¥'Re, 1¥2"Re, 1820Re 183Re, 1849Re, 186Re

radionuclides (* for the *®Re the enriched target corrections have been done)

Proton Cross section

energy (mb)

(MEV) lalRe 182mRe 182gRe 1B3Re 184gRe lBSRe*
5.71+0.90 - 1.07+0.13 0.75+0.09 0.33+0.04 0.58+0.07 0.70+0.08
7.52+0.90 - 3.06+0.37 1.55+0.18 2.11+0.24 2.57+0.31 4.01+0.46
9.08+0.79 - 11.41+1.38 1.60+0.19 8.67+0.97 17.05+£0.26 | 36.76+4.23

10.48+0.62 1.22+0.13 30.28+3.39 5.07+0.56 36.27+3.92 27.60+0.41 | 40.90+4.29

11.73+0.62 13.30+1.43 79.45+8.90 11.76+1.31 74.04+7.99 21.38+0.32 | 30.54+3.21

12.88+0.70 67.26+7.26 108.74+12.18 | 19.70+2.19 | 105.00+11.34 | 13.70+1.44 | 18.88+1.98

13.97+0.68 | 104.90+11.33 | 98.90+11.08 | 21.79+2.42 | 123.00+13.28 | 9.45+0.99 | 17.61+1.85

15.01+0.65 | 146.70+15.40 82.40+8.40 20.60+2.06 | 166.83+17.02 | 9.70£1.02 | 13.45%1.37

15.99+0.66 | 156.45+16.43 67.85+6.92 24.14+2.41 | 185.93+18.96 | 8.13+0.85 | 11.29+1.15

16.94+0.50 | 177.76+18.66 92.80+9.46 26.25+2.63 | 226.90+23.14 | 41.30+4.21 | 10.11+1.03

CHAPTER 4 “lsomeric cross section ratio” is dedicated to the measurement of ICRs
of 182M9Re, 1¥4MIRe and 18™IRe isomeric pairs. ICRs for photon and proton reaction channels
have been determined. The reaction channel dependence of ICR has been discussed and
published earlier [4]. The empirical and semi-empirical results are obtained for both photon and
proton induced reactions. The comparison of experimental and theoretical ICRs for the 82™¢Re

and **™9Re jsomeric pairs as well as the semi-empirical results for the **™9Re isomeric pair for
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the gamma induced reactions are presented in Table 4 and Table 5, respectively. The results for
the '82™9Re and ***™9Re were obtained for the first time.

Table 4. The experimental and theoretical ICRs for ¥2™9Re and '8™9Re isomeric pairs

) Bremsstrahlung Isomeric Cross Section Ratio
Isomeric .
) end-point
pair Experimental TALYS 1.9 EMPIRE 3.2
energy (MeV)
30 0.8350.03 0.65 -
182m‘gRe
40 0.709+0.01 0.58 -
184 30 0.026+0.002 0.025 0.011
™9Re
40 0.031+0.001 0.029 0.013

For 182™9Re isomeric pair EMPIRE 3.2 nuclear code does not distinguish metastable and
ground states. Hence, only the TALYS 1.9 theoretical calculations have been done for this

isomeric pair.

Table 5. The semi-empirical and theoretical ICRs for ¥*™9Re isomeric pairs

Bremsstrahlun Isomeric Cross Section Ratio
Isomeric g end-point Semi-empirical Theoretical
pair energy EMPIRE EMPIRE
TALYS 1.9 TALYS 1.9
(MeV) 32 3.2
186 30 0.03 0.018 0.023 0.017
™IRe
40 0.029 0.0166 0.024 0.0176

Due to the stack-foil technique, for the proton induced reaction ten values of ICRs have
been obtained. Therefore, the experimental and semi-empirical results for ten values of proton

energies altogether are presented in Table 6 - Table 8.
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Table 6. ICR data for ®2™%Re isomeric pair

Proton energy Isomeric Cross Section Ratio
(MeV) Experimental TALYS 19
5.71+0.90 0.59+0.069 0.95
7.52+0.90 0.66+0.030 0.89
9.080.79 0.88+0.006 0.83
10.48+0.62 0.86+0.004 0.78
11.73+0.62 0.87+0.003 0.72
12.88+0.70 0.85+0.005 0.65
13.97+0.68 0.82+0.006 0.60
15.01+0.65 0.80+0.008 0.55
15.99+0.66 0.74+0.015 0.50
16.94+0.50 0.78+0.013 0.47

The situation is different in case of **™9Re and *®*™%Re isomeric pairs. Due to the long
half lives of metastable states ®*Re (T1,=169 d) and *®Re (T,=2x10°y) radioisotopes, only the

semi-empirical results are available.

Table 7. Semi-empirical and theoretical ICR results for ***™9Re isomeric pair

Isomeric Cross Section Ratio
Proton energy _ _
Semi-empirical
(MeV) TALYS 1.9 EMPIRE 3.2
TALYS 1.9 EMPIRE 3.2
5.71+0.90 0.007 0.001 0.010 0.002
7.52+0.90 0.058 0.017 0.020 0.006
9.08+0.79 0.067 0.023 0.039 0.011
10.48+0.62 0.081 0.039 0.095 0.025
11.73+0.62 0.130 0.071 0.200 0.048
12.88+0.70 0.215 0.107 0.303 0.067
13.97+0.68 0.307 0.133 0.378 0.081
15.01+0.65 0.317 0.112 0.421 0.088
15.99+0.66 0.419 0.109 0.174 0.080
16.94+0.50 0.281 0.044 0.157 0.069
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Table 8. Semi-empirical and theoretical ICR results for 1**™9Re isomeric pair

Isomeric Cross Section Ratio
Proton energy _ __
Semi-empirical
(MeV) TALYS 1.9 EMPIRE 3.2
TALYS 1.9 EMPIRE 3.2
5.71+0.90 0.024 0.007 0.013 0.005
7.52+0.90 0.138 0.065 0.025 0.012
9.08+0.79 0.070 0.046 0.068 0.032
10.48+0.62 0.120 0.078 0.166 0.070
11.73+0.62 0.215 0.117 0.284 0.115
12.88+0.70 0.364 0.158 0.373 0.150
13.97+0.68 0.421 0.132 0.427 0.166
15.01+0.65 0.512 0.120 0.454 0.169
15.99+0.66 0.571 0.100 0.467 0.164
16.94+0.50 0.610 0.081 0.480 0.161

In CHAPTER 5 “Determination of activity” the possibility of ®®Re production in
both gamma and proton induced reactions are discussed. ®%Re is one of widely used
radioisotope in nuclear medicine. The specific activity results for 30 MeV and 40 MeV end-

point bremsstrahlung energies are presented in Table 9.

Table 9. Specific activity comparison for *®®Re isotope from **"Re(y,n) reaction

Electron Beam energy Specific activity
Research center )
(MeV) (uCi/pA-h-g)
A.l. Alikhanyan National 30 71.75+6.96
Science Laboratory 40 95.69+10.72
Kharkov Institute of Physics
and Technology (KIPT) 40 56.9
[3]

There is no other experimental result for the 30 MeV end-point bremsstrahlung beam
energy. In case of end-point bremsstrahlung energy 40 MeV the result from the current
experiment is exceeding the result from [5]. Based on received data, it can be concluded that the

13



isotope 1%%9Re can be produced in the bremsstrahlung beam of photons at high current.
For the proton induced ®“Re production the activity values were obtained for thin

targets corresponding to each value of proton beam energy (Table 10).

Table 10. The proton induced activity of the '®9Re radionuclide for thin target

Proton Energy Activity
(MeV) (nCi/pA-h-g)
5.71 +£0.90 0.042 +0.049
7.52 £0.090 2.424 +0.279
9.08 +0.79 22.219 +2.555
10.48 +0.62 24.722 + 2.596
11.73+0.62 18.462 +1.938
12.88 £0.70 11.412 £1.198
13.97 £ 0.68 10.644 £1.118
15.01 +0.65 8.136 + 0.829
15.99 + 0.66 6.824 + 0.696
16.94+05 6.111 +0.623

From the isotope production point of view the integral activity is of interest. The
experimental value of the integral activity, obtained by integrating the activity of thin targets, is
compared with the theoretically calculated values by TALYS 1.9 code and recommended data
from IAEA (see Fig. 1).

160

140
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;‘“‘lm A
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§- 80
[5) > 4
5 60 F ——This work
= TALYS 1.9
g 40 /
< 2, ——IAEA
20 '//
V/4
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0 2 4 6 8 10 12 14 16 18 20 22

Proton energy [MeV]

Fig. 1. The integral activity comparison for **Re
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In order to ensure in high specific activity of production, it is necessary to use the
enriched target. In addition, to increase the radioactive purity of the final product and to avoid
from accompanying reactions with high thresholds, it is necessary to limit the proton beam
energy.

In CONCLUSION, the main results of the dissertation are summarized. For
bremsstrahlung gamma induced reactions 30 MeV and 40 MeV electron beam energies were
used. For proton induced reactions the energy range covered from reactions thresholds up to
maximum energyprovided by C18/18. The irradiated targets were measured by off-line gamma
spectroscopy. For all results the comparisons with available data from the other research groups
have been done, while some of the results are obtained for the first time. Particularly, the data
for the **™Nb radionuclide and ICRs for the 82™9Re, *¥*™9Re jsomeric pairs are obtained for the
first time.

The flux-weighted average cross sections for the "'Re(y,xn)182m¢:183:184m9:188pa raactions
have been measured. The separation of cross sections between metastable and ground states in
case of ®Re radionuclide is not performed by EMPIRE 3.2. However, the values based on
TALYS 1.9 calculation are given, which are in good agreement with the current experiment for
30 MeV and 40 MeV bremsstrahlung end-point energies. For '®Re isotope, the experimental
and theoretical results are different twice for both the energies. For ®*“Re isotope the
calculations by both codes are in good agreement, while the experimental cross section is
significantly lower from them. In case of **"Re the EMPIRE 3.2 calculations are closer to the
experimental results. For '®®Re the experimental results are closer to the EMPIRE 3.2
calculations. Following to obtained results, there is no significant description for all isotopes. In
order to coordinate these disagreements between experiments and theoretical calculations, it is
necessary to do more experiments in wide energy region.

All data coming from photon induced experiment are included to the EXFOR database.

The results for the **Nb(y,n)**"Nb and **Nb(y,3n)*°Nb reactions are compared with the
available experimental data. There is a good agreement with the data of other authors.
Comparison of the received experimental results, data available in literature and theoretical
calculations of the flux-weighted average cross sections are summarized. It shows, when the
emission of one neutron takes place ("™Nb(y,n)®*"Nb), there is a good agreement between the
experimental data based on the calculation of the number of photons by codes and the purely
theoretical calculations. It is important to mention, that the flux-weighted average cross sections
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for all reactions calculated by EMPIRE 3.2 code are lower than the results from TALYS 1.9
code. For reactions with a large number of emitted neutrons (™Nb(y,2n)*"Nb;
"Nb(y,3n)*’Nb), the experimental data based on both codes are in good agreement, but they
strongly differ from the theoretical calculations based on same codes. Due to the short lifetime
of *"Nb isotope (T1,=18.8 s), the total cross section for **Nb is measured, since *"Nb is
converted into *®Nb by IT. The data for ®°Nb, **™Nb, “™Nb residual radionuclides are involved
to the EXFOR database.

The next part of thesis is dedicated to the measurement of excitation functions of proton
induced reactions on ™W. The excitation functions for ""W(p,xn)*8!182ma.183:1849.188R¢ reactions
from the reaction thresholds up to 16.94 MeV have been obtained based on the external proton
beam of cyclotron C18/18. The measured cross sections and corresponding errors are
summarized. The model calculations for these radionuclides have been done. In order to get
higher accuracy results, it is necessary to do more experiments.

The upcoming part of thesis is dedicated to the ICR determination of *®™9Re, 18M9Re
and *M9Re isomeric pairs. The empirical and semi-empirical results are obtained for both
gamma and proton induced reactions. The comparison of experimental and theoretical ICRs for
the ¥™9Re and '8*™IRe isomeric pairs as well as the semi-empirical results for the *®™%Re
isomeric pair for the gamma induced reactions have been determined. Due to the stack-foil
technique, for the proton induced reaction ten values of ICRs have been obtained.

The possibility of '®Re production in both photon and proton induced reactions is
discussed. **®9Re is one of widely used radioisotope in nuclear medicine. Our research shows,
that it is possible to produce ***Re radionuclide based on bremsstrahlung gamma beam with
high beam current.

For the proton induced '*YRe production activity it was obtained ten values,
corresponding to the proton beam energy in each foil of stacked-target. The comparison with the
experimental data from other research group shows, that it is possible to produce this
radionuclide based on cyclotron C18/18 external proton beam. In order to get the clear product,
the enriched tungsten target will be needed.

As a result, these experiments produce a new set of cross section data, which will extend

cross section database and will contribute to develop new and improved simulation codes.
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Npnunnt b $nuintt hwpnigdws nhwlghwknh gpgndw $nrughwtph b hgnubp

hwpwpkpmpiniuubkph ntuntdbwuhpnidp mupptp dhontjubph ypw
Unfihmipughp

NMpnunt b yninnt hupnigqus vhenijughtt nbwlghwtpp dbs tpwtwlnipni
nukt hipywbu Intunudbinw], wyiybu b Jhpupwlwt ghumpub dbke: Uju
ntwlghwitkph hpdwh Jpu wnwgjus nduibbpp poyp ko wwihu Gl b
qupqugut] wppkt gnnipjnit mibbkgnn wbumpiniubbkpp, htyybu twb pwll) unp
Unntiitp nhwyghwibph dkuwithquitkpp &ogpuntnt hudwp:

Uju wphuwwnwtipp whpws £ npppunth, khnuth b thnphnivh phpwuttph
qpu  Uhonijught  nbwlghwibph  Gnplwpupuiut b kool
niuntdtwuhpnipjniiubpht:. @hnwthndbpp juunwpdl] Bo wpounbwght thugh b
wpgljuljuiht wpwquypdwi dhgngny: Cwnpyby ko wyyghuh phwyghwubp, npnig
wpnipnid unnugus  unijhgubtpt niikt twb Yhpwpwfut  wywbwlnipnii:
Ghunuhnpdbph dwdwbwy oqnugnpst) ki pupdp dwppmpyub ptwlub phpufubbp:
Opny hqnubp  qnuygkph  hwdwp  junwpdb] b hgndtp - hwpwpbpoipyniiubph
suthnidutip b hwpduplukp:

Phgh hpdtwlwh tyunwulh £

e Uhoht  Yupuwdpubkph = swithnudubpp  "*Re(y,xn)!8%18%184186Re T
nhwlghwtbph hwdwp;

«  uhohll Gwpiudplitph swhnudlpp #Nb(yxn)*9Nb  nlulighuiitph
hwdwip;

e JupJusdpubph swhnudubpp  "*W(p,xn)!8L18218%184186Re  phwiljghwmlikph
hwdwip;

¢ hqnukp hwpwpbpmpenitbbph swhnwdubpp #2meRe, '84meRe L 1%msRe
hqnudtp qnuyglph hudwp;

e Jnunbt U wpnunt hwpmigjus  nhwlghwibpnd  wbuwlwpup
wluhynipjub npnonudp pdoljuljuits #%Re nunhnunilhnh hwdwp:
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182megRe L 1¥mgRe hqnutp qnuygtph hwdwp pgndbp hwpwpkpmipniuubph
Yhuwtdwhphly wpymbpubpp b *"Nb hqnunnwh hwdwp jupdusph  ufjugikpp
unwgyb] bt wnweht whquid:

Ghunuwhnpdbpt - ppuutugdty & U.P. Ujhpwbjuth widut wqquyht
ghnnuljub jupnpunnphuynud (GUQL), Gplwb, Zujuunwi:

Snuntt hwpnmigwsd nhwlghwibptt ppufwbwg]l) & LORG-75 gdwyhb
EEyupntughtt wpwqugmgsh  wpgbjwluyhtt - thigh  Jpu:  Swnwquypmul
hpwljwtwugdl) t Lkhwpnuukph 30 U4 b 40 Utd tukpghwibkph wpqbjulught
Swnwquypdut hwdwp:

NMnpnunt hwpnigqus nhwljghwkpt ppuwbwgyt) tu ghljnnpntu C18-h nnipu
plipgud wpnintught high Ypu’ nkwlghwlibph pkuught Hibpghwltnhg dhtsk 18
ULd:

Qhwnwthnpdbpt hpuwljutugdl] b wynhdughnt  Ukpngh  Yhpumudp:
Swnwqujpiws  phpwjibbph hwdwp quudw wwyblupbbpp sud]l] B pupdp
dwppmpjul ghpdwithmd phwnbklunph dhongny (HPGe detector)' oquugnpsbinyg
MAESTRO épuqpuyht thwpbipn:

®Onpdtph  wpyniipnid  vnwgduws wufjujutpp  hwdbdwwndl] Bu pyybu
wbuwlwt hwodwplubph wbubu b wy ghwwlulb fadpkph Yoquhg unwpdws
wpumnwpbph htw: Skuwljutt hwpduplubpp juwnwpyt) Eu TALYS 1.9 U EMPIRE
3.2 dhonijuyhtt Ynytpnyd wwpplp dnpbjubph hwdwp: <hpnigjw) hwdbdwnnipniip
gnyg nykg unpkjutph hbnwgqu junwptjugnpsdwt withpudbonnipyniup:

LOPE-75-h {puw juwnwpiws ghinwthnpdbphg unwgdus pninp wpryniipubpp
wkn  ku qubp EXFOR  dhgwqquyhlt  (npdwpwpuljut  unjuitph  puquynid:
Ghununhnpdbph wpyniipnd wnwgqus ndjuikpp nyugndl) i nkqujut b
Upgwqquyhti wluwgpbpoud:
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Wzyuenne GpyHKumid BO30YXKICHUN 1 H30MEPHBIX OTHOLICHUH IS pa3HBIX SAEp B IPOTOH U
raMMa HHAYLUPOBAaHHBIX PEaKLUIX

Pe3rome

IIpoToH n (HOTOH MHAYLHPOBAHHBIE SJEPHBIC PEAKIMU UMEIOT OIPOMHOE 3HAYECHHE KaK
B (yHIaMEHTAJIbHOW, TaK WM B MNPHKIANHOW 00nacTsAX Hayku. JlaHHBIC, IIOJIy4YCHHbIE Ha
OCHOBAaHHUHM HCCIIEJOBAaHUH 3THUX PEaKIHH, MPEIOCTABISIOT BO3MOXXHOCTD YJIyUIIUTh U Pa3BUTh
KaK YK€ CYIIECTBYIOIIHE TEOPETHUECKHE MOJENH, TaK U Pa3paboTaTh HOBBIE MOJEIH C IIENBI0
YTOYHEHHS] MEXaHU3MOB PEAKIIUiL.

JanHasi paboTa MOCBSIEHA SKCIICPHMEHTAIBHOMY M TEOPETHYECKOMY HCCIIEOBAHUIO
SIEpHBIX pEeaknuid Ha MUIICHSX BoJbQpamMa, peHHs W HHOOWSA. ODKCHEPHUMEHTHI OBUTH
BBIIIOJIHEHBl C WCHOJNB30BaHMEM MPOTOHHOTO IIydKa ¥ TOPMO3HOTO H3IydeHus. Jlims
9KCHEepUMEHTa OBUIM BBIOPAHBI TAKME PEAKIMH, B PE3YJIBTATE KOTOPBIX MOTYYalOTCs HYKIHMIBI,
UMEIOIINE TIPUKIAJHOC 3HaYeHHe. B kadecTBe MuIlleHeH ObUIM HCIOJIb30BaHBI HATypajbHbIC
MHIIEHH BBICOKOH YHCTOTHI. I HEKOTOPHIX W30MEPHBIX Iap BBIIOJHEHBl HM3MEPEHUS U
BBIUHCIICHUS H30MEPHBIX OTHOILIECHHIA.

OCHOBHOI1 LieJIbIO TUCCEPTALUHU SBIIETCA:

e  M3MepEHHe CpeIHe-B3BEIICHHBIX CeUeHMiT s peakimit "Re(y,xn) 182183184186 Re

e I3MepEHHe CpeHe-B3BEIICHHBIX ceueHmit s peakimit "Nb(y,xn)***1*?Nb;
e  u3MepeHHe ceueHuit s peakuuii "W (p,xn) 182183184186 0.
e  H3MEpEeHHE H30MEPHBIX OTHOLICHHIA JUIs H30MepHBIX map 2"9Re, 184MIRe 5 16MORe:
e  OmpeeNeHHe YIEIbHON AKTHBHOCTH JUIS HCIIONB3yEMOr0 B MEIMITHHE H30TOma - URe
B IIPOTOH U (D)OTOH MHAYLHPOBAHHBIX PEAKIIHSX.
Jis 182™0Re y 1¥¥MORe p3oMepHBIX TMAp BIEPBBIE MONYYESHBI OIYIMIMPHUCCKHE
Pe3yIbTaThl H30MEPHBIX OTHOIIECHHH.
OKcIIepUMEHTaIbHbIE JaHHBIE AJISI CpelHe-B3BEIICHHBIX CEUCHUH I M30TOoIa 1MNIb
IIOJTy4€HbI BIIEPBHIE.
OkcrnepuMeHTsl ObUTH BhIMONMHEHB! B Hammonansnoit Hayunoii JlaGoparopun nmeHH
AN. Anuxansina, EpeBan, ApmeHnus.
DKcrepuMeHThl ¢ (OTOH HMHAYLMPOBAHHBIMH DPEAKIMUAMHM OBbUIM OCYILIECTBJICHBI Ha
TOPMO3HOM IIy4Ke 3JIEKTPOHHOTO JIMHEeHHOro yckoputens JIYD-75. O6mydeHus: mpoBOIMINCE

IIpU 3HEeprusax .ekTpoHos 30 MaB u 40 M»aB.
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OKCMepUMeHTbl € TPOTOH HHIYLUPOBAaHHBIMH DPEaKIMSIMU OBLIM BBINOTHEHB Ha
BBIBE/ICHHOM MPOTOHHOM Ityuke nukinorpona C18/18 mpu mopore nccneayembix peakuuit 1o 18
M»5B.

OKCMepUMEHThl  NMPOBOAMINCHE C  HUCIOJIb30BAHHEM  aKTUBALIMOHHOTO  METOJA.
CHeKTpOCKONUUECKUE H3MEPEeHHs] OOTydYeHHBIX MHUIIEHEH OBUIM BBINOTHEHBI MOCPEICTBOM
cBepxurcroro repmanueBoro gerekropa (HPGe detector) ¢ mocneayromeit o0paboTkoit
nporpammusiM naketom MAESTRO.

IlomyueHHBIe B pe3ynbTaTe BHINOIHEHHBIX SKCIEPUMEHTOB JaHHBIE OBLTH CPaBHEHBI KaK
C TEOPEeTHYECKHMMH BBIYHCICHUSIMH, TaK M C JaHHBIMU JPYTHX aBTOpOB. TeopeTnueckue
BBIUMCJICHUS. IPOBOAMWINCH mocpeacTBoM saepHelx kogoB TALYS 1.9 u EMPIRE 3.2 ¢
UCIIONB30BaHUEM pa3IMYHBIX Mojened. IlpoBeneHHBIE CpaBHEHHS CBHUAETEIBCTBYIOT O
HE0OXOJMMOCTH JTAJIbHEHIIIEro pa3BUTHS CYIIECTBYIOINX MOJIEIICH.

OKCIepUMEHTAIbHbIe  pe3yNbTaThl, MoNydeHHble Ha JIYD-75, 3aHeceHsl B
MEKIYHAPOIHYO 0a3y SKcIepuMeHTanbHbIX TaHHBIX EXFOR.

PCSy.]'ILTaTLI OKCIIEPUMEHTOB 01'[y6J'II/IKOBaHI>I B MCXKAYHApOAHBIX U MECTHBIX JXKYypHaJIaxX.
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