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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 capabifities 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;
Measurements of flux-weighted average cross section for ™'Nb(y,xn)
reactions;

181:182;183:1

Measurements of excitation functions for $:186p e residual nuclides

by proton induced reactions on "™'W;
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e Measurements of isomeric cross section ratig for 'SMERe, Mmipe and
186meRe isomeric pairs: * =
e Determination and assessment of gamma and proton'induéed activity for
1862Re.
Both photon and proton induced irradiations were }>erformed at the AANL.
Nbvelty of the dissertation )

Measurement of reaction cross sections is on€ 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
fundame\;iél science, low energy nucleaf 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 '*™Re, '*'™*Re
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 improveﬁents 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 1%z e 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 '*™Re; '#*™2Re and 136™m2Re jsomeric
pairs have been obtained. Due to the stacked-foil technique ICR values for ten different proton
energies have been received.

The possibility of '*%2Re 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 Listof papers - published based on dissertation data ~ -
e Listof 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. i
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Content of the dissertation e =

In the “Aims and objectives of work” part it is f?resemed the main goal of defended
subjectg;.,

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
an'“éular distributio%s etc. of emitted particles. Nuiclear 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
6

S

" 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 realiied by monitor reaction (Subsection 3.1.3). For the "‘“Re(;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
Cy flux conversion ratio is included. For "™Re(y,xn) '#'18%!3%:186Re reactions, the average flux
obtained from the %Cu(y,n)**Cu monitor reaction is multiplied by a different conversion Cy
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. ‘
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Table 1. The flux-weighted average cross secigans for *Re(y,xn) 82hs183I8melsoep o Lonctions

based on the experimental data of Ref. [1] and calculafions by TALYS 1.9 and EMPIRE 3.2

v Bremsstrahlung Flux Flux-weighted average cross section
Residual end-point conversion B, (mb)
nuclide energy ratios
. Experimental TALYS 1.9 |EMPIRE 3.2
(MeV) ©) P ™
T 30 0.079 0.45+0.05 0.64 -
40 0224 0.93%0.09 1.34 -
T 30 0.079 2.27+0.23 1.19 -
40 0224 |7 226x0.22 1.84 -
5Re 30 0.518 16.56+1.98 30.3 40.02
40 0.623 15.62£1.71 2421 31.71
ittep 30 1.409 29.00+3.19 48.21 4372
40 1.305 24.06+2.52 4294 39.13
t84mp 30 1.366 0.78+0.09 1.26 0.47
40 1.273 0.76+0.08 1.29 0.52
1862 30 1.503 93.37£10.08 126.96 100.03
“Re
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
182m¢Re isomeric 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 '®°Re isotope, the experimental and theoretical results are different twice.

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 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.
8

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
°3Nb(y,3n)9°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]

Flu;;weigllted average cross section
(mb)
Isotope ;;ee':/é;' Reference | Experimental resul.ts based .on Theoretical results
the calculated monitor reaction
TALYS | EMPIRE| TALYS | EMPIRE
i 1.9 3.2 1.9 32
%0Np 40 This work - 2.88+0.033[2.62+0.031] 2.25 1.56
45 [2] 3.011£0.35 - - - -
g 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 [2] 8.73+0.196, - - - -
14 2] 14.61£1.31 - - - -
16 2] 20.37+1.65 - - - -
“mNb [ 30 | This work - [36.79:0.38[34.19+0.35[ 31.06 26.20
32 [3] 29.9+1.90 - - - R
40 This work - 26.81+0.14[25.06+0.14] 27.10 22.80
45 [2] 03.94+1.89 - - - R
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The next part of this chapter dealgto the measurementof excitation functions of proton
- . . . - o= . 0. ]83: .
induced reactions on ™W. The excitation functions for ™'W(p.xn)¥/:18me 1831842180 o ronotions

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, '$2™Re, 1822Re, °Re, '3*Re, 'SRe

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

the gamma induced reactions are presented in Table 4 and Table 5, respectively. The results for

the '2™8Re and '®*™&Re were obtained for the first time.

Table 4. The experimental and theoretical ICRs for '®*™#Re and '*™¢Re isomeric pairs

Bremsstrahlung Isomeric Cross Section Ratio
Isomeric d-oint
pair enc-por Experimental TALYS 1.9 EMPIRE 3.2
energy (MeV)
182mg 30 0.835+0.03 0.65 -
R
¢ 40 0.709+0.01 0.58 -
184 30 0.026+0.002 0.025 0.011
mg
Re 40 0.031+0.001 0.029 0.013

For '®2™$Re isomeric pair EMPIRE 3.2 nuclear code does not distinguish metastable and
ground states. Hence, only the TALYS 1.9 theoretical calculatiqns have been done for this

isomeric pair.

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

Bremsstrahlun Isomeric Cross Section Ratio
Isomeric | g end-point Semi-empirical Theoretical
i EMPIRE EMPIRE
pait enerey TALYS 1.9 TALYS 1.9
MeV) ) 32 3.2
30 0.03 0.018 0.023 0.017
lSém.gRe
40 0.029 0.0166 0.024 0.0176

Proton Cross section

energy (mb)

(MeV) BRe nRe %5Re Re T%Re TRe*
5.71£0.90 - 1.07+0.13 0.75+0.09 0.3320.04 0.58+0.07 | 0.70+0.08
7.52%0.90 - 3.06+0.37 1.55+0.18 2.11+0.24 257031 | 4.01x0.46
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 1.2240.13 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
15.0140.65 | 146.70+15.40 | 82.40+8.40 | 20.60:2.06 | 166.83£17.02 | 9.70+1.02 | 13.45x137

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 “Isomeric cross section ratio” is dedicated to the measurement of ICRs
of '#mtRe, 1¥meRe and '*™eRe 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 '2™Re

and '"®™Re isomeric pairs as well as the semi-empirical results for the '#™¢Re isomeric pair for

10

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.

11
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Proton energy Isomeric Cross Section Ratio
(MeV) Experimental TALYS 1.9

5.71+£0.90 0.59+0.069 0.95
=1.52£0.90 0.66+0.030 0.89
9.08+0.79 0.88+0.006 L 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
15.010.65 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

AR
o
w

Table 6. ICR data for ""™¢Re isomaric pair

The situation is different in case of '*™tRe and '*™2Re isomeric pairs. Due to the long
half lives of metastable states '**Re (T};=169 d) and "*Re (T;,=2x10y) radioisotopes, only the

semi-empirical results are available.

Table 7. Semi-empirical and theoretical ICR results for '®™£Re isomeric pair

Isomeric Cross Section Ratio
Proton energy
Semi-empirical
(MeV) TALYS 1.9 EMPIRE 3.2
TALYS 1.9 EMPIRE 32
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 - 0025
11.73+0.62 0.130 0.071 0.200 0.048
12.88+0.70 0.215 0.107 0303 0.067
13.97+0.68 0.307 0.133 0.378 0.081
15.01+0.65 0.317 0.112 0421 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
12

i,
Table 8. Semi-empirical and theoretical ICR results for '**™#Re 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 0.00s
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” tlie possibility of '®&Re production in
both gammé and proton induced reactions are discussed. 'Re is ome 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

B 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] ’ T B

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
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isotope '®®Re 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. Th; ﬁroton induced activity of the '®*Re radionuclide for thin target

Proton Energy Activity
(MeV) (hCilpA-h-g)
5.71 £0.90 0.042 £ 0.049
 7.52%0.090 24240279
“5.0820.79 22219 2,555
10.48 £ 0.62 24.722 £ 2.596
11.73 £ 0.62 18462 = 1.938
12.88 £0.70 11412 £1.198
13.97 £ 0.68 10644 £ 1.118
15.01 £0.65 8.136 % 0.829
15.99 + 0.66 6.824 £ 0.696
16.94 £ 0.5 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).

120
120
:mo
iw
g" o0 ~— This work
£ TALYS 10
3 @ —~——1AEA
o
o

o 2 4 6 8 10 12 14 16 18 0
Proton energy (MeV]

Fig. 1. The integral activity comparison for '**2Re

14

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 '*™#Re, '¥™2Re isomeric pairs are obtained for the
first time.

The flux-weighted average cross sections for the ™Re(y,xn)!¥2m&183:184me:186p o reactions
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 'ss_R_e isotope, the experimental
and theoretical results are different twice for both the energies. For MeRe 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 93Nb(y,3n)90Nb 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 mentian, that the flux-weighted average cross sections

15
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for all reactions calculated by EMPIRE 3.2 code are lowé‘f than the results from TALYS 1.9
code. For reactions with a large nu;:Ser of emitted neutrons (™*Nb(v,2n)°'"™Nb;
"‘"Nb(-y,Bn)‘”Nb), the experimental data based on both codes are in good agreement, but they
strongly differ from the theoretical calculationsbased on same codes. Due to the short lifetime
of ®*™Nb isofope (T,»>=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

I81:182m g, 831842186 R o Lon o

induced reactions on ™W. The excitation functions for ™W(p,xn)
froni'l:‘ihe 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 '**™¢Re, '*™¢Re
and '%™fRe 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 '$?™#Re and '*™*Re 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 '8%Re production in both photon and proton induced reactions is
discussed. '®*Re 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 '*%®Re 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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TMpnuint b $nwnnt hwpfigus nkwlghwubkph gpgrdwi muyghwikph b hgnukp
hwpwpkpnipjnitubph nuunwbwuhpnudp wuppkp dhentynkph ypw
Usfipmpmghp

Mpnunt b $nuntt hupmgjus dhgnmljujht nkwuljghwbtpp Uks hymbwympnih
mbkt hiyybu Pmbguibinwg, wbybu b Yhpuwrwlub ghumput Jky: Uju
phwlhghwikph hpdwb Jpw unwuguwd wufujbkpp poyp i wwhu dowll; b
qupqught) wpnkh qoympimb nikgnn wkunipynibibbpp, hbywhu bwb dowlky top
Unnkjubp’ nbwhghwiibph dkhwithquikpp &2qpunkynt hunfup:

Uju wppwnuibipp tdhpdws b ympdpundh, nkuhnuwth b thophmuh phpwjutbph
ipun pgmywyjpt  nbwlghwbbph  dmplupopoimt b
munuwbwuhpmpjnibitpht: Ghnunhndbpp juwnwplly Bt wypnunbught thigh b
wpgkjuljuyhtt fwpwquypuwh dhgngnl: Cnpyl) ki wjyhuh nkwlghwbkp, npabg
wpympmd  unnugjud hmllﬂu}hhlﬁ okl twl Yhpurwliub  ywbhwlmpmnii:
Ghwnurhnpdbph dunfwbuy oqnuignpsty kb pupdp dwppmipjwt phuljub phpwhibbp:
Opny hgnukp qnuygkph hufwp Yuwwnwpl & hqondkp hm;mphpm.p]mhhhph

nbuwljub

sunhmfitip b hwpupyutp:
Ptqh hhlhwlwh bwywwnwlh £ A
o Uhghti  Yupwdplkph  swhnuwiibpp  ~*Re(y,xn)'1Ss1%Re 4
nkwlghwitph hundfwp;
o uhghti Yupywdpubph swhnudubpp =Nb(y,xn)****?Nb nkwljghwibph
hunfwip;

o  Yupjwépbbph swihnudubpp ~*W(p,xn)'8H18218x18418%Re  phwlghwiikph
hwdwp;

e  hgnukp hwpupbpmpnibbbph swihnulubpp 182meRe, '$4meRe L 186mgRe
hqouitip qnyqliph hunfup;

e $nunb b wpnunh hwpmguws ehwhghwbbkpnud  wbkuwlwpup

wlunpympjub npnonudp pdoljulwb ¥4Re nughnbimyhgh hwdwnp:
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o=

¥ImzRe UL '#mgRe quﬂsz qnugkph hmdu?p hqoutp hwpupbpmpibttph
Yhuwkdubphy wpymbpilpp b #"Nb hqmonwh hudwp Yupdwdph wdibpp
unugyk] kit wnwghb whqu:

Ghwuhnpdbpll  hpwhwbugll; ki U.b. Uphjuwbymbh wijub  wqquyhb
ghunwljut jupnpwwnnphuwynud (GUSL), Gphwh, Zwjwunuati:

dnunb hwupmglwd  phwlghwikph bpuljwinugdk; ki LORG-75 gdwphl
bEjwpnloght wpwqugmgsh  wpgkpulught  thigh  ypu:
bpgﬂimhmgqt[ b REwnpnbubph 30 ULd L 40 Utd tukpghubbkph wpgbjuljuht
&unwquypuui hunfup:

Swnwquypnidh

Mpnunb hwpmgws phwlghwbbph hpwlwbwg]ty ba ghljjnunpnt C18-h nnipu
pipjws wpnunbught tgh Jpu’ ntwljghwikph pkuuyhtt tukpghwhbkppg Uhigh 18
Ut

Ghuunhnpdkpt  ppuljwiogdl; ki wlhnpjughnt  dkpagh Yhpundudp:
Swrwqupdwd  phpwjubbph hudwp quitw  uybunptbkpp swinlkp Eu  pupdp
dwppnipjult gipuwihnud ghnkyunph dhengny (HPGe detector)® oquugnpshkyng
MAESTRO spuigpnujhti hwpbpp:

@npdkph  wpyniipnud wnwugdws  nfuiikpp  hudbdwndl] ki husuyku
nbuwlwh hwpjuplubph’ wjbybu EL wy ghvwwb fadpbph Ynnuhg junwpus
wpliunwbipikph hbwn: Skuwfwh hwpjwpyubpp junwpyl; ko TALYS 1.9 U EMPIRE
3.2 dhonilyuyht Ynnkpny’ wuppbp Unpbjbkph hwdwp: Chpnbigneg hunfblunnnipimip
gnijg kg Ungljitkph hbwnwqw junwpbjugnpddwt whhpudbgnnipymip:

LOPE-75-h Ypw Yunnwpywé ghnnuthnpdtphg unugywd pojnp wpymupubkpp
wnkn kb quk EXFOR uJhgwqquiht thnpdwpwpulwh  wnfjuubkph  puquynud:
memqm]i&:p}x wpynibpnud vnwgdws wfjunbbpp wywgpdl; B wbquub b
Uhpwqquhti wduwgpbpnud:
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Lo " ~
”3}"‘10“"(3 d)}‘lli(lll“! BO30NAACHHI H H30MCPHBIN OTHOUICHITH S8 PA3HbLIX A4€D B NPOTOH H
ramMaya HHAYUHPOBAHHbBIX peakiHax

Pesiome

IMpotou 1 doton nnnyniuposaunue sAepHLIe PeakLiHu UMEIOT OrPOMHOE 3HAYEeHHE Kak
B (yHAAMEHTAIbHOM, Tak M B MPUKIAAHOMH obnacrax Hayku. JlaHHble, MOMYYEHHHIE Ha
OCHOBaHHH MCCNEeAOBaHHil 3THX peaKuuii, NPeACCTABIAIOT BO3MOXKHOCTD YIYJIIHTh ¥ PasBHTh
KaK y»e CYUIECTBYIOLIHE TEOPETHIECKHE MOAENH, TaK ¥ pa3paboTaTh HOBbIE MOMENH C UEbIO
YTOUYHEHHA MEXAHH3MOB PeaKLHii.

Januas paGoTa MoCcBALIEHA KCMEPHMEHTANBHOMY 1 TEOPETHYECKOMY HCCIIE0BaHHIO
ANEpHbLIX peakuuii Ha MMWEHAX BOAbQpama, peHHs u HHOOHsA. DkcnepuMeHTb Obiin
BBINIOAHGHE! C JCMONb30BAHHEM TMPOTOHHOrO IydKa M TOPMOSHOro u3ny4eHms. Jns
BKCMEPHMEHTA OBLTH BHIOPaHBI TaKME PEAKUHH, B PE3YNbTAaTe KOTOPLIX MOJY4aloTCA HYKIHAbI,
MMelowe NpUKNaaHoe 3HaueHne. B kauectse MuweHeH ObUTH HCTIONB30BaHLI HATYpalbHble

MHILIEHH BLICOKOI YHCTOTHI. ﬂ,.l'lﬂ HEKOTOPbIX H30MEDHBIX Nap BbLIIOJHEHB! H3MEDEHHA H

BbIYHCIEHHA U30MEPHbIX OTHOLUECH nii.

~
~n

OcHOBHOIi LieJIbIO JHCCEPTALIHH ABAseTCA:
e  H3MepeHue CpeiHe-B3BEIEHHBIX CEUeHHil s peaKkuui natRe(y,xn)! ¥ 185184186 p o
e  H3MepeHite CpeaHe-B3BELIEHHBIX CeueHuit ana peakunii "*Nb(y,xn)***'*Nb;
e u3Mepenue ceueHuil ATA peaKuuii " W(p,xn)' 3SR,
e H3MepeHHe H3OMEPHbIX OTHOLICHHH AN 30MEPHbIX Map '*“™*Re, '**™Re u '*™tRe;
e onpenencHue yAeNbHOM aKTHBHOCTH JUI HCTIONL3YEMOTO B MEHUMHE H3oTONa '3 Re
B [IPOTOH H (JOTOH HHYLIHPOBAHHBIX PEAKLHAX.

Jing '82meRe y '$'™Re u3OMEPHbIX Nap BHEPBbIE MONYYEHBI MONYIMOMPUUECKUE

Pe3ynLTaThi H30MEPHBIX OTHOWIEHHIA.
DKCepHMEHTATBHBIE JaHHBIE JUTS CPEAHE-B3BEWICHHBIX CeYeHMH A usoToma *'™Nb

NoNy4eHb! BnepBbie.
JkcriepuMeHTb ObUIH BbiNONHeHs! B HauuoHanbHoit Hayuwoii JlaGoparopuu umenn

A.W. Annxausua, Epesan, ApMenus.
‘
DkcniepuMeHTHl C QOTOH MHAYUHPOBAHHBIMH PEAKUMUAMH ObUTH OCYIIECTBICHL Ha

TOPMO3HOM MYYKE 3MEKTPOHHOTO JIMHE{HOrO YCKOpHUTENA JIYD3-75. Obay4yeHns NpoBOAHIHCEH

npu suepraax dekrponos 30 MaB u 40 M»B.
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IRCHCPHMEHTBL ¢ HPOTOH  MHAVIIIPOBANHLIMI  PCAKLHAMI OB BLINOJHEHLl HA

L 2

BLIBCACHHOM NPOTOHHONM nytike LiKkA0TPoHa CT8/18 npit nopore uecaeayembix peakunii 10 18

M»B.
OKCMEPHMEHTbI  NPOBOAMINCL € HCNOAb30BAHHEM  AKTHBALMOHHOIO Meroaa.
CnekTpocKonuueckHe H3MepeHHs OByYeHHbIX MHIIEHeH ObiTH BbIMOJHEHbI MOCPEACTBOM
* CBEPXYHCTOTO TepMaHHEBOTO aetekropa (HPGe detector) ¢ mocnenyromeii o6paGoTkoii
nporpamMmHeiM naketom MAESTRO. ~
[Tonyyenupie B pe3ynbTaTe BHITONHEHHBIX 3KCMEPHUMEHTOB JaHHbIE ObITH CPaBHEHBI KaK
C TEOPETHYECKUMH BBIMHCICHMAMHM, TaK M C JaHHBIMH IPYTHX aBTopoB. Teoperuueckie
BbIYHMCICHHS TIPOBOIMIINCD nocpeacrsoM sifepHeix kogos  TALYS 1.9 u EMPIRE 3.2 ¢
HCTIONIb3OBAHHEM  PA3NUYHBIX  Mofeneil. [IposenenHble CpaBHEHMS CBHACTENLCTBYIOT O
HEOOXOAHMOCTH JaJlbHEHIIEro PasBHTHS CYIECTBYIOLHX MOJENeil.
OKCIIepHMEHTaNbHBIE  Pe3yabTaThl, MONyYCHHBIE Ha JIYD-75, 3anecensl B
MEXAYHapOAHYIO 0a3y SKCMEPUMEHTANbHBIX aaHublx EXFOR.

Pe3ynbTatsl SKCIEPHMEHTOB OMyGIHKOBAHBI B MEKAYHAPOAHBIX H MECTHBIX ypHasax.
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