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Abstract

This work is devoted to the investigation of proton-induced production of terbium
radionuclides using a natural gadolinium target irradiated with the C18/18 cyclotron beam.
Terbium (Tb), a lanthanide, is unique among the elements in providing four medically
important radionuclides for nuclear medicine applications, i.e. 19Th, 1®Tb, I5%Th and 16ITh
applicable for therapeutic and/or diagnostic (theranostic) purposes. 1%Tb (T#2 = 5.32 d) and
13Th (T12 = 17.5 h) decay via positron emission or electron capture and hence mostly by
emitting y-rays detectable by gamma cameras: SPECT or PET scanners. While 161Tb (T12=6.9
d) decays by emitting P'-particles that damage the surrounding cells over a few millimeters,
19Tb (T2 = 4.1 h) produces even shorter-range alpha a-particles that allow much more
localized destruction of the cancerous cells. The 18JTb (Ti/2=72.3 d) isotope of great practical
importance is used in nuclear examination (forensics). The I5ITb emits beta particles, which are
effective for treating larger tumors. Additionally, it also emits low-energy conversion and
Auger electrons, which are particularly effective at targeting smaller tumors, micro-metastases,
and even individual cancer cells. This makes it potentially more effective in treating cancers at
earlier stages and reducing the risk of recurrence. Proton-induced reactions on natural
gadolinium for producing the radioisotopes ,HTh, ”4Th, 1®Tb, '“Th, 1BJTb were investigated to
determine the excitation functions across energy ranges from the respective reaction thresholds
up to 18 MeV, The experiment was carried out by an external proton beam of Cyclotron
C18/18, located at AANL, using activation technology and subsequent spectrometric analysis.
The experiment was carried out using stacked-activation technique. The proton beam irradiated
targets were subsequently analyzed by gamma-ray spectrometryl using HPGe detector
CANBERRA coupled to a multichannel digital analyzer. The experimentally obtained data
were compared with earlier published data and the model calculations using codes TALYS
196, EMPIRE 3.2, and ALICE library. For isomeric triplets 54gi54mibdm2gb an(j
i56g;i56m ;ise2p titf isomerjc cross-sections ratio was measured.



The aims of this work are summarized below:

Measurement of excitation functions for the production of residual nuclides 1HTb,
>8MTh, and I%6Tb via proton-induced reactions on natural gadolinium;
Measurement of cross-sections and integral activities for the formation of the
medically relevant radionuclide 1&BTb, which has potential use in targeted
radiotherapy;
Measurement of cross-sections for the formation of '®Tb, a nuclide of interest in
nuclear forensics and safeguards;
Measurement of cross-sections for total and ground states of 13Th: 155jTb and 15%6nTb;
Measurement individually of cross-sections for the metastabile and ground states of
i«Th: 4miTh, BIngTh, ,14gTh, and , 4aTh.
The importance and novelty of work

> At the first time in the same experiment were measured cross-sections of

formation 156sTb and 153dTh;
> At the first time was measured thin-target activities of 15Tb;
> Atthe first time was measured ICR for triplet

> At the first time was measured ICR for triplet156m; 152 1TegTh
The significance of the obtained results:

> Contribute to the extension of the nuclear reaction database for rare earth
elements;

>  Support the development and validation of nuclear reaction simulation
codes;

> Open new possibilities for medical radionuclide production using compact
cyclotrons;

> Offer reference data for nuclear forensics and safety-related applications;

> Provide experimental benchmarks for refining theoretical models in nuclear

science.



Structure of the dissertation

The dissertation comprises 100 pages, including figures and tables. The list of
references contains 47 titles. The dissertation is composed of: List of papers,
published based on dissertation data; List of figures; List of tables; Abbreviations;
Abstract; The importance and novelty of work; Introduction; Five chapters;

Conclusion; References.

Content of the dissertation

The “Introduction” is present the detailed description of the measurement
of excitation functions for proton-induced reactions on natural gadolinium and the
determination of the activity of medically relevant radionuclides produced. A
particular feature of this study is to establish the suitability of a commercial cyclotron
C18/18 with energy 18 MeV. The expansion of the experimental database contributes
to the refinement of existing theoretical models and supports the development of new
ones. The results of the measurements have been compared with theoretical
calculations using computer codes TALYS 1.96, EMPIRE 3.2 and MENDL-2P data
library. Program packages GEANT4 and SRIM/TR1M, have been used in the initial
stages of experimental planning.

The CHAPTER 1 “Theoretical programs” provides an overview of the
theoretical calculations performed as part of this study. Sections 1.1 to 1.5 detail the
use of the nuclear reaction codes TALYS 1.96, EMPIRE 3.2, and ALICE/IPPE
(MENDL-2P) for the theoretical evaluation of reaction cross-sections based on
various nuclear models. The GEANT4 and SR1IM/TRIM simulation packages were
employed to model proton transport through the target stack, ensuring accurate
representation of energy loss and particle interactions.

The CHAPTER 2 "Theoretical calculations” presents a comparative
analysis of the theoretical excitation functions for proton-induced reactions on natural
gadolinium calculated using the inherent models of the TALYS 1.96 and EMPIRE
3.2 codes, as well as data from the MENDL-2P library. The calculations cover the

proton energy range from the respective reaction thresholds up to 70 MeV and are



compared with available experimental data. The predictive capabilities of each model

are evaluated and discussed in detail

The CHAPTER 3 “Experimental equipment” provides a detailed
description of the experimental setup at the AANL (Yerevan Physics Institute). The
natural gadolinium target was irradiated using the extracted proton beam with 18
MeV energy of the C18/18 cyclotron. The technical specifications of the cyclotron
and the Nirta target module are presented. The appearance of the target holder and
stack that was made at AANL is described. The experiment was carried out using the
activation analysis method, and the induced activity was measured through high-
resolution y-ray spectrometry employing a high-purity germanium HPGe detector
CANBERRA coupled with a multichannel analyzer. The procedures for detector
efficiency and energy calibration are also described in detail.

The CHAPTER 4 “Experiment” discusses the fundamental principles of
activation analysis used lo investigate the excitation functions of nuclides produced
through the ratGd(p,xn) reaction. Natural gadolinium has seven stable isotopes with
abundances of: 132Gd - 0.20%; 15Gd - 2.18%; 156Gd - 14.80%; 158Gd - 20.47%; 15/Gd
- 15.65%; I138Gd - 24.84%; 180Gd - 21.86%. The spectrometric data for the
radionuclides under investigation are presented. The stacked-foils activation
technique is an experimental method widely used in nuclear physics to measure
nuclear reaction cross-sections as a function of incident particle energy. A key
advantage of the stacked-foil activation method is that it enables the determination of
the complete excitation function curve from a single proton beam irradiation. The
described stacked-foil activation technique was employed to measure cross-sections
of proton-induced reactions on natural gadolinium MGd(p,x) over an energy range
extending from the threshold energy of contributing reactions up to 18 MeV. In this
method, a sequence of thin-target foils is arranged to form a stack, as illustrated in
Fig. 1

50 uni

Fig-1- General view of the stack target.
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Table 1. Spectrometric properties of produced nuclides Th

Nuclides Half-Life Decay Spin By, Intensity,
mode keV %
13Th 2.34d £ (100%) 52+ 102.25 6.4
109.75 6.8
212 31
0 123.07 26
i$4 Xb 215h £ (100%) 722.12 7.7
873.19 53
£ (78.2%) 3- 123.07 30
1simiij 9.994 h IT (21.8) 247.92 211
649 10.9
22.7h e (98.2%) 7- 247.94 78.81
IT (1.8%) 346.70 69.13
1419.81 46.15
3/2+ 86.55 32
1%Th 5.32d £ (100%) 105.31 25.1
180.08 75
3- 88.97 18
1560T b 535d £(100%) 199.19 i}
534.29 67
24.4 h IT (100%) 7- 49.63 741
16Mn2ian 53h IT <(100%) 0+ 88.4 115
E> (0.%)
3- 86.78 13.2
18Th 723 d /T(100%) 298.57 26.1
879.37 30.1
966.16 25.1
= 24393d  sP (100%)  5/2- 1115.54 50.12

The spectrometric data of the under study nuclides, such as the half-life (T12), the y-
ray energy (ET), and the y-ray emission intensity (I7), are talken from NuDat 3 and
collected in Table I. Prior to the experiment, the irradiation setup was simulated
using the Monte-Carlo method. The aim of the simulation was to determine the
average proton energies in each natural gadolinium (“ Gd) and copper (Cu) foil
within the stacked-foil assembly, as well as the corresponding energy degradation and
energy straggling. Each natural gadolinium foil was followed by a natural aluminum
(,dAl) foil, which served as a proton energy degrader. A Cu foil was placed in front

of each Gd foil to monitor the beam intensity. The energy loss of protons in the
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stacked foils was calculated using the GEANT4 and SRIM/TRIM packages in Table

2. The simulation took into account the presence of Ti technological window foil with

50 pm thickness.

Tabic 2. Protons energy distribution in Cu and Gd each foils, simulated by TRIM and

TRIM
4.56 +0.85
6.66 4 0.74

8.33+0.72
9.79 4 0.67

11.104 0.69

1231 +0.59
13.44 +0.50
14.48 +0.68
15.48 +0.64
16.44 4 052
17.37*0.28

GF.ANT4 packages.

Proton energy,

Cu foil

GEANT4
4.84-*- 1.30
6.844 103

8.47 +0.83
9.88 4 0.67

11.1740.54

12.34+0.43
13.44 +034
14.47+0.27
15.45 +022
16.3740.19
17.26=4.0.14

TRIM

3.774 0.80
6.05 4 0.69

7.83 £ 0.63
9.354 0.57

10.69 * 0.57
11.94+0.44
13.07 + 0.53
14.16 £0.41
15.16 £ 0.50
16.14 4 0.39
17.06 + 038

Gd Foil
GEANT4

4.16+ 141
6.31+111

8.02 £ 0.89
9.48 +0.72

10.80 £0.58
12.00 4 0.47
13.11 +0.37
14.16 +0.29
15.16+0.24
16.10+0.20
16.99 + 0.17

Consequently, proton energy values were calculated for each individual foil within

the stack. Additionally, this method allows for a more precise determination of the

protons amoimt in each foil. The graphical interface of the created program for the

first and last Cu foils is shown in Fig. 2.



Fig 2. Graphical interface, proton energy distribution in the first and last Cu foils.

The collected target was irradiated with an external proton beam from the
cyclotron with energy 18 MeV at a beam current of 1 pA for 10 minutes. The emitted
y-rays were measured by the high-resolution HPGe detector CANBERRA connected
to the analyzer for spectral processing by program GENIE 2000.

The CHAPTER 5 “Results” discusses the measured excitation function
values for the llaGd(p,xn) reactions. The analysis of theoretical calculations
performed using the TALYS 1.96 and EMPIRE 3.2 codes up to proton energies of 70
MeV revealed that, within the proton energy range up to 20 MeV, the results from
both codes show good agreement across different models. Therefore, in the present
study, calculations performed using default parameters of TALYS 1.96 and EMPIRE
3.2 codes were used for comparison with the experimental data. The overall
uncertainties are coming from both statistic and systematic errors. The statistical
errors are attributed to counting statistics and are estimated to be around 3-7%. The
systematic errors are due to uncertainties in the irradiation time - about 1%, the
detection efficiency error - about 3%, the uncertainties in proton beam intensity -
about 10%. The overall uncertainties of the cross section measurements were in the
range of 11-13%.

Production o fh5Th

Nuclide 1%Tb (half-life T\n ~ 5-3 d) is a long-lived analog of technetium 9nTc (half-
life 7i/2 =6.0067 h), due to which it is applicable in SPECT. In Fig. 3, the measured

excitation function is given together with the data [1, 2] for the reaction



ralGd(p,xn)1%BTb and theoretical calculations using TALYS 1.96 and EMPIRE 3.2
codes in default input parameters mode.

In the proton energy range above 10 MeV, the experimental data are
somewhat lower than the theoretical predictions of both codes. To evaluate the
contributions of the 19Gd and 13Gd isotopes to the formation of the 1HIb nuclide,
reaction cross-sections were calculated using the TALYS 1.96 and EMPIRE 3.2

nuclear codes, with the natural isotopic- abundances of gadolinium taken into account.

Fig. 3. Measured excitation function for r@Gd(ppm)IS6Th reaction along with data
Irom [1, 2] and calculated by TALYS 1.96 and EMPIRE 3.2 codes.

The calculation results show that in the proton energy range from the
threshold to 10.2 MeV, the formation of 1%Tb occurs through the (p,n) channel. In the
energy range exceeding 10.2 MeV, the predominant source of the 1%Tb isotope is the
155Gd(p,2n) reaction, clearly depicted in Fig. 2. Table 3 presents the measured cross-
sections and calculated thin-target activities as a function of 11 discrete proton energy

values.
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Table 3. Measured cross-sections and thin-target activities for formation )55Th

in reaction llaGd(p,xn).

Proton energy, Cross-section, Activity,
MeV mb pCi/pA h
3.77+0.80 1.05*0.12 0.50*0.057
6.05+0.69 2.6470.30 1.25*0.142
7.83+0.63 6.75*%0.77 3.21*0.366
9.35+0.57 69.57*7.86 33.1*3.74
10.69+0.57 112.23-12.63 53.3%6.0
11,94+0.44 141.16*15.81 67.1*7.52
13.07+0.53 136.15*15.18 64.7*7.21
14.16*0.41 145.23*16.12 69.0*7.66
15.16+0.50 151.34*16.72 71.4*7.89
16.14*0.39 139.23*15.32 66.1*7.27
17.06+0.38 132.71*14.53 63.0%6.89

The simplest and most effective ways to obtain the 1%Tb nuclide for medical
purposes is to use the reaction lisGd(p,n). The integral activity of the I56Tb formation
on enriched gadolinium 155Gd in the proton energy range up to 10.8 MeV, is
presented in Fig. 4, together with data from [1, 2] and the results of theoretical
calculations using the TALYS 1.96 code. The experimental results are in good

agreement with the theoretical predictions.

Fig. 4. Measured integral activity formation 55Th on enriched target 136Gd along with

data from [1, 2] and calculated by TALYS 1.96 code.
11



When using an enriched 15Gd target at proton energies above 10.8 MeV, the reaction
1$5Gd(p,2n) occurs, resulting in the formation of 154Th. Thus, the use of an enriched
IGd target and protons with energies below 10.8 MeV potentially provides
significant yields of 1%Tb with high radionuclide purity. With such a limitation of
proton energy for the integral activity, a value of 0.12 mCi/(gA h) was obtained,
which is consistent with the calculated estimation of 0.15 mCi/'(pA h) for proton
energy from threshold up to 11 MeV presented in Ref. [21 and 0.097 mCi/(pA-h) for
proton energy range up to 10.5 MeV given in Ref. [1].

Production qflél,Tb

The function of ,60Tb is critical in post-detonation analysis, particularly in nuclear
forensics. In nuclear forensics, post-detonation debris analysis is an important
procedure for determining an exploded nuclear weapon's origin, features, and history.
The 180Gd(p,n)IMTb is an important reaction in the field of technical nuclear forensics
used in post-detonation debris analysis to understand the characteristics of a
detonated nuclear weapon. The "a@Gd has seven stable isotopes; however, thel6Th in
proton-induced reactions formed only on 160Gd. The experimental data obtained for a
natural target can be extended to an enriched target, taking into account the
abundance of 180Gd in a natural target (21.86%). The experimental measured cross-

sections for reaction 180Gd(p,n)1680Tb [3] are presented in Table 4.

Table 4. Measured cross-sections for 180Gd(p,n)1680Tb reaction.

Proton energy, Cross-section,
MeV mb

3.77 £0.80 10.7+1.28
6.05+0.69 58.2 +6.98
7.83+0.63 130.1 + 1561
9.35+ 0.57 135.7 £ 15.94
10.69 £0.57 99.8 £11.48
1J.94* 0.44 78.3 £9.00
13.07 £0.53 59.1 +6.50
14.16 £ 041 49,5 +5.20
15.16 £0.50 44.6 £4.68
16.14 +0.39 36.3+3.74
17.06 £0.38 30.8+3.17

12



Figure 5 shows the comparison of the measured excitation function for
160Gd(p,n)180Th reaction and experimental data from [2, 4, 5] along with theoretical
calculated values using TALYS 1.96, EMPIRE 3.2 codes and MENDL-2P library.

Fig 5. Measured excitation function for I10Gd(p,n)Jd)Tb reaction along with data
from [2, 4, 5] and calculated by TALYS 196, EMPIRE 3.2 codes as well MENDL-
2P library.

In the investigated energy range of the protons in Ref. [2] there are only
two values, and they agree with results measured in frame of this study. Our
measurements are in agreement with the theoretical calculations using TALYS 1.96,
EMPIRE 3.2 codes, and MF.NDL-2P library within the error range. However, the
measured data are higher and has wider range than the data from [2, 4, 5]. The reason
for the difference between our experiment and data of [5] could be because they
employed a partial intensity of 32.1% for the 879 keV y-line in their work. However
more recent data NuDat 3 reveal a value of 30.1%. The data from Ref. [4] may have
lower data than our results, since the gadolinium foils were encapsulated with Kapton
tape in their research. Improving the cross-section data for the 18Gd(p,n)INTb
reaction is important for efficient sample production and supports the use of 18JTb in
nuclear forensic applications. The data obtained from these measurements will
contribute to the experimental database required for precise analysis of post-
detonation materials. Therefore, accurate measurement of 18JTb is indispensable for

ensuring precise analysis.

13



Production o fn3‘I55t56,0'Th and ~.mmiaumirb

The numerical

experimental data are the quadratic sum of the statistical and systematic errors. As
noted recently, the measured data are compared with values calculated using TALYS
1.96 and EMPIRE 3.2 codes with default parameters as well MENDL-2P library.

Measuring the formation cross-section of I52Th was not feasible due to the low

data of excitation functions for formation

natural abundance of the 152Gd isotope, which is only 0.2%.

i53,i56g;i56tarj™,  ancj
i54Bis4mi;isanex 5 are [jstecj Table 5 ancj Table 6. respectively. The total errors of the

Table 5. Measured cross-sections for reaGd(p,xn)153156Tb reactions.

Proton
energy,
MeV

3.77+0.80
6.05+0.69

7.83rc 063
9.3510,57
10.6910.57

11.94+0.44

13.0710.53

14.1610.41
15.1610.50

16.14i0.39
17.0610.38

153T b

4.00%0.47

9.601 112
12.601 1.48
15.6011.83

14.80il.73
14.7011.72

14

Cross-sections,
mb

J5egTo
2.781032
15.2411.79
40.1214.71
89.89110.56

129.31115.19
155.13118.22
125.711.14.77
122.69114.41
123.64"14.52

111.07113.05
103.60*12.17

4.2010.49
15.4011.81

46.7015.49
90.71*10.66

157.50i18.51
171.22120.1.2
168.69*19.82
183.64+21.58
188.3U22.13

163.36119.19
147.28+17.31



Table 6. Measured cross-sections for r{Gd(p,xn)I348154ll;14n2Th reactions

Proton CI’OSS-SeCtiOI"I,
energy, mb
MeV |54g'|'b 154ml'pfy 154m2p|-j 154(otyp

3.7740.80 :
6.0510.69 1.52+0.17 1.0010.11 -

7.831 063 3.76+0.44 3.00+0.35
9.3510.57 8.94- 105 7.00%0.82
10.6910.57 15.251 1.79 15.0011.76 .
11.941044 43551511 52.0016,11 2.6810.31 08.2318.45
13.0710.53  54.71 16.42 72.001 8.39 3.67+043  130.38H0.90
14.16i0.41

63.91 17.50 93.001 1092  4.8610.57 1417711353

15161050 72351850  110.001 1292  589+069  1gg 2411574
16.141039  65.60 1 7.70 102.001 11.98 5.8510.68 173.45U4.50
17.0610.38  62.9717.39 104.001 12.22 5.5910.65  172.56114.51

The comparison of experimental results for the nliGd(p,xn)15 ;1541% 5M6o-pb reactions
with calculated values using the TALYS 1.96 and EMPIRE 3.2 codes indicates the
need for further investigations over a wider range of proton energies to resolve the
observed discrepancies between measured and predicted cross-sections. Such studies
are essential not only for validating existing nuclear reaction models but also for
improving their predictive accuracy and guiding the development of more advanced

theoretical approaches.

Isomeric Cross-Section Ratio

Important insights into the mechanism of nuclear reactions can be gained through
analyzing the ICR in the creation of isomeric pairs in nuclear reactions. It explains
how the nuclear reaction develops and provides crucial information regarding the

transfer of energy and angular momentum throughout a reaction.

The ICRs for the isomeric triplets 154HATR154g)[) ancj 156mi;156m2;156¢)|, were

investigated. Since both IMI'b and 1%Tbh exist as triplets comprising one ground and

two metastable states - the ICR is defined as ICR = agatotai to avoid ambiguity in the
15



calculations. Theoretical ICRs in the proton energy range from the reaction thresholds
up to 18 MeV were calculated using the TALYS 1.96 code. Comparisons of the
measured ICRs for is4nUisan2i54gTh and i56mi:is6n2i56gTh jmdjdes with the calculated
values using TALYS 1.96 code are presented in Table 7 and Figs. 6 -7. The errors in
the ICRs values listed in the Table 5.6 are determined using the errors in the cross-

section measurements.

Table 7. Measured ICRs for is4niUsAne;is4gpb ancj 156uii;i56m2;i56gjb triplets with
calculated by TALYS 1.96 code.

Proton Isomeric Cross-section Ratios
e:;;g/y I54mi;1542 [54g pb 1561:156i2] 6y
Experimental TALYS Experimental TALYS
1.96 1.96
3.77*0,80 - 0.66* 0.11 0.750
6.05" 0.69 - - 0.99*0.16 0.746
7.83* 0.63 - 0.86*0.14 0.832
9.35" 0.57 - - 0.99* 0.16 0.854
10.69*0.57 - - 0.82* 0.14 0.862
11.94*0.44 0,44*0.07 0.328 0.91* 0.15 0.852
13.07*0.53 0.41*0.07 0.338 0.75*0.12 0.831
14.16*0.41 0.39*0.06 0.353 0.67*0.11 0.810
15.16*0.50 0.38*0.06 0.367 0.66*0.11 0.792
16.14* 0.39 0.37i 0.06 0.379 0.68*0.11 0.774
17.06*0.38 0.36 * 0.06 0.395 0.70*0.12 0.757

In Table 7, the measured ICRs are generally consistent with the theoretical
predictions obtained using the TALYS 196 code within the experimental
uncertainties. However, notable differences are observed in the behavior of energy
dependence of the ICR for 54Th and I5Tb. It is well established that the population
probability of high-spin states increases with increasing incident particle energy. For

15Th, both metastable states correspond to high-spin configurations (see Table 1).
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Fig. 6. ICR for n,Gd(p,xn)I54Th reaction along with calculated by TALYS 1.96 code.

Since the ICR is defined as the ratio of the ground-state formation cross-section to the
total cross-section, an increase in the population of high-spin states results in a
decrease of the ICR with energy, in agreement with the experimental data (see Fig.
6). However, the ICR values calculated using the TALYS 1.96 code exhibit a slight
increasing trend with rising proton energy', which contradicts the experimental data.
This discrepancy indicates that the theoretical model does not adequately describe

reaction mechanisms involving multiple isomeric states.

Fig. 7. ICR for the rtGd(p,xn)15%6Th reaction along with calculated by TALYS 1.96 code.

17



The isomeric cross-section ratios for the triplet states of HmIhBAmRisdgp[) anc|
156mi;i36n2i56git, have been determined for the first time in this work. These results provide
new experimental data that are essential for understanding the population mechanisms of
high-spin nuclear states and for benchmarking theoretical models used to predict isomeric

ratios in complex nuclear reactions.

The CONCLUSION presents a comprehensive analysis of proton-induced reactions
on natural gadolinium. It focuses on measuring excitation functions, cross-sections,
activities for medically relevant radionuclides, and isomeric cross-section ratios (ICRs)
across a range of proton energies up to 18 MeV. This research significantly contributes to

the development of nuclear data for medical, scientific, and applied purposes.
The key accomplishments of this work are summarized below:

¢ Measurement of cross-sections and integral activities for the formation of the
medically relevant radionuclide 1%BTh, which has potential use in targeted
radiotherapy;

D Measurement of cross-sections for the formation of 'HTb, a nuclide of interest in
nuclear forensics and safeguards;

. Measurement of cross-sections for total and ground states of 1%Tb: '58Tb and 153dTb;

¢ Measurement of ICR for the isomeric triplets of I54Tb - marking the first time ICRs
have been experimentally determined for this isotope;

¢ Measurement of ICR for the isomeric triplets of I56Th - marking the first time ICRs

have been experimentally determined for this isotope.
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M3yyeHne nonyyeHust NPOTOH-MHAYLMPOBAaHHbIX HYKINA0B Ha NPUPOSHOM
rafonMH1MM Ha umknotpoHe C 18/18

Pestome

[JunccepTaumoHHas paboTa NOCBALLEHa WUCCNEA0BAHWIO MOMYyYeHUs PafUOHYKINA0B
Tepbus B NPOTOH-UHAYLMPOBAHHBIX peakuusaxX Ha NpUpOAHOM rafonuHun. Tepbwui,
npvHagnexawnii K rpynne naHTaHWAOB, 3aHWMaeT o0coboe MecTo a WX psagy,
NMOCKO/IbKY YeTblpe ero paguvoHyknuga gaTb, 152Tb, 15Tb u LUTh nMeloT Wnpokoe
npvMeHeHVe B Tepanuu W AuarHoctuke. Llenblo  uccnefoBaHus  MPOTOH-
WHAYLUMPOBaHHbIX pPeakuWil Ha NPUPOAHOM [afo/vHUM SBASANOCH ONpefeneHve
(hyHKUMIA BO36YXaeHWs 153Tb, I154Th, 1%BTh, 15%6Tb n 180Tb pagnoHyKnnaos. DyHKLUMK
BO36YXfaeHuss  6binM  onpedefieHbl B 06N1acTM  3HEPrMM  NPOTOHOB  OT
COOTBETCTBYHOLMX MOPOroB peakuuii o 18 MaB. SkcnepumMeHT 6bin MpoBefeH Ha
BbIBElEHHOM MyYyKe MPOTOHOB UMKNOTpoHa C18/18, pacnofnoXeHHOro Ha
Tepputopun  HHJIA.  3KCMepuMeHT  Obll  BbINOSHEH C  WCMOAb30BaHUEM
aKTMBALMOHHOrO MeTofa CTOMOK. AKTMBHOCTb 06/YYeHHbIX MPOTOHHbLIM MY4YKOM
MULLIEHEN M3MepsAnach NOCPeACTBOM repmaHmeBbix getektopoB HPGe CANBERRA,
OCHalLieHHbIX  LUM(POBbIM  aHaNM3aTopoM.  [MonyyeHHble  3KCMEepUMeHTabHble
pesynbTaTaMu 6bliM CpPaBHeHbl C paHee OMyO6MMKOBaHHbIMW [aHHbIMU  ApYrMX
Hay4HbIX LIEHTPOB, a TaKXXe C TeOPETUYECKUMU BbIYMCAEHMAMI NOCPEACTBOM KOZOB
TALYS 1.96, EMPIRE 3.2 u naketa ALICE. [ns npeAcTasnsioLLero nHTepec Ais
MeAWLUMHbI TEPaHOCTUYECKOro Hyknuga 1%HTb 6blna onpefeneHa WHTErpanbHas

21



aKTMBHOCTb. [lonyyeHHble [aHHble OTHOCWUTENbHO MPUMEHSEMOr0 B MeAuLuHe
pafuoHyknmaa [55Tb no3BonsoT 3akii0UNTb, YTO MPU UCMO/b30BaHMK 060raLLEeHHOM
MULLEHW, BbLICOKOrO TOKAa MPOTOHHOIO My4yka WU OFPAHUYEHHOM 3HAYEHUW 3HEpruu
npotoHoB 10.8 M3B, BO3MOXHO MoflyyeHue pagvoHyknuaa 15Tb ans meauuuHbl ¢
BbICOKOM  PagWOHYKAMAHOW  4YACTOTOW. [NA  MPUMEHSeMOro B SAepHOi
KpyMUHaMCTKe Hyknnaa 180Tb nonyyeHbl 3HAYEHUS CeyeHus, KOTOpble MOMOMHAT
6a3y mccnegoBaTeNbCKMX [aHHbIX MPU  KOHTPONe PafualyOHHOr0 3arpssHeHus
OKpYXXatolell cpefbl. Bnepsble ObliM MOMyYeHbl W30MepPHble OTHOLUEHWSt AN
Tpunnetos I4=lTb, 1541PTh, [548Tb  u 153ellb, 15612Tb, 15BTb. [MonydeHHble
3KCMEePUMEHTaNbHble  pe3ynbTaTbl  Ana  peakumidi  reH36(p,xm)LLE154455,66;160Tb
yKa3blBalOT Ha Heo6XOAMMOCTb JafbHeWlunMX WCcCnefoBaHwii B 6onee LUMPOKOM
[yana3oHe 3HePruii NPOTOHOB ANS pa3peLleHns HabNoaeMblX PACXOXKAEHUA MeXay

N3MEpPEeHHbIMN 1 NpeAcKasaHHbIMWU CEYEHUAMMU.
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