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РЕФЕРАТ

Отчет 49 с., 18 рис., 3 табл., 57 источн., 3 прил.
УПРУГОЕ И НЕУПРУГОЕ РАССЕЯНИЕ, ЯДЕРНАЯ РЕАКЦИЯ, ОПТИЧЕСКАЯ МОДЕЛЬ, ОПТИЧЕСКИЙ ПОТЕНЦИАЛ, МЕТОД СВЯЗАННЫХ КАНАЛОВ
Объектом исследования являются механизмы взаимодействия нуклидов гелия с ядрами 24Mg и 28Si, межъядерные потенциалы.
Цель работы – теоретическое исследование упругого, неупругого рассеяния и других квазиупругих процессов при взаимодействии ионов 3Не и α-частиц с сильно деформированными ядрами 24Mg и 28Si середины sd-оболочки; поиск оптических потенциалов из анализа упругого рассеяния; изучение структуры сталкивающихся ядер и механизмов их взаимодействия. Отличительной характеристикой планируемых работ является совместный анализ экспериментальных данных, как упругого рассеяния, так и реакций, идущих с переходами в основные и возбужденные состояния конечных ядер.
Методы исследования. Проведение комплексного теоретического анализа имеющихся экспериментальных данных по упругим и квазиупругим процессам с использованием таких теоретических подходов как оптическая модель, метод искаженных волн, метод связанных каналов при рассеянии и метод связанных каналов для реакции.
Новизна проекта. В результате выполнения работ получены следующие новые результаты: проведены литературный обзор упругого рассеяния и других квазиупругих процессов при взаимодействия ионов 3Не и α-частиц с ядрами 24Mg и 28Si, теоретический анализ данных рассеяния ионов гелия с исследуемыми ядрами, получены оптимальные значения потенциалов межъядерного взаимодействия, параметры квадрупольной деформации. Выполнен теоретический анализ реакции (3Не, α) на ядрах 24Mg и 28Si в рамках метода связанных каналов реакций, получены величины спектроскопических факторов.
Область применения. Фундаментальные исследования в области ядерной физики.


ABSTRACT

Report 49 p., 18 Figures, 3 Tables, 57 References, 3 Annexes.
ELASTIC AND INELASTIC SCATTERING, NUCLEAR REACTION, OPTICAL MODEL, OPTICAL POTENTIAL, METHOD OF COUPLED CHANNELS 
The object of research is the mechanisms of interaction of helium nuclides with 24Mg and 28Si nuclei, internuclear potentials.
The goal of this work is the theoretical study of elastic, inelastic scattering and other quasi-elastic processes in the interaction of 3He ions and α-particles with the strongly deformed 24Mg and 28Si nuclei in the middle of the sd-shell; the search for optical potentials from elastic scattering analysis; study of the structure of colliding nuclei and the mechanisms of their interaction. A distinctive characteristic of the planned work is a joint analysis of experimental data, both elastic scattering and the reactions running with the transitions to the ground and excited states of final nuclei.
Methods of research. Implementation of the complex theoretical analysis of the available experimental data on elastic and quasi-elastic processes using such theoretical approaches as the optical model, the distorted wave method, the coupled scattering channel method and the coupled reaction channel method.
Novelty of the Project. As a result of the work, the following new results were obtained: a literature review of elastic scattering and other quasi-elastic processes in the interaction of 3He ions and α-particles with 24Mg and 28Si nuclei, theoretical analysis of data on scattering of helium ions with the studied nuclei, obtaining of the optimal values of internuclear interaction potentials, the parameters of quadrupole deformation. Theoretical analysis of the reaction (3Не, α) on 24Mg and 28Si nuclei was completed within the framework of the method of coupled reaction channels, and the values of spectroscopic factors were obtained.
Area of application. Fundamental research in the area of nuclear physics. 
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INTRODUCTION

One of the priority areas in nuclear physics associated with obtaining information about the properties of nuclei and the mechanisms of interaction of colliding systems is the study of elastic and quaselastic processes of particles and nuclei interaction with nuclei. In this case, the important task remains - to determine the effective potential of the nucleus-nucleus interaction, which will enable us to understand the nature of nuclear transformations with participation of different types of particles in the input and output channels of the reaction. 
Usually, to solve this problem, it is sufficient to analyze the experimental data on elastic scattering within the framework of the optical model of the nucleus. However, in case of scattering of complex particles (in particular, 3He ions and α-particles), this approach is characterized by significant ambiguities in determining the parameters of the optical potential. To limit these ambiguities, new approaches and experimental data are required in a wide angular and energy range.
The main idea of the project is implementation of the complex theoretical analysis of the available experimental data on elastic and quasi-elastic processes using such theoretical approaches as the optical model, the distorted wave method, the coupled-channel scattering method and the coupled-channel method for reactions, which will make it possible to localize a number of ambiguous parameters of the optical potential. And thus will make it possible to obtain new information about the effective nucleon-nucleon forces acting in the nucleus.
Planned works for 2020-2021 are a logical continuation of fundamental research under the Grant 0605/GF "Experimental and theoretical study of elastic and quasi-elastic processes of interaction of 3Не, 4Не ions with 14N, 16O, 20Ne, 24Mg, 28Si nuclei" in 2012-2014. The main goal of the project was experimental and theoretical research of the nuclear processes. 
At the first stage of the project, a literature review of local and foreign scientific publications on elastic and quasi-elastic scattering of helium ions with 24Mg and 28Si nuclei was performed according to the Calendar Plan (Annex A). The theoretical analysis of the processes of 3He ions and α-particles scattering on 24Mg nucleus was completed, the parameters of the optical potential and the parameters of deformation were determined (Interim report for 2020, Inv. No.0220RK01635).
In 2021, the additional complex theoretical analysis of data on elastic and inelastic scattering of 3He ions and α-particles on 28Si nucleus in a wide energy range has been performed using literature data, as well as the theoretical analysis of the reaction (3He, α) on the studied nuclei within the framework of the method of coupled reaction channels running with transitions to the ground and excited states of the final nuclei.


MAIN PART OF THE RESEARCH REPORT

1 Literary review of elastic, inelastic scattering and other quasi-elastic processes in interaction of 3He ions and alpha particles with 24Mg and 28Si nuclei 

The cores of the middle of the sd-shell are characterized by a strong quadrupole deformation [1]. This is confirmed by the existence of rotational bands in such nuclei and the enhancement of electromagnetic E2 transitions between their members. In particular, even-even nuclei such as 24Mg and 28Si exhibit bands (0+, 2+, 4+…) built on the ground (0+) states. Such states are effectively populated in the Coulomb excitation [2], in the scattering of electrons [3] and hadrons with particle masses a ≥ 1, which makes these processes the main tool for studying the properties of deformed nuclei. The calculations by the Hartree-Fock method [4] indicate that a number of nuclei of the sd-shell in their ground states, in addition to the quadrupole deformation, shall also have a hexadecapole deformation. In case of strong transitions between the members of the rotational bands, the channel coupling effects have the special significance. Not taking them into account leads to nonphysical values of the parameters of optical potentials extracted from the phenomenological analysis of elastic scattering within the framework of the optical model, and to impossibility of achieving an acceptable description of experimental data on both elastic and inelastic scattering and transfer reactions.
Particular attention is paid to the nuclei in the middle of the sd-shell, since, according to [1], there is a transition from elongated deformation, which is typical for nuclei in the first half of the sd-shell, to compressed deformation. In the region of the magnesium and silicon core the quadrupole deformation parameter β2 changes its sign. In most cases, the numerical value of the quadrupole deformation was obtained from the analysis of the cross sections for inelastic scattering by the distorted wave method. However, this method does not make it possible to determine the sign of the deformation, and also does not take into account the channel coupling effects, which play an essential role for the strongly deformed nuclei. Therefore, in this work, the experimental data on inelastic scattering and reactions was analyzed by the method of coupled reaction channels. 
Analysis of data on scattering of α-particles is one of the effective ways to study nuclear deformation, which is associated with a relatively simple reaction mechanism, and this is also associated primarily with the absence of a spin-orbit term in the internuclear interaction potential, which is especially important for self-adjoint, so-called, α-particle nuclei with А = 4n such as 16O [5], 20Ne [6], 24Mg, 28Si, 32S. In this case, the spins and isospins of these nuclei have zero values, so that inelastic scattering is selective to isoscalar transitions to states of normal parity (0+, 2+, 4+, etc.), in which the transferred spin and isospin equal to zero (ΔS = 0 and ΔT = 0). Therefore, a large number of works have been devoted to the scattering of α-particles. In particular, for 24Mg and 28Si nuclei, the scattering cross sections were measured in a fairly wide energy range (Еα = 12 - 240 MeV) [7]-[24]. The problem that appears during constructing the angular distributions of the cross section at the energies less than 50 MeV should have explained the effect of anomalous scattering at large angles. The attempts have been made to achieve a better description of the experimental data by choosing the optimal parameters of the optical potential and taking into account the contribution of the compound nucleus. However, these actions did not lead to the theoretically substantiated description of scattering in a wide range of targets and energies. At the same time, the calculations of the differential cross sections for scattering of alpha-particles by 1р-shell nuclei, were performed taking into account the link between the channels and the contribution of the cluster transfer mechanism, made it possible to describe the behavior of the angular distributions in the full angular range [5, 25]. 
A similar situation is observed in the analysis of data on the scattering of 3He ions during their interaction with the studied nuclei. Elastic scattering of 3He was studied at the energies of 13 - 450 MeV [26]-[32] and analyzed within the framework of the optical model, in which the deformation of nuclei was not taken into account. Only in [22, 29, 33]-[36] the measurements took into account inelastic scattering, which made it possible to obtain the values of the parameters of quadrupole deformation from the analysis of experimental data. Note that the correct reproduction of the angular distributions of scattering of α-particles and 3Hе ions on 1р- and sd-shell nuclei with deformation parameters consistent with their theoretical values was achieved in [5, 6], where the calculations were performed using the coupled channel method.
The analysis of data on scattering of 3He and α-particles on 24Mg nuclei was carried out in [22, 34, 35, 37]-[40]. The obtained values of the quadrupole deformation parameter in different experiments are in good agreement with each other and with theoretical calculations (β2 ≈  +0.4 for 24Mg, β2 ≈ -0.4 for 28Si).
There is much less data available on nuclear reactions in the interaction of 3He with nuclei of the sd-shell. The analysis of angular distributions for single-nucleon transfer reactions measured at different energies [41]-[45] was perfprmed exclusively by the distorted wave method. It was found that such reactions proceed by a direct mechanism of breakdown or pick-up. However, it should be noted that calculations by the distorted wave method describe the experimental cross sections rather poorly, especially at medium and large angles. It does not take into account the fact that both 24Mg and 28Si are strongly deformed. The earlier study of the (α,t) reaction on a strongly deformed nucleus in the middle of the 11B p-shell [46] showed that the nonsphericity of the nucleus strongly affects the reaction cross sections at large angles, and taking into account the connection between the reaction and the excited states of nuclei improves the agreement between theory and experiment. Consequently, when describing the angular distributions of the reactions on nuclei in the middle of the sd-shell, it is necessary to take into account the collective nature of the states of these nuclei. Until now, no such studies have been performed. Thus, despite a half-century history, there are still unresolved problems in the studies of scattering and reactions on the sd-shell nuclei. 


2 Method for measuring differential scattering cross sections 

The measurements were preliminary performed on the isochronous cyclotron U-150M at the Institute of Nuclear Physics (Almaty, Kazakhstan) with the beams of helium ions accelerated to the energies of 50.5 MeV (for α-particles) and 60 MeV (for 3He ions).
The collimator system at the input of the scattering chamber provided a beam of a given shape and size (d ≈ 3 mm) on the target with a maximum angular uncertainty of ± 24’.
The energy of accelerated ions was determined by comparing the energy spectrum of particles scattered by a thin target of Au (gold) at a small angle with the spectrum of particles from the α-radioactive source. The energy spread of the beam was ≤ 1%.
Self-supporting, produced by thermal evaporation, thin films of isotope-enriched 24Mg - 99% with the average effective thickness of 1.05 mg/cm2 and 28Si (92.2%) with a thickness of 0.59 mg/cm2 were used as the target nucleus. The target thickness was determined by measuring the energy loss of α-particles from the radioactive source. The error in the target thickness was about 8%.
The scattered helium ions were detected and separated from other charged reaction products using a standard technique (∆E–E) with a counter telescope consisting of two silicon detectors with thickness of 100 µm (∆E) and 2 mm (E). The total energy resolution was about 500 keV and was mainly determined by the energy spread in the beam, the target thickness and the measurement angle. After preliminary selection in terms of time and amplitude in the spectrometric channels, the pulses from the (ΔЕ–Е) telescope entered the input of the multivariate programmed analysis system with identification of the nuclear reactions products. 
Differential elastic scattering cross sections were measured in the range of angles 10 – 1700 (for α-particle) and 10 – 1200 (for 3He ions) in the center-of-mass system. The angular distributions are shown in Figures 1, 2, 3 and 4. As can be seen from the figures, their shape is typical for rainbow scattering. At small angles a diffraction structure is observed, which decays with the angle growth and turns into a wide maximum at the angles of 600 in scattering of 3He and ~ 900 – 1000 in scattering of α-particle, followed by a monotonic decay. At the angles greater than 1300 (α-particles), the diffraction structure reappears. As can be seen from the figure, the cross sections for inelastic scattering oscillate in antiphase with elastic scattering, which agrees with the phase rule for positive parity levels.

[image: ]
Figure 1 – Angular distributions of elastic and inelastic scattering of α-particles at the energy of 50.5 MeV on 24Mg nuclei
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Figure 2 – Angular distributions of elastic and inelastic scattering of 3He ions 
at the energy of 60 MeV on 24Mg nuclei
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Figure 3 – Angular distributions of elastic and inelastic scattering of α-particles
at the energy of 50.5 MeV on 28Si nuclei
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Figure 4 – Angular distributions of elastic and inelastic scattering of 3He ions 
at the energy of 60 MeV on 28Si nuclei

Differential cross sections for the reactions (3Не, α) on 24Mg and 28Si nuclei were measured in the range of angles 100 - 1200 in the center-of-mass system. The angular distributions are shown in Figures 5 and 6.
The systematic error of the scattering cross sections is mainly associated with the uncertainty of the target thickness (6 - 9%), the solid angle of the spectrometer (1%), and the calibration of the current integrator and did not exceed 10%. The statistical error was 1 - 5%. 

[image: ]
Figure 5 – Differential cross sections of the reactions (3Не, α) on 24Mg nucleus

[image: ]
Figure 6 – Differential cross sections of the reactions (3Не, α) on 28Si nucleus 


3 Theoretical analysis of data on scattering of 3He ions and α-particles with the studied nuclei 
3.1 Optical-model analysis

In this work, the problem was specified to search for optical potentials that satisfactorily describe the elastic scattering of helium ions on 24Mg and 28Si nuclei at the incident particle energies of 50.5 MeV (for α-particles) and 60 MeV (for 3He ions). The analysis was performed within the framework of the optical model. In the calculations we used phenomenological potentials with volume and surface absorption in the form of the formula (1)

	
,
	(1)



where[image: ] V, W, WD are the depths of real and imaginary potentials with volume (W) and surface (D) absorption, which are responsible for nuclear interaction, VC is the Coulomb potential of a uniformly charged sphere with radius Rс = rсA1/3, f(xi) is the Woods-Saxon form-factor with geometric parameters of radius Ri = riA1/3 and diffuseness ai (i=V, W, D) in the formula (2):

	
,
	(2)



The calculations were performed using the program SPI-GENOA [47]. When searching for the optimal values of the potential parameters, the literature data, obtained in the study of elastic scattering at various energies of α-particles [48] and 3He ions [49], were used as starting data.
The parameters of the optical potential were selected in such a way in order to achieve the best agreement between theoretical calculations and experimental data. The automatic search for the optimal parameters of the optical potential was performed by minimizing the value of the formula (3):

	
,
	(3)



where N is the number of points; σE(θi), σT(θi) are experimental and theoretical differential cross sections for elastic scattering of particles at the angle θi; ΔσE(θi) is the error of σE(θi).
When choosing the optimal parameters of the optical potential, we were guided not only by the value of χ2, but also by the value of the volume integral of the real part V0 of the optical potential, defined as the formula (4):

	
,
	(4)



where Ap and At are the mass numbers of incident particle and target nucleus, the value of which should be close to the corresponding value of the nucleon-nucleon interaction potential, equal to ≈ 400 MeV·fm3 [50]. The Coulomb radius parameter was taken to be rc = 1.3 fm. In the course of this analysis, five families of potentials were found on the studied nuclei for both the scattering of α-particles and for 3He ions.
The obtained optimal parameters of the interaction potential, as well as the corresponding values of the volume integral of the real part JV/aA and the quantity χ2/N are provided in Tables 1, 2.

Table 1– Optical potentials used in the calculations of elastic and inelastic scattering cross sections for the systems 24Mg+α (Eα= 50.5 MeV) and 24Mg+3He (E3He = 60 MeV)
	A+a
	Set
	V, MeV
	rV, fm
	aV fm
	W, MeV
	rW, fm
	aW, fm
	rC, fm
	JV/aA, MeVfm3
	χ2/N

	24Mg+α
	A1
	132.0
	1.31
	0.66
	45.7
	1.19
	0.76
	1.3
	406
	13.4

	
	A2
	243.9
	1.15
	0.68
	42.9
	1.27
	0.71
	1.3
	556
	10.5

	
	A3
	29.9
	1.83
	0.47
	31.1
	1.72
	0.35
	1.3
	206
	17.2

	
	А4
	252.8
	1.13
	0.68
	35.3
	1.36
	0.63
	1.3
	541
	14.9

	
	А5
	92.3
	1.54
	0.53
	34.2
	1.46
	0.53
	1.3
	400
	14.6

	24Mg+3Не
	Н1
	141.6
	0.81
	1.04
	18.1
	1.59
	1.05
	1.47
	317
	31.4

	
	Н2
	121.8
	1.03
	0.91
	15.6
	1.13
	1.02
	1.3
	361
	20.9

	
	Н3
	126.0
	0.99
	0.94
	5.95
	1.49
	0.87
	1.3
	353
	20.2

	
	Н4
	208.4
	1.10
	0.72
	58.6
	1.13
	0.85
	1.3
	590
	55.0






Table 2 – Optical potentials used in the calculations of elastic and inelastic scattering cross sections for the systems 28Si+α (Eα= 50.5 MeV) and 28Si+3He (E3He = 60 MeV)
	A+a
	Set 
	V, MeV
	rv, 
fm
	av, fm
	W, MeV
	rw, fm
	aw, fm
	WD, MeV
	rD, fm
	aD, fm
	JV/aA, MeV∙fm3
	χ2/N

	28Si+α
	A1
	117.3
	1.247
	0.808
	18.95
	1.570
	0.718
	
	
	
	345
	15

	
	A2
	116.5
	1.247
	0.791
	21.94
	1.570
	0.631
	
	
	
	338
	27

	
	A3
	123.3
	1.247
	0.809
	19.52
	1.570
	0.714
	
	
	
	363
	16

	
	А4
	100.0
	1.247
	0.809
	16.21
	1.570
	0.838
	
	
	
	288
	25

	
	А5
	80.0
	1.483
	0.647
	41.94
	1.225
	0.862
	
	
	
	329
	11

	28Si+3He
	H1
	102.1
	1.15
	0.818
	25.48
	1.44
	0.981
	-
	-
	-
	337
	14

	
	H2
	120.0
	1.11
	0.860
	16.14
	1.61
	0.648
	3.73
	1.47
	0.866
	373
	10

	
	H3
	111.2
	1.15
	0.827
	4.80
	1.40
	0.90
	15.59
	1.22
	0.81
	367
	8

	
	H4
	106.3
	1.09
	0.828
	8.92
	1.32
	0.27
	9.41
	1.48
	0.86
	310
	14

	
	H5
	93.96
	1.22
	0.781
	21.90
	1.57
	0.865
	-
	-
	-
	341
	13



Figures 7 and 8 show comparisons of the calculated cross sections for elastic scattering of α-particles and 3He ions with the experimental data on the 28Si nucleus, where dots are experimental data, solid curves are calculations according to the optical model with the potentials from Table 2. The best agreement with experiment for the studied nucleus for the scattering of α-particles is provided by the potentials from the set А1 (the minimum value of χ2/N), and at 3He - by the set Н3 using the combined type of absorption in the imaginary part.
[image: ]
Figure 7 – Elastic scattering of α-particles on nuclei 28Si
[image: ]
Figure 8 – Elastic scattering of 3He ions on nuclei 28Si

A characteristic feature of the measured angular distributions is the well-pronounced nuclear rainbow effects, which appear in the presence of a diffraction structure at the angles less than 600 with a structureless decay of the cross sections under the growth of the scattering angle. The interpretation of the observed picture becomes more transparent in the semi-classical language. In this case, the differential cross sections at certain angle are determined by the contribution of the trajectories corresponding to scattering at the “near” and “far” edges of the nucleus. Figure 9 shows the example of the theoretical cross section expansion into the near and far components for elastic scattering of α-particles at the potential А1 from Table 1. It can be seen from the diagram that in the range of angles 90 - 1400 the experimental cross sections are almost completely reproduced by the far component, and at small and very large angles, where the amplitudes of both components are comparable, the clearly expressed oscillations are observed due to interference of the amplitudes. Calculation of the far component without absorption shows that the maximum itself and the subsequent decay are defined only by the refractive property of the nuclear field.


[image: ]
The dots - experiment. Solid curve - calculation by the optical model for scattering at the far edge of the nucleus. The dashed line is the near-edge scattering calculation. The dashed curve is the far-edge scattering calculation at zero absorption.
Figure 9 - Decomposition of the theoretical cross section into near and far components for elastic scattering of α-particles on 28Si nuclei at the energy of 50.5 MeV

The radial dependences of the real and imaginary parts of the nuclear potentials, provided in Tables 1 and 2, for the desired nuclei are shown in Figures 10 and 11.
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Figure 10 - Radial dependences of real (V) and imaginary (W) nuclear potentials provided in Table 1 for 24Mg nucleus
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Figure 11 - Radial dependences of real (V) and imaginary (W) nuclear potentials provided in Table 2 for 28Si nucleus

It can be seen that the values of the real and imaginary parts of the potentials differ greatly from each other both at small (r < 4 fm) and large (r > 7 fm) distances. But for r = 6 fm, they intersect. It should be noted that the region near r = 6 fm corresponds to the strong absorption radius RSA = 6.05 fm, determined according to [51] by the formula (5):

	
,
	(5)



where  and     is the Sommerfeld parameter.
[bookmark: _Hlk51514322]LSA is a partial wave for which the absorption coefficient under movement along the Rutherford trajectory is T=1-|SL|2=0.5, where |SL| is the modulus of element of the S-matrix for the partial wave L. This condition is fulfilled for L= 16 (see Figure 12).

[image: ]
Figure 12 – Elements of scattering matrix |Sl+1/2| from Table 1

3.2 Analysis by the method of coupled channels

For deformed nuclei, which include the nuclei in the middle of the sd-shell, in particular, our studied nuclei 24Mg and 28Si, the calculations by the coupled channel method are most adequate. It is assumed that interaction, following after deformation of the nuclear surface, is described by the optical potential V(r, R(θ′)) with the radius parameter R(θ′), which depends on the polar angle θ′ in a fixed coordinate system. In the case of axial symmetry, the parameter R(θ′) can be represented as the formula (6):

	
,
	(6)



where β2 and β4 are the parameters of the quadrupole and hexadecapole deformations.
Using the optical potentials of Tables 1 and 2, the experimental data were analyzed by the channel coupling method, where the calculation was performed taking into account both elastic and inelastic scattering channels with excitation of the 2+ and 4+ states of the studied nucleus in the rotational approximation (ECIS-88 design code [52]). Optimal agreement between the calculated values and experimental data was achieved by varying the parameters V, W and β2. The analysis results are provided in Figures 13, 14, 15 and 16, where symbols are experimental data, solid curves are theoretical calculations.

[image: ]
Figure 13 – Angular distributions of elastic and inelastic scattering of α-particles
with the energy of 50.5 MeV on 24Mg nucleus
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Figure 14 – Angular distributions of elastic and inelastic scattering of 3Не ions
with the energy of 60 MeV on 24Mg nucleus 
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Figure 15 – Angular distributions of elastic and inelastic scattering of α-particles
with the energy of 50.5 MeV on 28Si nucleus

[image: ]
Figure 16 – Angular distributions of elastic and inelastic scattering of 3He ions
with the energy of 60 MeV on 28Si nucleus 

The parameters of the quadrupole deformation β2 were determined from a comparison of the calculated cross sections for inelastic scattering with experimental data in the region of the angles of the front hemisphere. The obtained parameters from the scattering of α-particles for 24Mg nucleus: β2  = 0.52, for 28Si: β2 = 0.37. From the analysis of the scattering of 3He ions, the values for 24Mg nucleus were obtained: β2 = 0.75, for 28Si: β2 = 0.49. Taking into account only the quadrupole deformation extracted from the 0+−2+ bond, a good description of all three experimental data on elastic and inelastic scattering of the cross sections was achieved.

3.3 Reaction (3Не, α) on 24Mg and 28Si nuclei

The study of direct nuclear reactions provides information on the mechanism of their occurrence, the structure of the nucleus and spectroscopic characteristics. The neutron transfer reactions of the type (p,d), (d,t) have been fairly well studied. In contrast to them, the reaction (3Не, α) is less studied and can be used to analyze the states excited as a result of neutron extraction of the target nucleus.
Basically, all published works were performed in the energy range of 3He ions up to ~ 10 MeV/nucleon [53, 54].
During the study of transfer reactions with participation of the simplest particles (p, d), the zero-radius approximation was successfully used, in which the region of particles interaction is pointwise, i.e. is assumed to be negligible compared to the size of the system. In reactions with constituent particles, this approach is not correct. Calculations carried out in [55] showed that at sufficiently high energies of reactions, taking into account the finiteness of the interaction radius plays a significant role, and we analyzed the reaction (3He, α) in the approximation of a finite interaction region.
The experimental data on the reaction were analyzed within the framework of the coupled-channel method with an accurate account of the finite radius of the 3Не-n interaction in the proposal for picking up of p-neutrons using the FRESCO program [56]. In theoretical calculations of the cross sections for the reaction (3Не, α), the values from the set H2 for 24Mg nucleus (Table 1) and the set H3 for 28Si (Table 2) were used as the optical potentials of the input channel. The potentials for the exit channel of the reaction (Table 3) were calculated using the global energy dependence established in [57]. The last column of Table 3 indicatests the spectroscopic factors for the final 23Mg and 27Si nuclei. Spectrofactors C2Slj(t) were found from the binding of theoretical differential cross sections to experimental ones from the relation of the formula (7)

	
,
	(7)



Where C2Slj (target) and C2Slj (projectile) is the product of the isospin coefficients C and spectrafactors for the target nucleus (A→B+n) and the light particle (α→3Не+n), respectively.

Table 3 – Parameters of the optical potentials for the output reaction channels 
	Reaction channel
	V, MeV
	rv, fm
	av, fm
	W, MeV
	rw, fm
	aw, fm
	C2Slj(t)

	α+23Mg
	100.1
	1.15
	0.75
	12.35
	1.35
	0.59
	0.22

	α+27Si
	135.0
	1.43
	0.74
	12.0
	1.55
	0.62
	0.55



Figures 17 and 18 show comparisons of the calculated reaction cross sections with experimental data on 24Mg and 28Si nuclei. The dots - experiment, solid curve - theoretical calculation.

[image: ]
Figure 17 – Differential cross sections for the reactions (3Не, α) on 24Mg nucleus 
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Figure 18 – Differential cross sections for the reactions (3Не, α) on 28Si nucleus


CONCLUSION

The tasks stipulated for 2020-2021 were completed in full scope in accordance with the Plan of Works (see Annex A)
The literature review of scientific works on the scattering of helium ions by the desired nuclei has been performed. A lot of works are devoted to the scattering of α-particles as a highly effective tool for studying the properties of deformed nuclei. There is much less study (works) on scattering of 3He ions. In these works, the data on the elastic scattering of helium ions on 24Mg and 28Si nuclei were analyzed within the framework of the optical model. The analysis of the data on inelastic scattering was performed by the distorted wave method, which has two significant drawbacks. Firstly, it does not take into account the effects of channel coupling, and secondly, such analysis is not sensitive to the sign of deformation.
In this project, the complex theoretical analysis of the data on scattering of 3He ions and α-particles, as well as the reaction (3Не, α) on 24Mg and 28Si nuclei, was performed within the framework of the optical model and the coupled-channel method. In the calculations, the phenomenological Woods-Saxon potentials were used, the parameters of which were found within the framework of the optical model from the condition of the best description of the experimental data on elastic scattering. 
The collective model was used in the calculations performed within the framework of the coupled channel method. In this case, for a better description of the experimental cross sections for scattering of α-particles at large angles, the depths of the imaginary part of the potentials were reduced by about 10 MeV. In the case of inelastic scattering, the coupling scheme included the terms of the rotational band of the ground state for 24Mg nucleus: 0+–2+(1.368 MeV)–4+(4.122 MeV) and the level 4.238 (2+), which is the ancestor of the vibrational band K = 2+, and for 28Si nucleus: 0+–2+(1.78 MeV)–4+(4.61 MeV). The quadrupole deformation was taken into account, as well as the relationship between the rotational and vibrational bands. The obtained values of the deformation parameters strongly depend on the optical potentials used in the calculations. The average values from scattering of α-particles are β2 = 0.52 (for 24Mg) and β2 = 0.37 (for 28Si), and from scattering of 3He ions, respectively, β2 = 0.75 (for 24Mg) and β2 = 0.49 (for 28Si). The analysis showed that the sign of the quadrupole deformation does not affect the cross sections in the region of the angles of the front hemisphere. But at the large angles (θ > 1000) with a negative value of β2, the calculated cross-sections are approximately 30% lower than with a positive value of β2. This is less consistent with the experiment and indicates that the positive sign is preferable. The values of the parameters of quadrupole deformations, obtained from our analysis, do not contradict the previously obtained values from the scattering of protons, deuterons, and α-particles.
The experimental data on the reaction (3Не, α) were analyzed within the framework of the coupled-channel method with an accurate account of the finite radius of the 3He-n interaction in the proposal for picking up of a p-neutron. The angular distributions of the reaction cross sections are well described over the entire angular range with macroscopic form-factors. Agreement is reached with the optimum optical potential determined from elastic scattering analysis. The values of the spectroscopic factors extracted from the fitting of the theoretical curves with experiment, on the whole, are in good agreement with their theoretical estimates and their values established at other energies of incident 3He ions.
The research results were reported at the III International Scientific Forum "Nuclear Science and Technologies" (Kazakhstan) and published in the European Physical Journal A (Annex B).
The reprints of publications are provided in Annex B. 
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1. REPUBLIC STATE ENTIRPRISE ACTING ON A SELF-SUPPORTING ECONOMIC BASIS “INSTITUTE OF NUCLEAR PHYSICS”
MINISTRY OF ENERGY OF THE REPUBLIC OF KAZAKHSTAN

1.1 By priority: 8. Scientific research in natural sciences.
1.2 By sub-priority: 8.2 Fundamental and applied research in physics and astronomy. Fundamental research.
1.3 On the topic of the project: IRN AP08955611 «Study of the role of channels coupling in scattering and the reactions with 3He and α-particles during their interaction with nuclei in the middle of the sd-shell».
1.4 The total amount of the project is 4,726,306.71 tenge (four million seven hundred twenty six thousand three hundred six) tenge 71 tiyn, including with a breakdown by years, to perform work in accordance with clause 3:
- for 2020 - in the amount of 2 999 428.10 tenge (two million nine hundred ninety nine thousand four hundred twenty eight) tenge 10 tiyn;
- for 2021 - in the amount of 1 726 878.61 tenge (one million seven hundred twenty six thousand eight hundred seventy eight) tenge 61 tiyn.

2. Characteristics of scientific and technical products by qualification characteristics and economic indicators

2.1 Direction of work: Fundamental research. The main idea of the project is to conduct a complex theoretical analysis of the available experimental data on elastic and quasielastic processes using such theoretical approaches as the optical model, the distorted waves method, the method of coupled channels in scattering and the method of coupled channels for reactions.
2.2 Applications: nuclear physics, nuclear astrophysics.
2.3 Final result: 
- for 2020: A literature review of local and foreign scientific publications on the scattering of helium ions by the desired nuclei and a theoretical analysis of the processes of scattering of helium ions by the 24Mg nucleus will be carried out, the parameters of the optical potential and deformation parameters will be determined.
- for 2021: A theoretical analysis of the processes of scattering of helium ions by the 28Si nucleus will be carried out, the parameters of the optical potential and deformation parameters will be determined, the theoretical analysis of the reaction data (3He, 4He) with the 24Mg and 28Si nuclei by the channel coupling method, the influence of the collective nature of the excited states of nuclei on cross-sections.
2.4 Patentability: no.
2.5 Scientific and technical level (novelty): Nuclei of the middle of the sd-shell have a strong quadrupole deformation. This is confirmed by the existence of rotational bands in such nuclei and amplification of electromagnetic E2 transitions between their members. In particular, even-even nuclei, such as 24Mg and 28Si, exhibit bands (0+, 2+, 4+…) based on the ground (0+) states. Such states are effectively populated in the Coulomb excitation, in the scattering of electrons and hadrons with a particle mass of ≥ 1, which makes these processes the main tool for studying the properties of deformed nuclei. The Hartree-Fock calculations indicate that, a number of sd-shell nuclei in their ground states (in addition to the quadrupole state) shall also have hexadecapole deformation. With strong transitions between the members of the rotational bands, the effects of channels coupling have special significance. Failure to take them into account leads to non-physical values of the parameters of optical potentials received from the phenomenological analysis of elastic scattering in the framework of the optical model, and to inability to achieve an acceptable description of the experimental data on both elastic and inelastic scattering and transmission reactions.
2.6 The use of scientific and technical products is carried out: by the Contractor and the Customer in accordance with the legislation of the Republic of Kazakhstan.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: in fundamental research in the field of nuclear physics.

3. Name of work, terms of their implementation and results
	Job code, stage
	The name of the work under the Agreement and the main stages of its implementation
	Deadline
	Expected Result

	
	
	start
	finish
	

	2020 год

	1
	Literature review of elastic, inelastic scattering and other quasielastic processes in interaction of 3He ions and alpha-particles with 24Mg and 28Si nuclei
	01.10.2020
	31.12.2020
	Literary review of local and foreign scientific publications on scattering of helium ions on the desired nuclei

	2
	Theoretical analysis of data on
scattering of 3He ions and alpha-particles with 24Mg nuclei
	01.10.2020
	31.12.2020
	Theoretical analysis of the processes of helium ion scattering on 24Mg nucleus, determination of the parameters of  optical potential and  deformation

	2021 год

	3
	Theoretical analysis of data on
scattering of 3He ions and alpha-particles with 28Si nuclei
	01.01.2021
	31.03.2021
	Theoretical analysis of the processes of helium ion scattering on 28Si nucleus, determination of the parameters of  optical potential and  deformation

	4
	Theoretical analysis of data on the
reactions (3Не,4Не) with 24Mg nuclei
	01.04.2021
	30.06.2021
	Theoretical analysis of data on the reaction (3Не,4Не) with 24Mg nuclei by the method of channels coupling, determining the influence of the collective nature of the nuclei excited states on the cross sections of transitions

	5
	Theoretical analysis of data on the
reaction (3Не,4Не) with 28Si nuclei. Preparation of Final Report under the Grant Project
	01.07.2021
	30.09.2021
	Theoretical analysis of data on the reaction (3Не,4Не) with 28Si nuclei by the method of channels coupling, determining the influence of the collective nature of the nuclei excited states on the cross sections of transitions.
Preparation of Final Report
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Tpunoxenne 1.2
K HACTOALIEMY JIOTOBOPY

NeHor « 12 » 4020t 2020 roma

KAJIEHIAPHBIN ILUIAH

1. PECIYBJIMKAHCKOE I'OCYIAPCTBEHHOE IPE/INTPUSITUE HA ITIPABE
XO35IiICTBEHHOI'O BEAEHHSA «(HHCTHTYT SIAEPHOI ®U3UKH»
MHHHUCTEPCTBA SHEPIETHKH PECITYBJIMKH KA3AXCTAH

1.1 Ilo npuopurety: 8. Hayunbie Hec/ie/IOBaHHA B 0G/IACTH €CTECTBEHHBIX HAYK.
1.2 ITo noanproputery: 8.2 GynjaMeHTAILHEE ¥ NPHKIAIHEIE HCCIEAOBAHHS B 06nacTH
@u3uku B acTpoHOMHH. DyH/IAMEHTATLHBIE HCCIEIOBAHHA.
1.3 Ilo Teme npoexta: UPH AP08955611 «HccieioBanie poH CBA3M KAHAJIOB B PACCEAHUH
1 peaxiusx ¢ *He U 0-9aCTHAMH IIPH HX BIAHMOJEHCTBHH C SAPaMH cepenHE! sd-060109Kmy,
1.4 O6mas cymma npoexta 4 726 306,71\ (ueThipe MHITHOHA CeMBCOT ABANNATH IECTh
THICAY TPHCTA WIECTH) TeHre 71 THBIH, B TOM YHCHE ¢ pa3GHBKOM 110 roziaM, JUIL BHITIONHERHS paGoT
COIJIaCHO ITYHKTY 3:
- Ha 2020 rox - B cymme 2999 428,10 (18a MAUIHOHA JEBSTHCOT AEBAHOCTO AEBATH
THICAY YETHIPECTA ABA/ILATH BOCeMb) Tenre 10 THiH;
- Ha 2021 rox - B cymme 1 726 878,61 (onHH MHILTHOH CeMBCOT ABAIUATH MECTh THICAY
BOCEMBCOT CEMB/IECAT BOCEMB) TEHIe 61 THBIH.

2. XapaKTepHCTHKA HAYYHO-TEXHHUECKOH NPONYKIUMH N0 KBATHYHKALHONHBIM
TPH3IHAKAM H YKOHOMHYECKHE NOKa3aTeH

2.1 Hanpasnenne paGots: DyniaMenTaibHble Heenenosanns. OCHOBHOM Haeeit nmpoekta
SABJIAETCA NIPOBE/ICHAE KOMILIEKCHOTO TEOPETHYECKOTO aHAIH3A HMEIONIMXCSH IKCIIEPHMEHTATBHEIX
JHHBIX 110 YNPYTHM M KBA3HYNPYTHM MPOLECCAM C HCTONB3OBAHHEM TAKHX TEOPETHYECKHX
TIOZIXOZIOB KaK ONTHYECKAX MOJE/b, METOJ HCKAKCHHBIX BOJH, METOJ CBS3AHHBIX KAHAIOB NPH
PACCESHHH H METO/| CBA3AHHBIX KAHAIIOB /U1S PeaKIHii.

2.2 O6nacTh npUMeHeHus: sylepHas PH3IHKa, SIepHas acTpodusnKa.

2.3 KoHeuHslH pe3ysbTar:

- 3a 2020 rox: Byxer mpoBeneH MHTEpATYpHBIH 0030p OTEYECTBEHHBIX H 3apYGEKHBIX
HAYYHBIX W3ZIaHHI 10 PACCESHMIO HOHOB re/MA HA MCKOMBIX SUIPAX M TPOBEIEH TeOPeTHeCKHit
SHATH3 NPOLECCOB PaccesHHS MOHOB Tenus Ha supe ‘Mg, GyayT onpeseseHs! mapameTpst
ONTHYECKOTO NOTEHIMANA H NTapaMeTpsl AeopMatim.

- 32 2021 rox: ByzieT NpoBeAeH TEOPETHUECKHH AHATH3 POLECCOB PACCESHHS HOHOB Ne/Us
Ha sxpe 2*Si, onpesienenbl napameTph ONTHYECKOTO NOTEHIMATA M NApaMeTphl JehopMalii,
TeopeTuyeckuit anamH3 ranuex peakin (‘He,*He) ¢ spami Mg i 2Si MeToz1oM cBSI3H KaHAIOB,
ONpE/eNeHo BIMSHHA KOJUICKTHBHON NPHPOIbI BO3GYXKIEHHBIX COCTOSHHH Slep Ha CedeHus
nepexozios. Byayr onmyGmukoBans! | cTaThsi B pelleH3HPYeMBIX 3apyGekHBIX HAYYHBIX W3IAHHMAX,
sxompmmx B Q1, Q2 mmGo Q3 B 6ase Web of Science u (wm) umeromux nponenTis o CiteScore
B Gase Scopus He MeHee 50 (IATHIECATH), THGO HAXOAIMXCA B IEYATH B YKA3AHHBIX H3AHAAX, |
CTaThi B PELEH3HPYEMOM 3apyGexHOM M (HJIH) OTCYeCTBEHHOM H3JAHHH C HEHY/IEBHIM HMIAKT-
dakropom (pexomennosarrom KOKCOH).

2.4 I1aTenTOCNIOCOBHOCTS: HET.

2.5 HayuHo-texumyeckuli yposenb (HoBu3Ha): Slapa cepeannbi sd-060n0uku oGnazaior
CHIIbHOH KBaIpyNoNbHO#H JedopMaunel. DT NOATBEPK/IACTCS CYIIECTBOBAHHEM B TAKHX SjIpax
BpAIATENBHBIX NIOJIOC H YCHICHHEM S/ICKTPOMArHHTHBIX E2 epexofioB Mexiy WX wienamu. B
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HACTHOCTH, Y HETHO-UETHBIX sep, TAKHX Kak “Mg u 2*Si aGmonaiores nonocs: (0%, 2°, 4%...),
noctpoennsie Ha ocHOBHEIX (07) coctosmusx. Takue cocrosmis d>(dEKTHBHO 3acensiorcs B
KYJIOHOBCKOM BO30YKIEHHH, B PacCessHHH /IEKTPOHOB H 4IPOHOB C MAccoii actHu a > 1, 4to
JenaeT  yKasaHHble ~ NPOLECCEI  OCHOBHBIM  MHCTPYMGHTOM  HCCUE/OBAaHHA  CBOHCTB
ZnedopmupoanEIX snep. Pacuersi no Metoay Xaprpu-®oka yKasslBaloT Ha TO, 9TO PAX suep Sd-
0GONIO4KH B CBOMX OCHOBHBIX COCTOSHHAX NOMHMO KBAIDYNOTBHOM JIOTKHBI HMETh H
rexcajiekano/ibiyio aeopmamiio. TIpH CHIBHEIX Mepexofax Mexy WIEHaMH BpALIATe/bHBIX
nonoc dpdexTs cBs3M KananoB npuoGperaior ocoboe 3Havene. VX He ydeT npHBOAMT K
HeHIUYECKHM ~ 3HAYEHWAM NapaMeTpoB ONTHYECKHX NOTCHUMAZOB, H3BMCKAEMBIX M3
(beHOMEHONOrHHECKOTO aHATH3A YNIPYTOTO PAcCesHHA B PamKkax ONTHYECKOH MOZENMH, H K
HEBOIMOKHOCTH JIOCTH'E NPHEMIIEMOTO OMMCAHHS IKCTIEPUMEHTATLHEIX JAHHBIX KaK 110 YIPYroMy
H HEYNPYTOMY PaccesHuio, Tak H 110 PeakIaM Nepe/ay.

2.6 Mcrionb3oBanme Hay4YHO-TeXHHYECKOH MPOAYKIMH ocymecTsasetes: Menonuutenem u
3aKa3yMKoOM COIIaCHO 3akoHoAarenseTsy PK.

2.7 Bua HCNIO/B30BAKHASA pe3y/IbTaTa HayqHON H (H/IH) HayqHO-TEXHHYECKOH IeATENbHOCTH:
B (yHIAMEHTATBHEIX HCC/ICIOBAHHAX B 001ACTH AACPHOH PH3HKH,

3. Hanmenosanie pabor, CPOKH HX Pea H3auum U Pe3yIbTaThi

llugp | Hanmenosanme paGor no CpoK BBIMOTHeHHs Osxunaembiii pesyabTaT
3ananms, | Jlorosopy u OCHOBHEIE s Fm——
STama_| 3Tambi ero BIIOJHEHHS
2020 ron

1 | Jureparyphsiit 0630p | OKTHOPB nekabpsb Byner npoBeeH
ynpyroro,  meynpyroro | 2020 2020 AuTepaTypHBI o630p
PaCCEsHHA M Apyrax OTeYeCTBEHHBIX H
KBA3HYNPYTAX MPOLECCOB 3apyGeRHBIX HaYUHBIX
npu B3aHMO/JCHCTBHA M3JaHHi N0 PACCEAHHIO HOHOB
noos °He u _amda TeTHs Ha HOKOMBIX SPax.
JacTHN ¢ AApaMu Mg 1

*Si

2 | Teopermueckuit  aHamu3 | OKTAGPH nekabphb Byzer nposeieH
JIaHHBIX paccesHus HOHOB | 2020 2020 TEOpPEeTHHECKHI aHau3
‘He n mmba vacTHIL ¢ TIPOILECCOB AcCEiA HOHOB
spanit Mg remus ma spe ‘Mg, Gyayr

onpezenens napaMeTpsl

ONTHYECKOTO MOTEHIMANTA

TnapameTph! e opmatii.
2021 roa

3 | Teoperuueckuit  ananu3 | susapb 2021 |mapr 2021 Byner nposeaeH
)mmux paccesiHus HOHOB TEOPeTHYeCKHH aHanu3
He u anuj)a 4acTHIl TIpOLIECCOB accesHHA HOHOB
AnpaM# 28 renMs  Ha  supe 2si,

onpezeneHst napameTphl
ONTHYECKOTO MOTEHUHATA W
napaMeTphl Aeopmatii.

4 | Teopernueckuit  anamus |anpens 2021 |monb 2021 | Byner npoBezeH
JaHHBIX peakumH TeOpeTHYECKHit aHaTH3
(*He,*He) ¢ suxpamu **Mg JaHHBIX })eaxu.nu (He,'He) ¢

aapamu “‘Mg MeToziom CBA3H
KaHaoB, onpezeneHo
BIHAHAS KOJUTEKTHBHO#
TPHPOALL BO3OYKICHHBIX
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Abstract Differential cross sections of elastic and inelas-
tic scattering with excitation of states of the rotational band
of the ground state of Mg were measured at an a-particle
energy of 50.5 MeV and *He 60 MeV. The angular distri-
butions were analyzed using an optical model and a coupled
channel method. A number of potentials with significantly
different geometries are obtained, which describe well the
elastic scattering at the measured angular range. The col-
lective model was used in the calculations via the coupled
channel method. In addition to the ground state, three low-
lying states of 2*Mg, 2% (1.368 MeV), 41 (4.122 MeV), and
4.238 MeV (27), were included in the coupling scheme. The
values of quadrupole (8) and hexadecapole (B4) deforma-
tion parameters were extracted. According to the analysis of
scattering of a-particles, they are 0.52 and 0.05. For *He,
they are 0.75 and 0.07, respectively. The extracted parame-
ters correspond to the previously obtained values from the
scattering of protons, deuterons and a-particles.

1 Introduction

The nuclei of the middle of the sd-shell in the mass region
A = 20-30, despite the relatively small number of nucle-
ons, have a well-pronounced quadrupole deformation. This
is reflected by the presence of rotational bands with strong E2
transitions between their members. Thus, the low-lying states
of 2*Mg are well described by the collective model. They
are effectively populated in the Coulomb excitation [1], in
inelastic scattering of electrons [2], protons [3-5], deuterons
[6,7], and heavier nuclei. For strong quadrupole transitions,
channel coupling effects are of great importance. Neglecting

4 ¢-mail: nespad @mail.ru (corresponding author)

Published online: 13 April 2021

these effects leads to nonphysical values of the parameters of
the optical potentials, extracted from the phenomenological
analysis of elastic scattering in the framework of the opti-
cal model. In this case, it becomes impossible to obtain an
acceptable description of the experimental data on scattering
and transfer reactions.

Scattering of -particles is one of the most effective means
of studying the properties of deformed nuclei. This is pri-
marily due to the absence of a spin—orbit term in internuclear
interaction potential. Second, for the 20Ne, 24Mg, 288i, and
328 nuclei having structure consisted from a-particles, spins
and isospins have zero values. In this case the inelastic scat-
tering is selective to the isoscalar transitions with excitation
of states with normal parity (07, 2T, 47, etc.) at zero values
of transferred spin and isospin (AS =0 and AT = 0). It is not
surprising that the largest number of publications is devoted
to scattering of a-particles. The differential cross sections of
elastic scattering were measured at a fairly wide angle and
energy range ( E, = 14-240MeV) [8-13]. The main problem
arising in description of the angular distributions at energies
less than 50 MeV was to explain the effect of anomalous scat-
tering at large angles. The attempts were made to achieve a
better description of the experimental data by choosing the
shape of the optical potential, introducing the /-dependent
imaginary part, and the contribution of compound nucleus.
These attempts were unsuccessful and failed to provide a
consistent and theoretically substantiated description of scat-
tering in a wide range of targets and energies at the full angle
range. The same result was obtained for *He upon interac-
tion with sd-shell nuclei, and, in particular, with 2'/'Mg and
288i. The elastic scattering of *He was studied at energies of
13-27 MeV [14,15], 36 MeV [16,17], and 130 MeV [18] and
analyzed within the framework of an optical model. Only in
[18-23] did the measurements include inelastic scattering,
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which made it possible to extract the values of deformation
parameters from the analysis of measured angular distribu-
tions. However, in [19-25], the analysis was carried out by
the distorted wave Born approximation method. The disad-
vantage of this method is that it does not take into account the
effects of channels coupling. Moreover, the DWBA predic-
tions demonstrate the complete inadequacy of the analysis
of the cross sections at transitions to states 4™ for determin-
ing Bs. In this scenario, the coupled reaction channel method
is the most adequate for the analyzing experimental data on
scattering and reactions for strongly deformed nuclei.

An analysis of the data on scattering of a-particles and
3He by 2*Mg nuclei was carried out in [21-24]. The extracted
values of the quadrupole deformation parameter in different
experiments are in good agreement with each other (8, ~
+0.4). Theoretical estimates [26,27] show that a number of
nuclei in the middle of sd-shell in the ground state should
have a hexadecapole deformation in addition to quadrupole
deformation. However, there is no convincing experimental
evidence for this yet. The values of hexadecapole deforma-
tion parameters for sd-shell nuclei derived from the analysis
of angular distributions of inelastic scattering, extracted by
different authors, are quite contradictory and have the signif-
icant scatter in the range from 4 =+ 0.0 to B4 =+ 0.3.

The present work is devoted to study of elastic and inelas-
tic scattering of a-particles and *He by >*Mg nuclei at ener-
gies of 50.5 and 60 MeV, respectively. The cross sections
of transitions to the low-lying states of rotational band of
ground state of 2*Mg have been measured. The aim of the
study is to extract the values of parameters of quadrupole and
hexadecapole deformations using a coupled channel method.

2 Experimental procedure and measurement results

The measurements were carried out at the U-150M isochro-
nous cyclotron of the Institute of Nuclear Physics (Almaty,
Kazakhstan) with extracted beams of *He and a-particles
accelerated to energies of 50.5 MeV («) and 60 MeV (*He).

The target was a self-supported magnesium foil with a
thickness of about 0.5 mg/cm? with enrichment up to 99% in
24Mg. Its thickness was determined by measuring the energy
loss of a-particles from radioactive source. The error of the
target thickness was about 8%. The scattered *He and a-
particles were detected and separated from other charged
reaction products using the standard technique (AE — E)
with a telescope of counters consisted of two silicon detec-
tors with thicknesses of 100 um (AE) and 2 mm (E). The
total energy resolution was about 500 keV and was mainly
determined by energy spread in the beam, by the target thick-
ness, and by the measurement angle. Typical energy spectra
of scattered He (upper) and a-particles (bottom) are shown
in Fig. 1. The energy resolution in this experiment did not
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Fig. 1 Energy spectra of *He (upper) and a-particles (bottom) scat-
tered by >*Mg at the energies of 60 and 50 MeV, respectively

allow resolving the 4.12 MeV (47)—4.24 MeV (2*) doublet
of states.

Differential cross sections for elastic and inelastic scat-
tering were measured in the angular range of 10°-170° (-
particles) and 10°~120° (*He) in the laboratory system. The
measured angular distributions are shown in Fig. 2.

As can be seen from the figure, their shape is typical for
the rainbow scattering. At small angles, the diffraction struc-
ture is observed, which decays with angle increase and turns
into the wide maximum at angles of 60° (®He) and ~ 90°—
100° (a-particles), followed by a monotonic decrease. The
diffraction structure appears again at angles greater than 130°
in scattering of «-particles. As can be seen from the figure,
the inelastic scattering cross sections oscillate out of phase
with the elastic scattering, which corresponds to the phase
rule for positive parity levels.

The beam current was measured using a Faraday cup. The
error occurred due to emission of charged particles, leakage
currents and electromagnetic effects. It did not exceed 1%.
The relative errors in measured differential cross sections
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Fig. 2 Angular distributions of elastic and inelastic scattering of a-
particles at 50.5 MeV (upper) and 3He at 60 MeV (bottom)

were determined mainly by statistics of counts and were 3—
4% for the cross sections higher than 1 mb/sr and did not
exceed 10%. They are smaller than the size of the dots in the
figure. The errors in the absolute value of the cross sections
were about 15% and, in addition to statistics, were deter-
mined by uncertainties in the thickness of target (8%), at the
solid angle (2-3%), and the number of incident particles on
target (1%).

3 Analysis and dicussion of results

3.1 Optical model analysis. Elastic scattering and optical
potentials

In this work, the task was to research the optical potentials
that best describe elastic scattering of a-particles and *He by
2*Mg nuclei at energies of about 50-60 MeV. The analysis

was carried out within the framework of the optical model. In
the calculations, the phenomenological potentials were used
with volume and surface absorption in the form

d
Ur)=-Vf(x) —in[(Xw) _4WDE(X(I)1| + Ve ().
(1)

Here f (x;) is the Woods—Saxon form factor with geometric

parameters of radius R; = riA'/3 and diffuseness a; (i=V,
W, D):
— i A3NT!
1) = [l + exp<7r i )] . @
ai

V, W, Wp are the depths of the real and imaginary poten-
tials with volume (W) and surface (D) absorption, which are
responsible for nuclear interaction. V¢ is the Coulomb poten-
tial of a uniformly charged sphere with radius R¢ = rcA'/3.
The calculations were performed using the SPI-GENOA pro-
gram [28]. In the process of searching of the optimal values
of potential parameters, the data from the literature obtained
in earlier studies of elastic scattering at different energies
were used as starting points.

The found potentials and corresponding volume integrals
of the real (Jy/aA) and imaginary (Jw/aA) parts, normalized
to a pair of interacting particles, are given in Table 1. Figure 3
shows the comparison of calculated and experimental data for
elastic scattering of a-particles and *He by 2*Mg nuclei.

It can be seen that all potentials from Table 1 reproduce
quite well the features of the structure of angular distribu-
tions of both -particles and *He at measured angular range,
despite the fact that the volume integrals of the real part
(JylaA) vary over the rather wide range from 200 to 600
MeVfm?.

The characteristic feature of measured angular distribu-
tions is a pronounced nuclear rainbow effect, which are man-
ifested by the presence of diffraction structure at angles less
than about 60° and structureless decay of cross sections with
increasing of the scattering angle up to about 120°. The inter-
pretation of the observed picture becomes more transparent
in a semiclassical scheme. In this case, the differential cross
section at a certain angle is determined by the contribution
of trajectories corresponding to scattering at the near and far
edges of nucleus. Figure 4 demonstrates an example of the
decomposition of total theoretical cross section for elastic
scattering of «-particles into near and far components with
potential A7 from Table 1. It can be seen that in the angular
range of 50°~110° the experimental cross sections are almost
completely reproduced by the “far” component, and at small
and largest angles, where the amplitudes of both components
are comparable, pronounced oscillations are observed which
is due to the interference of both amplitudes.
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Fig. 3 The elastic scattering of a-particles (upper) and *He (bottom)
by 2*Mg nuclei. Points are for experiment, curves for calculation using
optical model with potentials taken from Table 1
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Fig. 4 Elastic scattering of a-particles by >*Mg at an energy of 50.5
MeV. Dots are an experiment. The curves show the cross sections calcu-
lated by optical model with the decomposition of total cross section into
the far and near components. The solid curve is full cross sections. The
dashed and dotted curves are the far and near components, respectively

These results are in good agreement with the data of [29],
where the scattering of a-particles (50.5 MeV) and 3He (60
MeV) by '°0 nuclei was studied. The measured angular dis-
tributions also clearly show the effects of nuclear rainbow,
which are manifested in the existence of Airy minima in the
region of angles 80° (for a-particles) and 40° (for 3He).

The radial dependences of the real and imaginary parts of
given in Table I nuclear potentials are shown in Fig. 5.

It is seen that the values of the real and imaginary parts of
potentials differ greatly from each other both at small (r < 4
fm) and large (r > 7 fm) distances. But for r = 6 fm, they are
equal. Vo = V3, = W3y, =4 MeV and W, = 1.5 MeV. It
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Fig. 5 The radial dependences of the real (V) and imaginary (W) parts of nuclear potentials taken from Table 1

should be noted that the value of imaginary part of potential
at the radius of r = 6 fm for «-particles is 2-3 times less
than for *He. The most natural explanation is that the alpha
particle is a much more stable system than 3He. Its binding
energy is 28.298 MeV, while for 3He it is only 7.718 MeV.
The region near r = 6 fm corresponds to the strong absorption
radius Rg4 = 6.05 fm, determined according to [30] by the
expression:

Tsa +1/2\ T2
R3A=%(1+[1+(SAT+/) ] ). (©)]

where k = /2mE/T and n = Z,Ze? is the Sommerfeld
parameter.

L is a partial wave for which the absorption coefficient
along the moving on the Rutherford trajectory is 7 = 1| S, |
= 0.5, where | S| is the modulus of the S-matrix element for
the partial wave L. This condition is fulfilled at L = 16.

3.2 Coupled channel analysis

The description of anomalous scattering at large angles on
such deformed nuclei as 2*Mg requires correct accounting
and modeling of the influence of inelastic channels. There-
fore, coupled channels scheme is the most suitable method for
data analysis. But here it is very important to choose the chan-
nels that make the dominant contribution to the cross section
of the process. In the case of 2*Mg, despite its a-like struc-
ture, the contribution of the a-particle transfer mechanism is
expected to be small. In this, the situation is fundamentally
different from scattering by nuclei with a pronounced clus-
ter structure (°Li, 'Li, “Be), where the binding energy of the
a cluster is very small (¢ ~ 1.5-2.5 MeV). The analysis of
scattering by such nuclei shows that no reasonable potentials
can explain the scattering at large angles, and only a direct
account of the exchange mechanism with the transfer of a-
particle by the DWBA method or by the coupled channel
method makes it possible to achieve an acceptable descrip-
tion of the experiment. This has been shown in numerous
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works. In the case of 2*Mg, the a-particle transfer mecha-
nism should not play an essential role. First, the a-particle in
the >*Mg nucleus is rather strongly bound (¢ = 9.32 MeV),
and secondly, the transfer with the a-particle exchange is
possible in the heavy stripping reaction **Mg(er,2*Mg)a with
transfer 2’Ne or in the two-step process >*Mg(e,*Be)**Ne—
20Ne(®*Be,a)**Mg. They should not make a big contribution
and somehow affect the calculations by the coupled channel
method. Therefore, in our case, we took into account only
effects of nuclear deformation.

It is assumed that the interaction, following the defor-
mation of nuclear surface, is described by optical potential
V(r, R(9')) with the radius parameter R(9"), which depends
on the polar angle 6’ in a fixed coordinate system. In the case
of axial symmetry, the parameter R(9") can be represented as

R©) = Roll + 2Y20(8") + B4Yao(6)], 4)

where 8, and B4 are the parameters of quadrupole and hex-
adecapole deformations. The coupling scheme shown in
Fig. 6 includes four 2*Myg states: ground (0%) and excited
states 1.368 (27), 4.122 MeV (4%), and 4.238 (2*), taking
into account the reorientation of spins of the excited states.

The levels 1.368 (21), 4.122 MeV (4) are members of
the rotational band of ground state (K = 0%). Level 4.238
(2) is the founder of the K = 2% band. The quadrupole and
hexadecapole deformations, characterized by the parameters
B> and By, respectively, were taken into account.

In our calculations, only the deformed real potential is
realized, because such potential was used in most studies on
the scattering of light particles. This makes it easier to com-
pare our results with existing data. On the other hand, the
question arises to what extent the deformation of the imag-
inary potential is justified from the physical point of view.
The calculations were performed using the FRESCO pro-
gram [31] and optical potentials from Table 1. In this case,
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the depths of imaginary part (W) of potentials in Table 1 were
reduced by about 10 MeV in order to obtain better descrip-
tion of the experimental cross sections of the scattering of -
particles at large angles via the coupled channel method. The
need to reduce the depths of the imaginary potentials is due to
the fact that the potentials found by the optical model already
take into account the channel coupling effects through their
imaginary parts. Therefore, calculations with them by the
coupled channels method underestimate the cross sections
at large angles, which leads to incorrect determination of the
deformation parameters. The deformation parameters 8, and
Ba were obtained by comparing the calculated cross sections
with experimental data. The comparison of the calculated
cross sections with experimental data is shown in Fig. 7.

In the region of forward hemisphere, the calculated cross
sections for both elastic and inelastic scattering are in good
agreement with the experimental data for all optical poten-
tials given in Table 1. At large angles, the angular distribu-
tions for the ground and the first 2% state are reproduced
quite well. However, for the doublet of states 4.12 (47)—4.24
(2%) MeV in scattering of e-particles at the backward hemi-
sphere, an acceptable description of angular distributions was
achieved only with the A4 potential. Perhaps this is due to
errors in the estimation of contribution to the doublet of its
members. At the bottom of Fig. 7 the calculations of angular
distributions for the transitions to the 4.12 (41) MeV and
4.24 (2%) MeV states with the A4 potential are shown. It can
be seen that at small angles, the 2% state makes the main
contribution to the doublet, and at large angles, the 4* state.

The parameters of quadrupole deformation B, were
extracted from the comparison of calculated cross sections of
inelastic scattering with experimental data at forward hemi-
sphere. The values of the parameters of quadrupole (8,) and
hexadecapole (B4) deformation together with the correspond-
ing deformation lengths (82, 84) are given in Table 2 for all
potentials from Table 1. It is seen that the extracted values
of deformation parameters strongly depend on the optical
potentials used in calculations. The average values obtained
from scattering of the a-particles are 2 = 0.52 and B4 = 0.05.
Analysis of *He scattering gives slightly larger values: f2 =
0.55 and B4 = 0.07. It should be noted that although the aver-
age values of B, derived from the analysis of the scattering
of a-particles and *He differ by a factor of 1.5, their values
for the potentials A4 and H3, which give the best description
of the experimental data, are close.

The calculations have shown that the values of the hex-
adecapole deformation parameter 4 and its sign have prac-
tically no effect on the cross sections of transitions to the
ground (0%) and excited E, = 1.37 MeV (2%) states, which
reduces the accuracy in determining this parameter from
the analysis of angular distributions of these transitions. An
additional uncertainty is introduced by the need to take into
account the two-step excitation mechanism of the 4+ state
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Fig. 7 The angular distributions of elastic and inelastic scattering of
a-particles with an energy of 50.5 MeV and *He with an energy of
60 MeV by >*Mg nuclei with excitation 1.37 MeV (27) state and the

doublet of states 4.12 MeV (47)-4.24 MeV (2*). Points are the exper-
imental cross sections, curves are the calculations using the coupled

channel method with potentials from Table 1
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Table 2 Deformation lengths
(82, 84) and deformation L ﬁ: 4 ‘;"n b2 ‘::ﬂ Pe
parameters (B2, Ba) of
deformations, extracted from the Al 3.78 25 0.66 02 0.05
analysis of angular distributions N - : ) o
of elastic and inelastic scattering A2 332 L7 051 02 0.06
of a-particles and *He by Mg A3 522 17 032 02 0.04
nuclei via the coupled channel Ad 325 24 073 02 0.06
method us}ng optical potentials AS 444 7 038 02 0.045
presented in Table 1
Ba(average) = 0.52 0.2 Ba(average) = 0.05 0.3
H1 2.34 2.0 0.85 02 0.08
H2 2.97 2.0 0.67 02 0.07
H3 2.84 2.0 0.70 02 0.07
H4 3.18 25 077 02 0.06

Pa(average) = 0.75+ 0.2

Ba(average) = 0.07 £ 0.03

1000

“Mg+a, E =1.368, 2" = exp
——A3, p,=+0.32

- - - A3, p,=0.32

do/dQ, mb/sr
3

01k

001 | L L L ! L ! L J
0 20 40 60 80 100 120 140 160 180

0., deg.

Fig. 8 The comparison of calculated and measured cross
inelastic scattering of a-particles by 2*Mg with the excitation of E,
=1.37 MeV (27) state. Points are experimental cross sections; curves
are the coupled channels calculations with potential A3 from Table 1
and deformation parameters 8> = +0.32 (solid line) and B> = —0.32
(dashed line)

(0F—2+—47), the coupling between levels 4.122 (4*) and
4.238 (21), and aninsufficient energy resolution in the exper-
iment.

To check the sensitivity to the sign of quadrupole defor-
mation in our analysis, the angular distributions of inelastic
scattering were calculated with excitation of the 1.368 (2*)
state with the A3 potential from Table 1 for different signs
of deformation parameters . The result is shown in Fig. 8.
It can be seen that the sign of quadrupole deformation does
not affect on the cross sections at the angle region of forward
hemisphere, but at large angles (6 > 100°), the calculated
cross sections for B2 = —0.32 (dashed line) are approxi-
mately 30% lower than the cross sections for 82 = +0.32
(solid line).
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Thus, the analysis shows that the best description of exper-
imental data is achieved with the positive sign of quadrupole
deformation, which is evidence in favor of the prolate shape
of the 2*Mg nucleus and agrees with results of earlier study
for the °Ne nucleus [32]. Similar calculations performed
with different signs of the hexadecapole deformation param-
eter (B4 = £ 0.04) which indicate that the sign has practi-
cally no effect on the value of cross sections at the angle
region of forward hemisphere, and at large angles for the
negative sign f4, the cross sections increase by no more than
2%.

The values of the parameters of quadrupole and hexade-
capole deformations extracted from our analysis can be com-
pared with previously obtained values from the scattering of
protons [3,4,33] (B2 = +0.48, 0.58, B4 = -0.02, -0.03), of
deuterons [7] (B2 = +0.40), a-particles [26,34] (B> = +0.32,
0.39, B4 = —0.02, —0.077) and compilation results [35] (8
=+0.609). Recently, the deformation parameters B, =+ 0.43
and B4 = —0.11 were found from an experiment on quasi-
elastic scattering of 2*Mg + %Zr at energies near Coulomb
barrier [36]. The theoretical predictions made on the basis of
the Finite Range Droplet Model give the values > =+ 0.374
and B4 = —0.053 [37]. Our analysis results are close to the
above values. However, we failed to determine the sign of
the hexadecapole deformation, since the energy resolution
in this experiment was insufficient to separate the 4.122 (4*)
and 4.238 (2) states of the 24Mg nucleus.

All optical potentials used in the calculations and pre-
sented in Table 1 give an equally good description of
the measured cross sections for both elastic and inelastic
scattering at the angles of the front hemisphere, despite
the fact that their volume integrals, as noted above, dif-
fer significantly. This is explained by the fact that at
distances corresponding to the radius of strong absorp-
tion (Rga), the values of the found potentials coincide.
Thus, the difference in the structure of theoretical angu-
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lar distributions in the region of medium and large angles
is largely determined by the radial dependencies of the
potentials at small (r < Rsa) and large (r > Rga) dis-
tances. As can be seen from Fig. 3, the best description
of the scattering of a-particles in the full angular range
is given by deep potentials A2 and A4 which have close
radial dependencies at r < Rgy4, both for the real and
the imaginary parts of the potentials. The noticeably bet-
ter description of the excited states of *Mg, obtained for
the A4 potential, can be associated with the fact that the
radial dependence of its imaginary part outside the strong
absorption radius has a steeper decline than for the A2
potential.

4 Conclusion

Differential cross sections for elastic and inelastic scattering
with excitation of the states of rotational band of the ground
state of 2*Mg at an a-particle energy of 50.5 MeV and a
3He energy of 60 MeV were measured. The angular distri-
butions were analyzed using an optical model and a coupled
channel method. The calculations used the phenomenologi-
cal Woods—Saxon potentials, the parameters of which were
chosen within the framework of an optical model from the
condition of the best description of experimental data on elas-
tic scattering. The volume integrals of the real part of the
obtained potentials, normalized to a pair of interacting par-
ticles (Jy/aA), have the significant scatter within 200-600
MeVfm?. It is shown that the values of the real and imagi-
nary parts of potentials differ greatly from each other both at
small (r < 4 fm), and at large (r > 7 fm) distances.

A collective model was used in the calculations carried
out within the framework of coupled channel method. In this
case, for the best description of experimental cross sections
for scattering of «-particles at large angles, the depths of
imaginary part of the potentials were reduced by about 10
MeV. The coupling scheme included the members of rota-
tional band of the ground state of 2*Mg: 07 — 2% (1.368
MeV) —4+ (4.122 MeV) and the level 4.238 (27), which is
the founder of the band K =2*. Both quadrupole and hexade-
capole deformations were taken into account. The obtained
values of the deformation parameters strongly depend on
optical potentials used in the calculations. The average val-
ues from scattering of «-particles are 8, = 0.52 and B4 =
0.05 and from the scattering of *He B, = 0.75 and B4 = 0.07.
The analysis showed that the sign of quadrupole deforma-
tion does not affect on cross sections at angle region of the
forward hemisphere. But at large angles (¢ > 100°) with a
negative value of B, the calculated cross sections are approx-
imately 30% lower than with a positive value of f>. This is
less in agreement with experiment and is some evidence in
favor of a positive sign of deformation. The values of parame-

ters of quadrupole and hexadecapole deformations extracted
from our analysis do not contradict previously obtained val-
ues from the scattering of protons, deuterons, and a-particles.
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1. NUCLEAR PHYSICS
KBA3HYIIPYTHE IPOLEECCHI TTPH B3AUMO/IEHCTBUH HOHOB *He C SIIPAMH Mg

Caowixos BM. !, Koaowéaes TK. ', Hacypiia M., JlyiiceGacs BA. ',
Bypmeaesa 1, Man A.H. ', Cakyma C.B.

Waeruryt Slaeproit Dk, Anmatsl, Kasaxceran;
HaunonasHbiii ueeeopareseii entp «Kypuatonckuii unerityt, Mocksa, Poccus

HlCei1e:10BaNINS TDOLECCOB BIANNOACHCTBIN HACTIHLL 1 SA€D € SAPAMH ABIAETCH OLHIN I3 OCHOBHIX HATIDABACHHTE
JACPHOM (IMKI  CBASAHO C TIOYMCHHCN HOBLIX AQHHBIX O CTPYKTYDHbIX CBOFCTBAX SUIEP W MEXAHIIMAX AACPHBIX
peakinit, B HACTOAIE]i paGOTe Gt HPOBEIEH TCOPETHIECKI AHATHS TI0:IYHEHHbIX PAHEe JKCTIEPHMEHTAILHbIX JAHHIX
110 peaun (*He, @) Ha supe **Mg.

T3Mepenis IPOBOAIIHCH HA H3OXPOHHOM WIKIOTPORE HHCTHTYTa SAEPHOH USHKH 1DH SHEPTHH HOHOB re:iis
60 M>B. B KasiecThe S1pa-MHIICHH HCTIOAL30BAIACH CAMOHECY L2, WIOTOB/IEHHAR METO10M TEPMHHECKOTO HENAPEHIS,
ToNKas n7eHKa 13 oGoraientioro wsotona *Mg — 99,1 % co cpeaneit apdexTusioi Tomwoi | wr/es’. Tomumia
\HLICHH OMPCAETATACH METOZIOM B3BCUIMBANIIA, & TAKAE 110 TIOTEPAM HHCPTHH G-HaCTHIL PATHOAKTHBHOTO HCTOUIINKA
241Am-243Am-244Cm ¢ TONHOCTHIO 6 — 9 %.

PeriicTpainis 1 WCHTHBUKALUIA MPOYKTOR A7CPHBIX PEAKIIMTi OCYIECTRILIACH CTICKTPOMETPIIECKIM GAOKOM,
COCTOAUINM 113 JIBYX KDEMIHEBHIX TIOAYTIPOROUIKORKIX JIETeKTOpOB: npoietiioro AE w noatoro nornouenus E.
FIcKOMbIC HOMBI OTACTATHCE OT APYTHX 3APAACHHLIX HACTHLL C TIOMOIIBIO METOMKH IBYXMepioro ananisa (AE - E) [1].

VI10BIE PACTIPEAETENHA TOAYKTOR A1CPHbX PEAKIIAI Ha HCCTETYEMOM A1PE HIMCPEHBI B UaNasoHe yriios |1-
120° ¢ ToumocTio 0,10 B TaGopaTopHoii cHETeMe KoopaHaT ¢ miarom ~ 2 — 3. TIOTHas MOTPEIIHOCTL HIMEPCIIbIX
cevernmii e npemtana 10 % , e BKIAL CTATHCTHAECKIX OIHGOK cocTanAeT (1 — 3) % 418 HEMpYToro paccesims i
NOTPEIITOCTS, KaAMBPORKH HHTErpaTopa ToKa (~ 1 %).

IKCEPUMENTATLINE JHILC AHATHIMPORATHCH B PAMKAX MCTOZIA MCKAKCHHEX BOTH C TOUNBIM YNCTOM
Kocunoro paryca mamvociicraus *Hean B npeanofo&ening mozxkata p-neitrpora o nporpasye DWUCKS [2].
TloTenmanhi  R3AMMOCHCTBNA JL14  BHIXOANONO KAHata PACCUMTAnbi 1a OCHORC TIOGATHHOMN  3aBHCHMOCTH,
yetanomennoii B pabore [3]. Tlolyueno YIOBTETRODHTETHHOC COFIACHC TEOPETHHECKHX —PAciCTOB ¢
KCTICPUMCHTATIBAH  JAHILMI 110 YIORMM  PACTPCICACHIAN NPOTYKTOR AICPNbIX —peaktutii. Ompexcieitt
(DeHOMEHOTOTHHECKHE i TOAYMHKPOCKOMHUCCKHE APAMETPh! TIOTEHITATA, CTICKTPOMCTpiHECKie aKTopi #1pa **Mg.

Jinreparypa:

Bypredacn H.T., Buorpazon A.A., Boraii AL CHCTEMa MHOTOMEPHOTO aHATI3 JUTA HECIEIORANNS AACPHIIX

peakimii wa wikoTpone MSId AH KasCCP // Wsn. AH KasCCP. Cep. dus.-var. — 1975, — No 2. — C.65-68.

2. P. Kunz. Finite range DWBA code DWUCK-S. http://spot.colorado.edu/~kunz/DWBA html, 1990.

3. Nolte M., Machner H.. Bojowald J. Global optical potential for a-particles with energies above 80 MeV // Phys.
Rev. - 1987. - Vol.C36.~ P.1312.
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