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ABSTRACT

The report 79 p., 19 fig., 4 tab., 72 ref., 3 appendixes.

PROTON RADIATIVE CAPTURE, TRANSFER REACTIONS, LIGHT NUCLEI AND IONS, ASYMPTOTIC NORMALIZATION COEFFICIENT, RATE OF ASTROPHYSICAL REACTIONS

The object of investigation is the angular distributions of the differential cross sections (DCS) for the 12C(р,()13N,16O(р,()17F, 10B(12C,13N)9Be и10B(16O,17F)9Be processes at low and ultralow energies.

The aim of the project is to determine reliable values of the reaction rates of the CNO-cycle of hydrogen burning 12C(р,()13N and 16O(р,()17F  in the stellar temperature range (0.1≤Т9(К)≤10) using the values of the asymptotic normalization coefficients of the virtual separation of a proton from nuclei 13N and 17F (denoted, respectively, 12C+p(13N and 16O +p(17F)).

The aim of this stage is measurement of differential cross sections for elastic scattering 10B + 12C at energy E = 17.5 MeV; measurement of differential cross sections of 10B(16O,17F)9Be proton transfer reactions and 16O(р,()17F reactions; analyze the experimentally obtained DCS reactions 10B(12C,13N)9Be and 10B(16O,17F)9Be; perform calculations of the reaction rates 16O(р,()17F.

Research results. Differential cross sections for elastic scattering of 10B ions by 12C nuclei at energy of 17.5 MeV were measured in a wide range of angles. As a result of the analysis, the value of the spectroscopic amplitude SA = 1.29 for the configuration 12C → 10B + d was extracted. The yields of astrophysical reactions 12C(p,γ)13N have been measured in the energy range 400-1200 keV using a modernized activation method. The spectroscopic amplitude SA = 0.6 ± 0.06 for 12C + p→ 13N obtained from the analysis of the 10B (12C, 13N) 9Be reaction at an energy of 41.3 MeV will be used to determine the astrophysical S-factor of the radiative capture reaction 12C (p,γ)13N.

The values of the squares of ANC (С17Fg.s→16O+p)2 = 0.97±0.11 фм-1 and (С17F_1Ex.st.→16O+p)2 =6150 ±850 fm-1 were extracted from the normalization of the calculated curves to the experimental values of 10B(16O,17F)9Be at an energy of 41.3 MeV with the formation of the ground and the first excited (E* = 0.495 MeV, 1/2+) states of the 17F nucleus in the front angle region. Using the established ANC values, new values of the reaction rates of 16O(p,γ)17F were obtained at a stellar temperature in the range of 10-3≤ T9 ≤10, which show a noticeable difference (up to ~ 1.2 and ~ 1.3 times) with the existing literature data.
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LIST OF SYMBOLS AND ABBREVIATIONS

In this research report, the following abbreviations and symbols are used
	ALAS
	- Anomalous Large Angle Scattering

	CRC
	- Coupled  Reactions Channels

	FRDWBA
	- Finite-range Distorted Wave Born Approximation

	ANC
	- asymptotic normalization coefficient

	DCS
	- differential cross sections

	OM
	- optical model

	OP
	- optical potential

	c.m.s.
	- center of mass system


INTRODUCTION

A reliable estimate of the rates of nuclear astrophysical processes is one of the most important problems of modern nuclear astrophysics and thermonuclear fusion (see, for example, reviews [1-4]), the solution of which requires an expanded study of exotic states of stable and unstable atomic nuclei. In addition, the properties of these states open up new opportunities for the development of promising nuclear technologies for the peaceful use of nuclear energy.

However, in the problems of nuclear astrophysics, studies of nuclear (thermonuclear) processes are complicated by the fact that in many cases, only theoretical predictions can fill in the missing experimental information on the characteristics of nuclear reactions. This is due to the fact that the interaction energy of matter in stars is relatively low (from fractions to hundreds of keV) and therefore there is no possibility for direct experimental measurements required for astrophysical calculations of the cross sections for nuclear reactions. Usually, in an experiment, measurements of the cross sections of thermonuclear processes are carried out at higher energies and then extrapolated to the low-energy energy region of interest for nuclear astrophysics.

The reliability of such a procedure is determined both by the quality of theoretical models and by the experimental accuracy of measuring the extrapolated characteristics. Therefore, improving the accuracy of measurements, decreasing the energy at which they are performed, as well as expanding the class of measurable reactions occurring on the same nuclei at a given energy, can reduce the ambiguity of theoretical analysis and narrow the uncertainties of such extrapolations [1-8].

Therefore, knowledge of the energy dependence of astrophysical S factors (S (E)) of reactions 12C(p,γ)13N and 16O(p,γ)17F at ultralow (0≤E≤50 keV) and low energies (E≤2.0 MeV) is interest in nuclear astrophysics and cosmology. This is especially important in the case of extrapolation calculations of the reaction rate 12C(p,γ)13N at stellar temperatures, where the contribution of the direct radiative capture of a proton in the calculated cross section is significant, and its estimate is tested by the value of the cross section above the second resonance. A similar situation takes place for the experimental data on S (E) for the reaction 16O(p,γ)17F at E <800 keV. As shown in [8], to correctly extrapolate S (E) of the reaction 16O(p,γ)17F with the formation of a final nucleus in the ground and first excited states to the energy range E <100 keV, it is necessary to know the corresponding value of the asymptotic normalization coefficient (ANC) for 16O + p→17F.

This report gives information on the results of the final year of SRW. At this stage, new experimental data have been obtained on the differential cross sections for elastic scattering of 10B + 12C at an energy of E = 1.75 MeV per nucleon; refined values of differential cross sections for proton transfer reactions 10B(16O,17F)9Be and yields of reactions 16O(p,γ)17F; analyzes of the experimentally obtained DCS reactions 10B (12C,13N) 9Be and 10B (16O,17F) 9Be were carried out; and also calculated the rates of reactions 16O(p,γ)17F.

The following tasks were planned for 2018: measurement of differential cross sections for the reactions 12C(p,γ)13N at an energy of 1100 keV at the UKP-2-1 accelerator (INP, Almaty); modernization of the activation technique for measuring the yields of radiative capture of protons on the beam of the EG-2 accelerator (NUUz, Tashkent); creation of an asymptotic theory of subbarrier peripheral reactions of the transfer of a charged particle A (x, y)B (x = y + a and B=A+a), where a is the transferred particle (interim report for 2018, inv. №. 0218РК00451).

The following tasks were planned for 2019: measurement of differential cross sections for the reactions 12C(p, γ)13N at energies of 1088 - 1390 keV; measurements of the yields of the reactions 12C (p,γ)13N; measurements of differential cross sections for the proton transfer reaction 10B (12C,13N) 9Be and 10B(16O,17F)9Be; perform calculations of the S-factors of the reaction 12C(p,γ)13N and 16O(p,γ)17F; perform calculations of the reaction rates 12C(р,γ)13N (interim report for 2019, inv. №. 0219RK00239)
The timetable is given in Appendix A.
A list of published related articles is given in Appendix B.
Funding volume of 12.0 million tenge for each year: 2018, 2019 and 2020
.

MAIN PART

1 Measurements and analysis of cross sections for elastic scattering 10B + 12C, reaction 10B(16O,17F)9Be, and yields of reaction 16O(p,γ)17F
1.1 Measurements and analysis of differential cross sections for elastic scattering 10B + 12C at energy E = 1.75 MeV per nucleon

Introductory part. Investigation of direct nuclear reactions occurring in collisions of 1p-shell nuclei provide information on the reaction mechanisms and the structure of nuclei. However, the analysis of such reactions requires knowledge of optical potentials, the parameters of which are usually extracted from the description of elastic scattering using an optical model. Compared to light particles, the scattering of heavy ions is characterized by a stronger Coulomb interaction and absorption. A complicating circumstance is the length of the incident particle, so that it cannot be considered pointwise, as a result of which the idea of the motion of a particle in the potential field is incorrect. Because of the stronger absorption, the colliding nuclei sense the potential only in the surface region. Another circumstance is the fact that exchange processes [9] associated with the transfer of clusters can play an important role in the scattering of heavy ions, which strongly affects the elastic scattering cross sections, leading to a significant increase in the cross sections at large angles, which cannot be explained by the optical model. This effect is commonly referred to as anomalous large angle scattering (ALAS). The description of such angular distributions within the framework of the optical model can lead to incorrect values of the extracted potential parameters. Therefore, when analyzing the scattering of heavy ions, it is necessary to take into account the contribution of exchange processes.

The role of the exchange mechanism in elastic scattering of heavy ions with the transfer of clusters p, d, t, 3He, α-particles and 6Li was previously studied in [9-17]. It was shown that in the angular distributions at large angles, the process of cluster transfer actually dominates.

Elastic scattering of 10B by 12C nuclei was previously studied at energies of 18 MeV [9,17], 41.3 MeV [18], and 100 MeV [19]. At an energy of 100 MeV, measurements were carried out only in a limited range of angles (10-40° in the center of mass system), where a well-pronounced diffraction structure was observed. The same structure was observed in the front hemisphere and in the recently measured angular distribution at an energy of 41.3 MeV [18], which is well described within the optical model. The analysis, however, showed that this model is unable to reproduce the experimentally observed rise in the cross sections at large angles, and in order to agree with the experiment, it was necessary to take into account the exchange mechanism with the transfer of the deuteron. As the beam energy approaches the Coulomb barrier, as shown by studies at an energy of 18 MeV [9], the diffraction structure in the front hemisphere disappears, but at large angles it reappears and is characterized by an increase in cross sections with increasing scattering angle. Calculations have shown that even varying the depth of the optical potential over a wide range cannot explain this growth. It should be noted that specific calculations with an estimate of the contribution of the elastic transfer of the deuteron were not carried out in [9].

The aim of this work is to study the elastic scattering of 10B by 12C nuclei at a beam energy of 17.5 MeV. The main task is to obtain information on the role of the exchange mechanism of elastic transfer of the deuteron cluster in scattering.

Experimental setup. The differential cross sections for elastic scattering of 10B ions by 12C nuclei were measured at Elab = 17.5 MeV in the range of angles 15° -165° in the center-of-mass system at the DC-60 cyclotron (Institute of Nuclear Physics of the Republic of Kazakhstan, Nur-Sultan),. Thin films of carbon 12C with a thickness of ~ 30 μg / cm2 were used as targets. The products of nuclear reactions were recorded by a telescope of counters (E-E, consisting of two silicon surface-barrier detectors from ORTEC with a thickness of 10 microns ((E) and 300 microns (E). The energy spectra of scattered particles were measured using the Win EdE programs with particle type identification [10] and MAESTRO-32 [20] without their identification. A typical 2D spectrum with particle locus is shown in Fig. 1. 
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Figure 1 –Typical two-dimensional (∆E-E) spectrum of particles, from the reaction 12С(10B,x) at energy Elab = 1.75 MeV/nucleon. The figure shows the locus of α-particles, beryllium, boron and carbon

The spectrum demonstrates good separation of reaction products by charge (Z = 2-6), which cannot be said about separation by mass. An example of the energy spectrum of scattered 10B nuclei measured at an angle θlab = 26° is shown in Fig. 2a. Measurements without particle identification were carried out in the range of angles 50-80о in the center of mass system. In this case, the MAESTRO-32 program was used to process the information [20]. An example of a spectrum obtained with this program is shown in Fig. 2b.
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	a) To the right of the peak corresponding to elastic scattering of 10B on carbon measured at an angle θlab = 26°, the peaks corresponding to scattering on impurities contained in the target are marked
	b) To the right of the peak corresponding to elastic scattering of 10B on carbon measured at an angle of 30°, the peaks corresponding to scattering on impurities contained in the target are marked, without particle identification (MAESTRO-32)

	Figure 2 – Energy spectrum of scattered 10B nuclei with target nucleus 12C an energy of Elab = 17.5 MeV


To estimate the contribution of exchange effects to the elastic scattering of 10B nuclei by 12C nuclei, we used the distorted wave method with exact allowance for the finite interaction radius (FRDWBA). It was assumed that during the interaction of 10B with 12C nuclei, the process of elastic transfer of the deuteron cluster occurs. This process is shown schematically in Fig. 3. When calculating the distortions in the input and output channels of the reaction 12C(10B,12C)B, which is physically indistinguishable from elastic scattering, the optical potential obtained at the first stage from the analysis of scattering by the optical model was used.

The angular distribution of 10B elastic scattering by 12C nuclei measured in the range of angles 15-165о in the center of mass system is shown in Fig. 4. The black dots in this figure correspond to measurements with particle type identification, blue dots without identification. Differential cross sections at angles over 100° were determined from the 12C recoil nuclei. As can be seen from the figure, in the front hemisphere in the angular distribution, a monotonic decrease in cross sections without a pronounced diffraction structure is observed, which agrees with the results of [9], in which the studies were carried out at a beam energy of 18 MeV. With an increase in the angle, a diffraction structure and an increase in cross sections appear.

The systematic error of the measured cross sections does not exceed 10%. It was determined by errors in determining the target thickness, calibration of the current integrator, and inaccuracy in determining the solid angle of the spectrometer. The statistical error was at the level of 1-5% when measuring in the angles of the front hemisphere and increased at large angles, but never exceeded 10%. These errors are not larger than the size of the experimental points shown in Fig. 4.
Analysis of 10B+12C scattering by the optical model and the method of distorted waves.
At the first stage, the data on elastic scattering were analyzed within the framework of the standard optical model (OM) of the nucleus, in which the influence of inelastic channels is taken into account phenomenologically by introducing an imaginary absorbing part into the interaction potential between colliding nuclei. In this case, the total potential of interaction with bulk absorption has the following form:
[image: image7.png]U(r) = —Vf(xy) — iWf(ey) + Ve(r)
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where V and W are the depths of real and imaginary potentials, and their radial dependence is described by the Woods-Saxon form factor:
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, i= V, W, C, Ap and At , are the mass numbers of the incident particle and target nucleus.

VC(r) is the Coulomb potential of a uniformly charged sphere of radius RC. The calculations used the parameter rC = 1.25 fm.

The cluster wave function of the bound 1D state of the deuteron in the 12C nucleus (10B+d) was calculated using a real Woods-Saxon potential with a reduced radius rV = 1.25 fm and diffuseness aV = 0.65 fm. The potential depth was found by fitting to the cluster binding energy (ε = 25.186 MeV).
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Figure 3 – Schematic representation of the process of elastic transfer of a deuteron in the reaction 12C (10B, 12C) 10B
Differential cross sections, taking into account the contribution of the exchange mechanism, were calculated as the coherent sum of two processes, including elastic scattering and the deuteron transfer reaction according to the following formula:
[image: image14.png]= 1fu(8) + SAfer ( — O)I’



 ,                                                 (1.3)

where SA is the spectroscopic amplitude, fel(θ) is the potential scattering amplitude, and ftr(θ) is the elastic deuteron transfer amplitude. In the region of intermediate angles, where the cross sections of potential scattering and elastic transfer are comparable in magnitude, the structure of angular distributions is determined by the complex interference of both processes.

The discussion of the results. Calculations both by the optical model and by the distorted wave method (FRDWBA) were carried out using the FRESCO program [21]. Table 1 lists the optimal parameters of the potential found when describing the data within the optical model. They differ from the parameters obtained in [10] when describing experimental data at an energy of 18 MeV, in fact, only by the depth of the imaginary part (W).

Table 1 – Optimal parameters of the potential for the 10B + 12C system at an energy of 17.5 MeV
	Elab,17.5 MeV
	V (MeV)
	rV

(fm)
	aV

(fm)
	W

(MeV)
	rW
(fm)
	aW

(fm)
	References

	OM
	100
	1.19
	0.48
	35
	1.26
	0.22
	Present Work

	OM
	100
	1.15
	0.5
	10
	1.3
	0.22
	[9,17]

	OM+DWBA
	100
	1.19
	0.48
	35
	1.26
	0.22
	Present Work


Comparison of the calculated cross sections with experimental data is shown in Fig. 4. The black solid curve in the figure corresponds to Coulomb scattering. It can be seen that the experimental cross sections deviate significantly from the Rutherford ones around an angle of 25°. If a monotonic decline without pronounced oscillations is observed in the front hemisphere, then a diffraction structure appears at large angles (> 100о), and with a further increase in the angle, an increase in cross sections is observed. The optical model (green and brown curves) does not explain these features.

Agreement with experiment can be achieved only by taking into account the contribution of the exchange mechanism with deuteron transfer. When calculating the cross sections in this case, the value of the spectroscopic amplitude (SA) for the 2H+10B configuration was a free parameter and was determined from a comparison of the calculated cross sections with experimental ones. The best description of the experimental data is achieved at SA = 1.29. This value corresponds to the previously obtained result (SA = 1.375) in the study of scattering at an energy of 41.3 MeV [10] and is in agreement with the theoretical value SA = 1.53, calculated within the framework of the translation-invariant shell model [22].
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Points - experiment (see text). Curves: black - Coulomb scattering, green - calculation by the optical model, brown - calculation by the optical model with the potential from [9], red - calculation taking into account the exchange mechanism with deuteron transfer
Figure 4 – Angular distribution of 10B elastic scattering by 12C nuclei at Еlab = 17.5 MeV
Conclusions. Elastic scattering of 10B ions by 12C nuclei was studied at energy of 17.5 MeV in a wide range of angles. The analysis of the measured angular distribution was carried out using the FRESCO program. The program took into account both elastic scattering, calculated using the optical model of the nucleus, and the mechanism of exchange with the transfer of a deuteron cluster, calculated by the method of distorted waves with a finite radius of interaction (FRDWBA). It is shown that the optical model is unable to explain the rise of the cross sections at large angles. Agreement with experiment can be achieved only by taking into account the exchange mechanism with deuteron transfer. In the calculations of both elastic scattering and the transfer reaction, the same potential was used. As a result of the analysis, the value of the spectroscopic amplitude SA = 1.29 for the configuration 12C → 10B + d was extracted, which is in good agreement with the results of studying elastic scattering at an energy of 41.3 MeV and with calculations within the framework of the translation-invariant shell model. The extracted value indicates a high degree of 12C clustering with a 10B + d structure.
1.2 New data on the yield of reactions 12C, 16O (p, γ) obtained by a modified activation method

Introductory part. To obtain reliable values of the rates of astrophysically important nuclear reactions, and in particular, the radiative capture of a proton by 12C and 16O nuclei, it is necessary to obtain data on these reactions at the lowest possible energies by various experimental methods. Both of these processes play an important role in the process of stellar nucleosynthesis and energy release. For example, the reaction 12C(p,γ)13N in the initial phase of the CNO-cycle until equilibrium is reached, controls the formation of 14N in the subsequent course of this cycle. This is important because the capture of a proton by this nucleus, 14N(p,γ)15O controls the cycle rate and energy release at solar temperatures. The reaction 16О(p,γ)17F - one of the links in the CNO-cycles of hydrogen combustion, plays an important role in the evolution of stars belonging to the so-called Asymptotic Giant Branch (AGB [23]), to which the Sun also belongs. A reliable determination of the rate of radiative capture of a proton by a 16O nucleus will make it possible to understand the reasons for the anomalous 17O/16O ratio in light AGB stars. In addition, the 16O(p,γ)17F reaction is an excellent test of the reliability of the ANC method for calculating the S-factors of direct radiative capture.

Precise measurement of the yields of radiative capture of a proton by light nuclei, extrapolation of their energy dependence in the region Ер << 1 MeV and comparison of the reaction rates calculated from the yields and total S-factors will significantly increase the reliability of such data in the energy range inaccessible to laboratory measurements.

For the radiative capture of a particle by a nucleus A, A + a → B + γ, the reaction yield at the incident particle energy E is determined by the expression:
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where nA is the concentration of nuclei A in the target material, fx(E') is the function of the specific ionization losses of the beam particles per unit length in the target material, σA+a→B(E´) is the total reaction cross section.

There is a large amount of data in the literature on measurements and analysis of astrophysical S-factors of reactions 12C(p,γ)13N and 16O(p,γ)17F at low energies (see review [24] - '' NACRE '' compilation, review [1], work [6] and the references contained therein). However, the data on the yields of the reaction 12C(p,γ)13N were available only in separate energy ranges, and had large experimental errors. For the reaction 16O(p,γ)17F, we did not find any literature data on yields in the energy range Ер <2 MeV. In this regard, we undertook measurements of the yields of the reactions 12C(p,γ)13N and 16O(p,γ)17F in the range of relative energies Ep <1 MeV.

Measurement technique and experiment. For the measurement, we used a variant of the activation technique developed by us earlier [25] and later modified [26] to determine the yields of YB(E) by registering coincidences of annihilation gamma quanta during the formation of a β+ - active final nucleus.

The principles and features of the used technique are described in detail in [27]. An experimental setup that implements the developed modified activation method was created at the EG-2 "SOKOL" electrostatic accelerator of the National University of the Republic of Uzbekistan (Tashkent). Of fundamental importance is the cyclical repetition in the automatic mode of target irradiation and then registration of annihilation quanta with preset irradiation and measurement periods. The durations of the periods are optimized to improve the ratio of useful and background events, and the accumulation of counts of the integrator of the beam current and counts of annihilation quanta in each period is divided into gradations (indices i and j, respectively) to take into account the variation of the beam intensity with time and determine the half-lives of the final nuclei.

The total number of cycles is determined by the statistics required. The counts from the integrator of the beam current and coincidences of annihilation quanta recorded by automatically switching fast counters are accumulated in the form of two-dimensional event matrices Nγγ(i, j) over cycles in the PC memory, then analyzed by a specially developed software

The analysis of the information accumulated in this way and the extraction of the reaction yield values from it is a nontrivial task, since many factors are taken into account that can distort the result: variations in the beam current, identification of the desired final nucleus, the effects of accumulation of residual activities from cycle to cycle and when changing the measurement mode, etc. The final expression for the effective activity aB of the B nuclei associated with the YB yield of the reaction under study has a rather complex structure:
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Here C is a constant that takes into account the calibration of the beam integrator, the detection efficiency, and the yields of annihilation quanta; 
[image: image18.wmf]I
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 is the “k-th” count of the beam integrator in the “m-th” cycle of the experiment; tirr is the irradiation time in the cycle; δtirr is the interval for splitting the exposure time. The assignment of the modes of the experiments and the analysis of the accumulated data arrays were carried out by the specially developed software MAISS.

Figures 5 and 6 show the transport system and the diagram of the measuring installation.
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1- separating magnet, 2- slit collimator. 3 - beam chopper, 4 - viewing window, 5 - beam-forming diaphragm, 6 - guard ring, 7 - electrically insulating compound, 8 - nitrogen trap, 9 - target chamber, 10 - beam trajectory, 11 - target, 12 - target holder, 13 - water cooling system, 14 - shielding foil, 15 - lead positron converter, 16 - silicon detector (not used in these measurements)

Figure 5 – Beam transport system and experimental setup
In the presented measurements, the technique was modified. In one version, the scintillation detectors were replaced by semiconductor HPGe detectors [28]. The high resolution of HPGe detectors with a relative efficiency of 40% (FWHM for a scintillation detector is ~ 10%, for an HPGe detector <0.3%) made it possible to sharply reduce the energy windows of single-channel amplitude analyzers for selecting coincidences of annihilation gamma quanta (see Fig. 7) and , accordingly, to reduce the counting rate of background events by ~ 40 times while decreasing the registration efficiency of γγ-coincidences by 7 times.

In another version, a combination of a pair of NaI(Tl) and HPGe detectors was used, which slightly increased the counting rate of background events relative to the combination of HPGe + HPGe - detectors (~ 1.5 times) with an increase in the detection efficiency by 2.2 times.
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Figure 6 – General view of the modified version of the setup for measuring cross sections and yields of radiation capture reactions using HPGe detectors (left) and block diagram (right)
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Figure 7 – Spectrum of gamma rays from the reaction 12C(p,γ)13N (left) and coincidence windows when using scintillation and HPGe detectors (right)
Features of measuring reactions. Fig. 8 on the left shows a diagram of the lower levels of the 13N nucleus. In the interaction of protons with a 12C nucleus below 2 MeV, there are two broad resonances with energies Ep = 0.457 and 1.699 MeV (lab). At Ер <0.457 MeV, as a result of capture, only one quantum appears (Еγ = (12/13) Ер - 1.944 MeV from the capture of a proton into the ground state of the 13N nucleus, which decays by β+ decay (100%) into a 13С nucleus with a half-life period T1/2 = 9.965 min.

The 17F nucleus formed during the radiative capture of a proton by the 16O oxygen nucleus has a lifetime of T1/2 = 64.5 sec. And it undergoes β+ - decay with almost 100% probability into the ground state of the 17O nucleus (Fig. 8, right). Below the proton binding energy (εр = 0.6003 MeV) there are only 2 levels: the ground state (5/2+, T = ½) and E* = 0.4953 MeV (1/2+, T = ½). No levels (resonances) were found within 2 MeV above the proton binding energy; therefore, there are no resonances in the 16O(p,γ)17F reaction cross section at low energies up to Ep = 2.5 MeV (lab).
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Figure 8– Schemes of the decay of 13N (left) and 17F (right) nuclei formed during radiative capture of a proton

Results of measuring the yields of the reaction 12C(p,γ)13N. The above-described technique was used to measure the yields of the reaction 12C(p,γ)13N in the energy range 190 ≤ Еp ≤ 700 keV (new data). In the experiment, we used thick (the thickness is greater than the range of the incident protons) targets of their pure reactor graphite.

The available experimental data on the yield of the reaction 12C(p,γ)13N [27,29,30] and the results of our last measurements are presented in Fig. 9a. Whisker-like statistical errors are shown if they exceed the size of the experimental points. The solid curve is our empirical approximation of the energy yield dependence based on all available experimental data, including astrophysical S-factors and total cross sections in the 1st resonance region (Er = 0.457 MeV).

Results of measuring the yields of the reaction 16O(p,γ)17F. The yields of the reaction 16O(p,γ)17F were measured using the same procedure. A beryllium oxide BeO plate was used as a thick 16O target. Since the reaction of radiative capture of a proton by beryllium leads to the formation of a stable 10B nucleus, its presence did not interfere with measurements of the target activity by γγ coincidences Nγγ from β+ decay of the 17F nucleus. The background component of β+ -decay of the 13N nucleus, including that associated with carbon burning on the target surface, was subtracted from the shape of the decay curve Ln(Nγγ(t)).

In Fig. 9b shows the measured values of the yield of the reaction 16O(р, γ): Y(Ep) = 3.7 × 10-12 and 4.54 × 10-12 decays per 1 incident proton, respectively, at energies of 650 and 700 keV with absolute errors of no more than 25%. 
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	a) Black triangles are data from [27], empty circles are from [28], black and red circles are data we measured earlier ([25] and [26], red stars are the results of our measurements, the solid curve is the obtained we have approximated the dependence of the yield on energy [27]
	b) The red squares are the results of our measurements

	Figure 9 – Energy dependence of the yield of the reaction 12С(p,γ)13N at low energy (a) and approximation of the energy dependence of the yield of the reaction 16O(p,γ) and the measured values of the yield (b)


The curve is an empirical approximation of the energy dependence of the yield based on the experimental S-factors available in the literature, recalculated into the values of the outputs:

Y(E)=1.93×10-11×(2.5 E4-0.73 E3-0.486 E2+0.2447 E-0.03022)


(1.6)
Conclusions. A variant of the technique for measuring the yields of astrophysically important reactions (p,γ) for the cases of β+ - active nuclei being formed is presented, which makes it possible to significantly reduce the level of background events and to move towards lower energies during measurements. As seen from Fig. 9a and 9b, the yields measured using this technique correlate fairly well with the data of other works and practically fall on the approximating curve, which indicates the reliability of our data measured, in particular, for the reaction 12C(p,γ)13N at lower energies. In the future, these data will be used to refine the extrapolation calculations of the rates of astrophysical reactions 12C(p,γ)13N and 16O(p, γ)17F.

2 Theoretical analysis of experimental data on the reactions 16O (p, γ) 17F, 10B (12C, 13N) 9Be and 10B (16O, 17F) 9Be
2.1 Theoretical analysis of experimental differential cross sections for the reaction 10B(12C,13N)9Be
Introductory part. The 12C(p,γ)13N reaction is one of the key reactions in nuclear astrophysics, which plays an important role in the cold CNO cycle through the sequence [29,4] 12C(p,γ)13N(13Ce+υe)13C(p,γ)14N(p,γ)15O(15Ne+υe)15N(p,α)12C, both for nucleosynthesis in massive stars [29,4], and as a source of low-energy solar neutrinos [30-32]. The reaction 12C(p,γ)13N is also the main link of two branches of the CNO cycle, which changes from cold to hot form with increasing temperature, which is determined by the sequence [4] 12C(p, γ)13N (13Ce+ υe) 13C (p, γ)14N(p, γ)15O(15Ne+υe)15N(p,α)12C.

The study of the 12C(p,γ)13N reaction is also of interest to obtain information on the formation of 13C nuclei required for the 13C(α,n)16O process, which competes with the most popular 22Ne(α,n)25Mg reaction as a neutron source for s-processes. in low-mass AGB stars [33]. Since 1950, the reaction of radiative capture of protons 12C(p,γ)13N has been experimentally studied in a wide range of energies up to a minimum value of Ep ~ 70 keV in c.m.s by measuring γ-quanta of a fast reaction (see [6] and references therein) and activation methods (see [26] and references therein). However, there is an obvious discrepancy between the experimental data at the lowest energies, and reliable experimental data are needed to determine the behavior of the astrophysical S-factor S(E) at energies Ec.m.s. below ~ 200 keV, as well as between the two above-mentioned resonances [26] and above the second resonance. In the last two decades, a number of methods for analyzing experimental data have been proposed to obtain "experimental" values of asymptotic normalization coefficients (ANC) for their application in nuclear astrophysics (see, for example, [34,35,3] and references therein). One such method uses modified DWBA [36,37,38] for peripheral transmission reaction

x+A→y+B





(2.1)

which is considered within the framework of the three body model (A, a, and y), where x = (y + a) is the projectile, B = (A + a), and a is the transported particle. In the modified distorted wave method (MDWBA), the absolute values of the differential cross sections (DCS) are expressed as the product of the ANC squares, which determine the amplitude of the tail of the overlap functions corresponding to the wave functions of the nuclei B and x in the binary system (A + a) and (y + a) [38], respectively.

To determine the ANC for 12C(p,γ)13N, we measured the angular distributions of the differential cross section of the 12C(10B,9Be)13N transfer reaction at an incident energy of 10B ions of 41.3 MeV in the angular interval covering the front hemisphere. Then ANC C2112 was obtained from these data using the "post" form of the modified DWBA.

Experimental part. Measurements of the angular distribution of 9Be ions from the reaction 12C(10B,9Be)13N were carried out on the extracted 10B ion beam of the U-200P accelerator of the Heavy Ion Laboratory, Warsaw University. The energy of 10B ions was 41.3 MeV with an energy spread of less than 1%. The beam was directed to a carbon target in the scattering chamber of the ICARE multi-detector setup [39,40], and the reaction products were recorded by four telescopes ΔE-E, consisting of silicon detectors (E) and ionization chambers (ΔE) mounted in pairs on two remotely rotating platforms. In addition, three monitors made of silicon detectors were installed outside the plane of rotation of the telescope at an angle of 15º to measure and control the beam energy, as well as the state of the target. Self-supporting films of natural carbon with a thickness of about 0.14 mg/cm2 were used as 12C targets. The measured energy spectra were processed with the ROOT program [41]. A typical two-dimensional (ΔE, E) spectrum is shown in Fig. 10. A good separation of reaction products with charges Z = 4-7 is seen, which is necessary to obtain the required differential cross sections. A typical energy spectrum of 9Be nuclei arising from the 12C+10B interaction is shown in Fig. 11. The energy resolution in the spectrum is approximately 500 keV, which is mainly determined by the intrinsic resolution of E-telescope detectors, the energy spread of accelerated 10B ions and kinematic broadening. The most intense two groups of detected 9Be ions correspond to the formation of a 13N nucleus in the ground state (Jπ = 1/2-) and two energetically unresolved states 3.50 MeV (3/2) and 3.55 MeV (5/2+). The groups corresponding to the excited states of the 9Be nucleus are weakly excited.

Angular distribution for 9Be from reaction 12C(10B,9Beg.s.)13Ng.s. measured in the range of angles 5–40° in the laboratory coordinate system. The statistical error in the spectra measured at right angles was ~ 3–5%; at large angles, it was somewhat higher, but never exceeded 12–17%. The corresponding error bands are smaller than the sizes of the experimental points at small angles. According to our estimates, the systematic DCS errors are mainly determined by the errors in the target thickness and do not exceed 10%. An additional control in determining the absolute value of experimental errors is carried out by comparing the cross section for elastic scattering of 10B ions by 12C nuclei at small angles with the cross section for Rutherford scattering. On the whole, we estimated the systematic error in measuring the cross sections to be no more than 10%.
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Figure 10  –  Typical two-dimensional (ΔE-E) spectrum of particles from the reaction 12C + 10B at Elab (10B) = 41.3 MeV, measured at an angle θlab = 15º
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Figure 11  –  Fragment of the energy spectrum of 9Be nuclei from the reaction 12C(10B,9Be)13N at Elab (10B) = 41.3 MeV, measured at an angle θlab = 13°

Analysis of the reaction 12C(10B,9Be)13N. In this section, we present the results of an analysis of the experimental differential cross sections of the proton transfer reaction 12C(10B,9Be)13N, measured in this work at the 10B projectile energy of 41.3 MeV. The analysis was carried out within the framework of a modified MDWBA using the LOLA code [42]. 
In the modified MDWBA [37], the DCS for the peripheral reaction of proton transfer 12C(10B,9Be)13N (10B → 9Be + p and 13N → 12C + p) in the angular region of the main peak of the angular distribution can be written in the following form:
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where 
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is the cross section of a single-particle MDWBA [40]; and are the ANC for 12C + p → 13N and 9Be + p → 10B, which determine the amplitudes of the tails of the radial wave functions of the 13N and 10B nucleus in the channels (12C + p) and (9Be + p), 
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 are single-particle ANC for the wave functions of the shell model for two-particle [13N = (12C + p) and 10B = (9Be + p)] bound states, which determine the amplitudes of their tails; Ei is the relative kinetic energy of the colliding particles, and θ is the scattering angle at the center of mass.

If the reaction is peripheral in the angular region near the main peak, then the contribution of the inner part 
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where the left side of (4) should not depend on 
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 for each fixed energy Ei and scattering angle θ belonging to the main peak. Then from (2.2) and (2.3) the condition
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must be fulfilled for each fixed energy Ei, 
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, from (2.4). Therefore, equations (2.4) and (2.5) can be used to determine the squares of the ANC, since in the outer part of the matrix element the ambiguity of the optical potential and the dependence of the function 
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 will be minimized. We performed calculations with five different sets of optical potentials for the reaction 12C (10B, 9Be) 13N. They are presented in Table 2.
Table 2  –  Parameters of the optical potential used in the calculations of MDWBA, where V, W are expressed in MeV, r and a - in fm. A1, A2 and A3 correspond to optical potentials for 10B + 12C, and B1, B2 are potentials for 9Be + 13N
	Channel
	Input
	Output

	
	A1
	A2
	A3
	B1
	B2

	VR
	100
	66.31
	78.68
	127.0
	60.0

	rR
	1.15
	1.19
	1.176
	0.80
	1.18

	aR
	0.428
	0.429
	0.429
	0.78
	0.60

	WV
	15
	27.0
	37.8
	13.9
	32.6

	rWv
	1.30
	1.26
	1.246
	1.25
	1.18

	aWv
	0.248
	0.285
	0.285
	0.75
	0.60

	rC
	1.25
	1.25
	1.25
	1.0
	1.1


First, we checked the fulfillment of condition (2.4) for the experimental points from the main peak of the angular distribution of the reaction and the sets of optical potentials from Table 2. For calculation of the shell model bound 13N (12C + p)] state of the wave functions  the Woods – Saxon potential with a spin – orbit term Thomas is used for each fixed value of the geometric parameters (radius r0 and diffuseness a) by adjusting the well depth in accordance with the experimental binding energy (1.944 MeV for the 13N nucleus). The parameters for 13N vary within the physically acceptable limits 1.1≤r0≤1.4 fm and 0.6≤a≤0.7 fm relative to their "standard" values (r0 = 1.25 fm and a = 0.65 fm). As an illustration, Fig. 12 shows the graphs of the dependence of the single-particle ANC obtained for the optical potentials of the A1B1 set from Table 2, for the angle θexp belonging to the main peaks of the corresponding angular distribution. The band width on these curves is the result of a weak “residual” dependence on the parameters r0 and a (up to ± 1%) for 
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Thus, a detailed study of the peripheral nature of the reaction under consideration makes it possible to extract the ANC values using the experimental differential cross sections and the values of the function 
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Figure 12 – Dependence 
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 as a function of one-particle ANC at two different angles θ: (a) and (b) for θ = 9.25° and 12.96°, respectively

The calculation results and their comparison with the experimental data of this work are presented in Fig. 13. As can be seen from this figure, the calculated cross section is in good agreement with the experimental data in the region of the main peak, the angular distribution for all sets of optical potentials.
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Figure 13 – Experimental and calculated DCS reaction 12C(10B,9Beg.s.)13Ng.s.
The ANC squares for 12C+p→13N and the spectroscopic factors 
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 obtained from the present experimental data are listed in Table 3. The averaged value of the spectroscopic amplitude 
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= 0.6 ± 0.06 for 13N(12C + p agrees with the previously obtained literature data. The uncertainties for the ANC squares include the experimental error and the estimated theoretical error.

Table 3 – Weighted average values of the squares of ANC for 12C + p→13N, obtained from the angular distribution of the reaction 12C (10B, 9Be) 13N using a combination of optical potentials for the input and output channels

	Optical Potentials
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	A1B1
	2.334±0.23
	0.6±0.06

	A1B2
	2.335±0.24
	0.6±0.06

	A2B2
	2.287±0.23
	0.58±0.06

	A3B1
	2.328±0.24
	0.59±0.061

	A3B2
	2.278±0.24
	0.58±0.06

	Average
	2.312±0.24
	0.59±0.06


The obtained ANC 
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value for 12C + p→13N will be used to determine the astrophysical S-factor of the radiation capture reaction 12C (p, γ) 13N.

2.2 Theoretical analysis of experimental differential cross sections for the reaction 10B(16O,17F) 9Be
Introductory part. The results of earlier studies of nucleosynthesis processes during the hot stage of the Big Bang suggest that fission reactions play a major role in the production of light elements such as B, O, F and etc. See Refs. [4,29]. Therefore, a reliable estimation of the rates of various nuclear astrophysical processes responsible for the content of light elements is one of the most pressing problems of modern nuclear astrophysics [1]. The solution of this problem, in turn, is impossible without obtaining at sufficiently low energies the values of the cross sections σ (E) (or the corresponding astrophysical S-factors (S (E)) for such reactions.

Despite advances in the understanding of such reactions made over the past decades (see, for example, [1,3,34,35]), the ambiguities associated with the extrapolation of the measured cross sections for some specific nuclear astrophysical reactions indicated above, into the region of stellar energy and with theoretical predictions for σ(E) (or S(E)) still exists. They can significantly affect the predictions of the standard solar model [4,29]. As a specific example, below we will consider the current situation with nuclear astrophysical reactions 9Be(p,γ)10B, 16O(p, γ)17F and 19F(p,α)16O, since the calculations of the corresponding astrophysical S-factors performed by different methods [ 44-52], show a noticeable scatter, exceeding the experimental errors.

The 9Be(p,γ)10B reaction plays an important role as one of the critical links in the primary and stellar nucleosynthesis of light elements in the p-shell [4,29,51,52]. In [51] the experimental astrophysical S factors (Sexp19(E)) for this reaction were measured in the energy range 68 <E <125 keV by measuring the branching coefficient for the reactions 9Be(p,γ)10B and 9Be(p,a)6Li (here and henceforth, everywhere the subscripts in the astrophysical S-factor denote the mass numbers of the colliding particles). It was found that the measured (Sexp19 (E)) is practically independent of the energy E. In [51], these data were then analyzed within the framework of the two-particle potential method under two assumptions that direct capture dominates and the spectroscopic factor for the 10B nucleus in the configuration (9Be + p) can be taken equal to unity. On the other hand, the experimental energy dependence (Sexp19(E)) measured by the authors of Ref. [52] in the energy range most important for nuclear astrophysics (66 <E <1620 keV) includes contributions from four resonances and direct capture, as well as their permitted interference with each other. In [48], the data (Sexp19 (E)) [52] were analyzed within the framework of the two-particle potential method, where the direct component (SDC (E)) of the calculated total astrophysical S-factor (Sexp19 (E)) is presented as the product the above-mentioned spectroscopic factor, which is taken from [53], with a bilinear polynomial of energy E. The result shows that the calculated values of (Sexp19 (E)) are 4.2 times higher than the results [51]. In [44], the analysis of experimental data [52] was carried out within the framework of a modified R-matrix method, in which the contribution of the direct capture amplitude to the total (Sexp19 (E)) is calculated using the “indirectly measured” ANC for 9Be + p → 10B obtained in [37] for the ground and first three excited states of 10B. In this regard, it should be noted that in [37] the above-mentioned ANCs were obtained from the analysis of accurately measured differential cross sections (DCS) of the 10B-9Be proton exchange reaction using the “post” form of the modified distorted wave method of the Born approximation (MDWBA). Note that the contribution of three-particle Coulomb effects to the complete transition operator of the three-particle amplitude DWBA is taken into account in the first order of perturbation theory in the Coulomb polarization potential ΔVСi,f [54]. Although, as shown in the work, when the residual 10B nucleus is formed in a peripheral transfer reaction, especially in excited bound states, this limitation on ΔVСi,f in the transition operator does not guarantee the necessary accuracy of the “indirectly measured” ANC values for their astrophysical application. Besides, in [44], the channel contribution [55] to the γ-ray width in the resonance component of the total R-matrix amplitude as a factor, was ignored. Correct account of this contribution on the width of the resonance of the γ quantum can affect the energy dependence of the resonance amplitude, determined by equations (5) - (7) in [44]. Therefore, it would be highly recommended to study the degree of reliability of the assumptions used in [44,37].

If the subsequent hydrogen burning of 19F proceeds predominantly according to the reaction 19F(p,α)16O, then the reaction 16O(p,γ)17F is the first in the link of the sequence of four branches of the hydrogen burning CNO proceeding through the chain 16O(p, γ)17F(e+ + νe)17O(p, γ)18F(e++ νe)18O(p,γ)19F(p, α)16O. This transition from the pp chain to the CNO cycle is observed at about T6 ≈ 20 K (Gamow energy EG ≈ 35.2 keV) [4]. The reaction rate of 16O(p,γ)17F has a sensitive effect on the 17O/16O isotopic ratio predicted by models of massive AGB stars, where protons are captured at the base of the convective envelope. In stars of the second generation, whose stellar temperatures are higher than for the quiet CNO cycle, the reactions 19F (p,γ)20Ne and 19F(p,α)16O compete with each other in the hydrogen burning phase corresponding to the transition from the hot CNO cycle to the NeNa cycle. In addition, the 19F(p, α)16O reaction can play an important role both in a hydrogen-rich medium and in AGB stars as the main centers of fluorine formation [4]. Despite their importance, astrophysical S-factors still have large uncertainties at astrophysical energies [24]. As can be seen from the above, an accurate knowledge of the reaction rates of 16O(p,γ)17F and 19F(p,α)16O is of great importance for modeling nucleosynthesis in massive stars burning hydrogen.

There are old measurements of the reaction 16O (p,γ) 17F, close to the energy range of astrophysical interest (see [53] and references therein). However, these experiments did not distinguish between transitions to the ground (E* = 0.0 MeV; Jπ = 5/2+) state and the first excited (E* = 0.497 MeV; Jπ = 1/2+) state of the residual 17F nucleus. In [8], the experimental astrophysical S factor, Sexp116 (E), was measured in the energy range 200 <E <3750 keV with separation of the ground and first excited states of the residual 17F. They were then analyzed using the Woods-Saxon potential in the standard two-body method, assuming that the spectroscopic factors for 17F in the (16O + p) configuration can be taken equal to unity for both the ground state and the first excited state of 17F. However, as shown in [45], in reality there are an infinite number of Woods-Saxon phase equivalent potentials, which leads to a theoretical uncertainty of about 50% in the calculated S116(E) values at stellar energies. However, all these potentials lead to the calculated phase shifts for p16O scattering, which are in good agreement with experimental data with an error of up to ~ 10%. It follows that the results [53] obtained for S116(E) strongly depend on the model. This is mainly due to the fact that above spectroscopic factors cannot be determined unambiguously [45] and, therefore, their values should not be taken a priori equal to unity. The astrophysical S-factor S116 (E) at stellar energies was also calculated in [56] within the standard two-particle potential method using the ANC values for 16O + p→17F (g.s) and 16O + p → 17F (0.497 MeV). They were obtained in [56] from the analysis of the experimental DCS of the peripheral proton transfer reaction 16O(3He,d)17F, which was carried out in the post-approximation of modified DWBA. As mentioned above, the post-form of the modified DWBA cannot provide the required accuracy of the ANC values for their astrophysical application, especially for the very weakly bound first excited state of 17F. This point refers to the ANC values obtained in reference [36] from the analysis of the same peripheral reaction of proton transfer in the “post” -approximation of the MDWBA finite radius. Obviously, this is one of the reasons why the central value of the ANC square for 16O + p→17F (0.497 MeV) is recommended in the works [56] and [36] are approximately 3.5σ more and 2.6σ less, respectively, than recommended in [45, 57]. See Table C.1 (Appendix C).

For the reaction 19F(p,α)16O, there are unpublished experimental data from Lorentz-Wirtzba [58] and data measured by the authors of [46] at the lowest subbarrier proton energies, including nonresonant values (<500 keV). Experimental angular distributions of differential cross sections in Ref. [58], measured at proton energies of 250, 350, and 450 keV, are given in Ref. [50], where the analysis was performed in the approximation of zero interaction radius of the usual DWBA. As a result, it was found that the transition to the ground state can be determined by a direct mechanism in the nonresonant energy region below the Coulomb barrier, including the AGB neighborhood in the Gamow window (≈ 27 - 94 keV at T6 ≈40 K). Nevertheless, a discrepancy arises between the absolute values of the experimental angular distributions in [58] and [46] at rather close projectile energies to the resonance ones by about a factor of 2. In addition, the results of studies of the 19F(p,α)16O reaction at energies below the Coulomb barrier by different authors (see [46] and references therein) show the presence of a fairly large scatter in the calculated values of astrophysical S-factors at energies up to 200 keV at the center of mass. Therefore, the application of the asymptotic theory developed in the project for the subbarrier reaction 19F(p,α)16O allows one to obtain new quantitative information both on the direct mechanism at nonresonant projectile energies and on the possibility of separating "indirectly determined" ANC for 16O + p → 17F.

Below we present the results of the analysis of the experimental angular distributions of the DCS for the above peripheral reactions of the transfer of protons and tritons [37,56,58,46] and their application to obtain new information on extrapolated astrophysical S-factors at stellar energies for the corresponding specific nuclear astrophysical processes. The analysis will be carried out within the framework of a developed asymptotic theory, since all these reactions are referred to as "non-dramatic" cases. As noted in Ref. [54], the latter takes place when the values of the Coulomb parameters for two-particle wave functions of bound states in the input and output channels, or their sum, are not in the neighborhood of a natural number.

Analysis of peripheral sub-barrier and above-barrier triton and proton reactions

In this section, we present the results of comparing the calculated DCS with experimental data for the following peripheral reactions of proton and triton transfer:

(a) 9Be (10B, 9Be) 10B at an energy of E10B = 100 MeV [37],

(b) 16O (3He, d) 17F at Е3Не = 29.75 MeV [56],

(c) 19F (p, α) 16O at six subbarrier energies of accelerated protons [46,58].

The experimental angular distributions of the DCS of reaction (a) are analyzed for the residual 10B nucleus populating the ground (E* = 0.0; Jπ = 3+) state, the first (E* = 0.718 MeV; Jπ = 1+), the second (E* = 1.740 MeV; Jπ = 0+) and the third (E * = 2.154 MeV; Jπ = 1+) excited states (denoted below 10B0, 10B1, 10B2, and 10B3, respectively). The residual 17F nucleus in reaction (b) is formed mainly (E* = 0.0 MeV; Jπ = 5/2+) and the first (E* = 0.497 MeV; Jπ = 1/2+) (E* = 0.0 ; Jπ = 1+) and the first (E* = 0.495 MeV; 2+) excited states (denoted below 17F0 and 17F1, respectively). For reaction (c), which populates the ground state of the residual 16O nucleus, two sets of independently measured experimental data are considered, which correspond to the proton energies (Ep = 250; 350 and 450 keV [58] (denoted below as EXP-1978) and Ep = 327, 387 and 486 keV [46] (denoted below as EXP-2015).

For the reactions considered above, the orbital angular momentum lB and lx of the transferred particle (a is a proton or triton) in bound nuclei B and x (B is either 10Bi or 17Fi, and x is either 10B0 or 3He, or an α particle), respectively, are taken equal to равными l10Bi. = 1 (i = 0-3), l17Fo = 2 и l17Fi = l19F = 0, а l3Не = lα = 0. Since the energy of the incident 3He in reaction (II) is moderate, the contribution of the d-state of the 3He nucleus at the vertex 3He → d + p is negligible [38]. In this case, the total angular momenta jB и jx, where JB = lB + Jα and Jx = lx + Jα in which, Jα is the spin of the transferred particle, are taken equal to j10Bo = j10B2 = 3/2, j17Fo = 5/2, j19F = 1/2 and j17F1 = jα = j3He = 1/2,, while j10Bi= j10вз = 1/2 and 3/2.
In this case, for fixed values of the angular (lB and lx) and total (jx) orbital momentum of the DCS for the peripheral transfer reaction A (x, y) B (where B = A + a and x = y + a, and a is the transferred particle) can be represented as
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(2.6)

Here Ra is the renormalization of three-particle Coulomb factor and ([image: image58.wmf]DWBA
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=0, where Ei is the relative kinetic energy of colliding nuclei, θ is the scattering angle in the center mass system, bB, and bx are single-particle ANC for bound ((y + a) and (A + a)) states of nuclei, respectively, х and B. The Ra on the right-hand side of the expression for the DCS arises due to the approximate allowance for three-particle Coulomb effects in the initial, intermediate and final states.

Asymptotic normalization coefficients for the reactions 9Be + p → 10B, 16O + p → 17F and 16O + t → 19F

Figures 14-16 show the results of calculating the DCS obtained in this work (solid curves), their comparison with the traditional calculations of DWBA performed in [37,56,13] (dashed curves) and experimental data. The results of this work correspond to the standard value of the parameter rо, which is assumed to be 1.25 fm, and to the minimum χ2 in the angular region of the main peak of the angular distribution. It is seen that the angular distributions calculated in this work reproduce the experimental data equally well in the angular range of the main peak of the corresponding angular distributions. The values of the squares of the ANC and the corresponding moduli of the nuclear vertex constants (NVC) (|GB|2) are summarized in Table C.1 (Appendix C). They were found by normalizing the calculated cross sections to the corresponding experimental cross sections at the front angels using the ANC and NVC values:  C23He = 4.20 ± 0.32 fm-1 and (|G3He|2 = 1.32 ± 0.10 fm) for d + p → 3He compiled in [59,60], as well as C2 α = 54.2 ± 4.5 fm-1 and (|Gα|2 = 13.4 ± 1,1 fm-1) for t + p → α in [60]. Here, the theoretical and experimental uncertainties correspond to variations (up to ± 3.0%) of the parameters rо from its above-mentioned standard value and experimental errors dσexp/dΩ. The experimental errors indicated in the ANC values for 17F→16O + p and 19F→16O + t correspond to the mean square errors, which include both the experimental errors in dσexp/dΩ and the above mentioned ANC uncertainty for d + p → 3He and t + p → α, respectively. It should be noted that the above C23He(|G3He|2)  value is in excellent agreement within its uncertainty with the "indirect measured" ("experimental") values 4.28 ± 0.50 fm-1 (1.34 ± 0.15 fm) [45] and 4.35 ± 0.10 fm -1 (1.36 ± 0.03 fm) [61], obtained by independent indirect methods, so they can be considered the most reliable so far.
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The points are the experimental data taken from [37]. The solid and dashed lines are the results of the present work and the DWBA calculations of [37], respectively, for the ground (a), first (for E* = 0.718 MeV) (b), second (for E* = 1.740 MeV) (c) and third (for E* = 2.154 MeV) (d) excited states of the residual nucleus 10B

Figure 14 –The differential cross sections for the 9Be(10B,9Be)10B reaction at E10B = 100 MeV 
As can be seen from Table C.1 (Appendix C), the C210Bо for 9Be + p→10B0obtained in this work differs markedly from [37] obtained from the analysis of the same reaction carried out within the framework of the “post” approximation of modified DWBA. This difference exceeds the overall accuracy of normalization (Δexp = 7% [37]) for the absolute DCS values. Meanwhile, such a difference for C210Bо, obtained in [37] (third and sixth lines), exceeds the error Δexp and amounts to about 9%. The central value of the weighted mean square ANC for 9Be + p → 10B0 (C210Bо = 4.35 ± 0.28 fm-1), recommended in this work, is 2.5σ lower than in [37 17], presented in the ninth row of the Table C.1 (Appendix C). It should be noted that our result for the weighted mean of C210Bо has a total uncertainty of about 6%. Therefore, the above C210Bо value is used by us to obtain C210Bi ANC for 9Be + p → 10B0 (i = 1-3). The results for C210Bi and their comparison with the results obtained by other authors are presented in Table C.1 (Appendix C). The weighted average values of C210Bi recommended in this work are shown in the Table C.1 (Appendix C) and turned out to be C210B1 = 1.39 ± 0.09 and 3.74 ± 0, 32 fm-1 for j10B1 = 1/2 and 3/2, respectively, C210B2 = 3.58 ± 0.34 fm-1 for j10B2 = 3/2 and C210B3 = 0.25 ± 0.06 and 0.72 ± 0 , 19 fm-1 for j10B3 = 1/2 and 3/2, respectively. Here, for comparison with the results of this work, the results are given [37], which were obtained using the value of C210B0, presented in the ninth row. Once again, we note that this value is overestimated in comparison with that obtained in this work.
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The solid and dashed curves are the results of the present work and those of Ref. [56] derived in the “post” form of the modified DWBA

Figure 15 – The differential cross sections for the 16O(3He,d)17F reaction corresponding to the ground (a) and first excited (0.429 MeV) (b) states of 17F at E3He = 29.75 MeV 

As can be seen from Table C.1 (Appendix C), a similar difference is observed between our results and the results obtained in [37] for ANC C210Bi (i = 1-3), which amounts to ~ 19% for the second excited state of the residual nucleus 10B. This means that the contribution of the three-body (9Be,p, and 9Be) dynamics based on the pole mechanism of proton transfer increases for the excited 10B states populating the input channel. In addition, as can be seen from Table C.1 (Appendix C), there is a very noticeable discrepancy between the results of this work and the results of [36] obtained from the calculation of 9Be (3He,d) 10B, performed within the framework of the “post” approximation of the traditional DWBA. Therefore, it is difficult to evaluate the accuracy of the C210Bi (i = 1-3) values obtained in [37, 36].
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The solid and dotted curves are the results of the present work, whereas the dashed lines are the results of Ref. [50] derived in the zero-range of the “post” -approximation of DWBA. The dotted curves are presented our result obtained by means of the polynomial fit

Figure 16 – The differential cross sections for the reaction at Ep = 450 (a), 350 (b) and 250 keV (c) (the left side) as well as Ep = 327 (d), 387 (e) and 486 keV (f) (the right side)

As can be seen from Table C.1 (Appendix C), there is a noticeable dependence of the weighted average values of the ANC square for 16O + p→17F0 and 16O + p→17F1 from the sets used for optical potentials obtained both in this work and in [56]. Nevertheless, as noted above, the results of [56] were obtained with an underestimated value of C23He for d + p → 3He from those given in [62]. In addition, there is a significant discrepancy between the results of this work and the results of [49] and [36], obtained within the framework of the standard method for analyzing the experimental scattering function of p16O and DCS 16O(3He,d)17F, performed by the “post-approximation” in the MDWBA. Using this case, one can notice misprints in the first line of Table C.1 (Appendix C) in [49].There the numbers 75.5 ± 15 and 1.1 ± 0.33 fm-½, which corresponds, respectively, for ANC for 16O + p → 17F1 and 16O + p → 17F0 must be replaced by 75.5 ± 1.5 and 1.04 ± 0.05 fm-½ respectively. Nevertheless, as can be seen from Table C.1 (Appendix C), our results for C217Fi given above, approximately within 1σ, are in good agreement with the results of [45] and [57], which were obtained by completely different “indirect” methods.
The C217F value for 16O + t → 19F, obtained in this work at various energies of accelerated protons, and their weighted average values are presented at the end of Table C.1 (Appendix C). As can be seen from this table, the weighted average C217F values found separately from the analysis of experimental data taken from [58] (EXP-1978) and from [46] (EXP-2015), listed in the ninety-third and ninety-eighth rows of Table C.1 (Appendix C), respectively, differ from each other by an average of about 2.2 times. This is the result of a discrepancy between the absolute values of the experimental DCS EXP-1978 and EXP-2015, measured independently at fairly close energies. To find out the main reason for this discrepancy, we recommend to perform decisive measurements of the experimental DCS of the 19F (p,α) 16O reaction in the sub-barrier energy range of the incident particle, which is closer to that in [46,58]. Nevertheless, it can be noted that the C217F value obtained separately from the independent experimental data EXP-978 and EXP-2015 at different proton energies is stable, although the absolute values of the corresponding experimental DCS EXP-1978 and EXP-2015 strongly depend on the energies of accelerated protons (Fig. 16). This result confirms the assumption about the possibility of using the developed asymptotic theory for subbarrier peripheral reactions of the transfer of charged particles as a tool for obtaining ANC.

As can be seen from the above analysis, the asymptotic theory proposed in this work provides better accuracy for the ANC values for 9Be + p→10B and 16O + p→17F than those obtained in [37,56,36] for their nuclear astrophysical application. In addition, the ANC values for 16O + t → 19F obtained above can provide valuable information on astrophysical S-factors (or cross sections) for the 19F (p, α) 16O reaction in an astrophysically important energy region where the direct transfer mechanism is dominant. This issue is discussed below.

To refine the ANC → 16O + p values, we studied the reaction 16О (10В, 9Ве) 17F at an ion energy of 10В 41.3 MeV. Differential cross sections were measured under the same experimental conditions as for the reaction 12C(10B,9Be)13N. An alundum film (Al2O3) with a thickness ~ 0.120 mg/cm2 was used as a target. A typical two-dimensional spectrum of the products of interaction of a beam of 41.3 MeV 10B ions with 16O nuclei, where the 17F levels at the 9Be locus are clearly visible, these results are presented in the report for 2019.

Since the experimental energy resolution in the spectra of outgoing 9Ве ions is 400 - 500 keV, the groups corresponding to the population of the ground (5/2+) and first excited (1/2+) states of the 17F nucleus overlap to a large extent. There is also a background substrate in the spectra due to groups of 9Ве ions from the reaction 27Al(10В, 9Ве)28Si. The assessment of this contribution showed that it does not exceed 5%.

A selection of (starting) values of the parameters of the optical potentials (OP) of the input and output reaction channels has been made. In some cases, nuclei neighboring in mass and charge were taken. OP close to our measurements are available in [63]. We also used the global OP for boron isotopes proposed in Ref. [64], as well as the data from Ref. [65] on the elastic scattering of boron isotopes by oxygen nuclei at energies of 33.7 and 41.6 MeV. Selected OP, contained in the works [66,67].  The selected values of OP for the input and output channels of the reaction are given in Table 4. Optical potential with the volume absorption type used for an input channel and an output channel - the surface absorption type.  Figure 17 shows the results of a comparison of the experimental DCS of the reaction of proton transfer for the ground (5/2+) and the first excited (E* = 0.495 MeV, 1/2+) states of the residual 17F nucleus with the results of calculations of the cross sections performed using the MDWBA method. The same figure shows the angular dependence of the calculated total cross section of these processes, taken with coefficients proportional to the corresponding spectroscopic factors from [68].
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The transfer of a proton to the ground (5/2+) - black curve and the first excited (E * = 0.495 MeV, 1/2+) - red curve of the state of the residual nucleus 17F. The green curve is the sum of the cross sections of both processes

Figure 17 – Experimental total and calculated DCS using the MDWBA program 
Table 4 – OP for the input and output channels of the reaction 16O (10B,9Be)17F. The real scattering process for which the OP was found is indicated in parentheses
	Channel
	V
	rv
	av
	W
	rw
	aw
	rC

	16O+10B (16O+11B)
	49.0
	2.28
	0.52
	44.4
	2.5
	0.30
	2.42

	17F+9Be (16О+9Ве)
	100
	2.23
	0.55
	15
	2.49
	0.55
	2.58


The experimental errors also include errors in peak separation and accounting for the background substrate. From the normalization of the calculated curves to the experimental values in the region of the front angles, the preliminary values of the squares of ANC (С17Fg.s → 16O + p)2 = 0.97 ± 0.11 fm-1 and (С17F_1Ex.st. → 16O + p)2 = 6150 ± 850 fm-1. Errors include experimental errors, as well as uncertainties associated with the residual dependence of the function R(b) on the uncertainty of the geometric parameters of the Woods-Saxon potential of the bound state of the transferred proton in the 17F nucleus. In this case, it was taken into account that the contribution of the coupling of reaction channels, which we tested using the FRESCO program, does not exceed 5% in both cases, which is significantly less than the indicated errors.

It should be noted that a satisfactory description of the experimental data by this dependence indicates an approximate correspondence of the ANC values for the 17FOC → 16O + p and 17F0.495 MeV → 16O + p configurations to the ANC values obtained in [68].

2.3 Theoretical analysis of experimental data for the reaction 16O(p,γ) at stellar energies 

Calculations of astrophysical factors S for the reaction of direct radiative capture of 16O(p,γ)17F are performed using the following equation [69]:

Sl17Fj;116(E) = C217Fj;l17Fj Rl17Fj (E; b17Fj),



(2.7)
where C217Fj;l17Fj  is ANC for 16O + p → 17Fj (j = 1 and 2 for the ground and first excited state of 17F, respectively); b17Fj is a single-particle ANC, which is determined by the "tail" of the radial component of the bound state (16O + p) of the wave function of the 17F nucleus in the shell model.

Equation (2.7) uses the weighted average values of ANC C217Fj (j = 1 and 2) for 16O + p → 17F1 and 16O + p → 17F0, obtained in this work. In this case, the function Rl17Fj (E; b17Fj)  is calculated similarly to how it was done in [45]. However, we only note the following. The forward amplitude of the above reaction is formed mainly due to the capture of E1, M1 and E2. For the transition to the ground (17F0) state of the wave p, f (d) and s and d correspond to the transitions E1, M1, and E2, respectively. For the transition to the first excited state (17F1), the p (s) wave and d wave correspond to the same transitions indicated above. In addition, as shown in [45], the uncertainty of the calculated function Rl17Fj (E; b17Fj) is about ± 4%. It arises when the free parameter b17Fj (r0, a) changes with respect to its value corresponding to the standard values of the geometric parameters of the generally accepted Woods-Saxon potential (r0 = 1.25 fm and a = 0.65 fm). Note that this potential is used to calculate both the wave function of the bound state of 17Fj and the continuous function of p16O scattering, which are included in the radial integral of the matrix element [69]. The results of comparison of astrophysical S-factors (S116(E)), calculated in this work, with experimental data [8] are shown in Fig. 18. 
Here, solid curves in (a) and (b) show the results for the ground and first excited states of the residual nucleus 17F, respectively, while the solid curve (c) corresponds to their sum 17F (ground state + 0.429 MeV). In Fig. 18, the bandwidths represent the errors, which are the root-mean-square errors of the ANC uncertainties given in Table C.1 (Appendix C) and the Rl17Fj errors.

As can be seen from the figure, the weighted average values of C217Fj obtained in this work, firstly, reproduce the experimental data well, and secondly, they allow extrapolating astrophysical S-factors (S116(E)) to the stellar energy region. In particular, Sg.s.116(E) = 0.44 ± 0.04 and 0.45 ± 0.05 keV*barn, and Sexc.116 (E) = 9.89 ± 1.01 and 9.20 ± 0.94 keV*barn were obtained for E = 0 and 25 keV, respectively. And the general astrophysical S-factors S116(E) were found to be 10.34 ± 1.06 and 9.65 ± 0.98 keV*barn for E = 0 and 25 keV, respectively. It should be noted that our result for E = 0 agrees with the result [45] S116(0) = 9.45 ± 0.4 keV*barn and with the result [47] S116(0) = 10.2 and 11.0 keV*barn obtained within the framework of the microscopic model for the effective V2, MN and NN potentials, respectively.

Calculated rates of thermonuclear reactions 9Be (p, γ) 10B and 16O (p, γ) 17F.
The new values obtained for the total astrophysical S factors for the reactions 9Be(p,γ)10B and 16O (p,γ) 17F were used to calculate the rates of these reactions depending on the temperature of the star in the range 10-3 <T9 <10, where T9 is the temperature in units of 109K. Maxwell-averaged reaction rates NA‹σijυij›  are given in [4,29]
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Curves (a) and (b) correspond to the ground and first excited (0.495 MeV) states of the residual 17F nucleus, respectively, while curves (c) correspond to their sum 17F (g.s. + 0.495 MeV). Solid line and stripe are the results of this work. Experimental data from [8]

Figure 18 – Astrophysical S-factors of the reaction of direct radiation capture of 16O (p,γ) 17F
Here T is a function of temperature, NA is Avogadro's number; kB is the Boltzmann constant; μij and ηij = ZiZje2/ ħ are the reduced mass and the Coulomb parameter for interacting particles (i and j), respectively and υij=[image: image67.png]V2E/;;



, where Zke is the particle charge k.

To calculate the rate NA (σ116υ16) for the reaction 16O (p,γ) 17F, the contributions of the resonant (E* = 3.104 MeV with Jπ = 1/2- and E* = 3.851 MeV with Jπ = 5/2-) 17F states to the total astrophysical S-factor S116 (E) were taken into account in the framework of the modified R-matrix method. In this case, we considered the transitions from the first and second resonance states mentioned above to the first excited and ground bound states of the residual 17F nucleus, respectively [8]. Both transitions correspond to the dominant inclusions E1 and M1. The values of γ - the widths corresponding to the first and second resonances, as well as the proton and total widths are taken from [70]. The direct component S116(E) is determined by the corresponding ANC values for 16O + p → 17F obtained in this work. In addition, we calculate the response rate without taking into account the resonance contribution to the amplitude response. Both methods gave practically the same results for the speed NA (σ116υ16). A similar procedure was used in the calculations for the reaction 9Be (p, γ) 10B.

Fig. 19a shows the ratios of the rates of the 9Be (p,γ) 10B reaction calculated in this work in comparison with the calculations [24] (solid curve) and [71] (dashed line). The ratios of the rates we calculated for the reaction 16O (p, γ) 17F to the calculated values by [24] (solid curve) and [72] (dashed line) are shown in Fig. 19b. The ratio of the calculated velocities, that at temperatures T9 ≥ 0.004 K, the difference between the calculated speeds recommended in this work and those recommended in [24] and [71] is noticeable, and it increases with decreasing temperature.
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Description is given in the text

Figure 19 –  Ratios of the rates of radiative capture of reactions 9Be(p,γ)10B (a) and 16O(p,γ)17F(b) 

Conclusions. In the framework of the asymptotic theory, an analysis is carried out of the experimental angular distributions of the differential cross sections of the above-mentioned peripheral reactions of proton and triton transfers at the above-barrier and below-barrier energies of incident particles. It is shown that the asymptotic theory gives an adequate description of both the angular distributions in the angular region of the main peaks of the angular distributions and the absolute values of specific ANCs. New values of the ANC square for 9Be+p →10B, 16O + p → 17F and 16O + t → 19F and their uncertainties were obtained. The ANC values obtained in this work were then used to calculate astrophysical S-factors for the radiative capture reaction 16O(p,γ)17F at stellar energies. At the same time, the obtained new values of the reaction rates of 16O(p,γ)17F at a stellar temperature in the range 10-3≤ T9 ≤10, which show a noticeable difference ~ 1.2 [24] and ~ 1.3 [71] times in comparison with literature data.

CONCLUSION

To briefly formulate the main results and conclusions obtained during the implementation of the topic in 2018 - 2020.

The activation technique for measuring the yields of radiative proton capture has been improved. An asymptotic theory of subbarrier reactions of charged particle transfer is constructed.

At the accelerators of the INP (Almaty), Warsaw University (Poland) and Tashkent University (Uzbekistan), the following have been measured: experimental differential and integral cross sections for the reactions 12C(p,γ)13N at energies of 1088 - 1390 keV; yields of reactions 12C(p,γ)13N and 16O(p,γ)17F; differential cross sections for 10B(12C,13N)9Be and 10B(16O,17F) 9Be proton transfer reactions at 41.3 MeV. Differential cross sections for elastic scattering of 10B ions by 12C nuclei at an energy of 17.5 MeV were measured in a wide range of angles.

Using modern software codes, the following have been calculated: the calculated values of the S-factors of the reaction 12C(p,γ)13N and 16O(p,γ)17F; from the analysis of experimental DCS of reactions 10B(12C,13N)9Be, the value of the squares of ANC for 12C + p→13N was obtained; the calculated values of the reaction rates 12C (p, γ) 13N, 16O (p, γ) 17F at a stellar temperature in the range 10-3≤ T9 ≤10.

The anomalous growth of the 12C(10B,10B)12C cross section at opposite angles can be reproduced taking into account the contribution of the mechanism of elastic deuteron transfer between interacting nuclei; the value of the spectroscopic amplitude SA = 1.29 for the configuration 12C → 10B + d was extracted.

It was found: the value of the spectroscopic amplitude SA = 0.6 ± 0.06 for 12C + p→13N for the reaction 10B(12C,13N)9Be at an energy of 41.3 MeV; values of the squares of ANC (С17Fg.s→16O+p)2 = 0.97 ± 0.11 fm-1 and (С17F_1Ex.st.→16O+p)2 = 6150 ± 850 fm-1 for 10B(16O,17F)9Be at energy 41.3 MeV.
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Ha rpaKToBoe GHHANCHpOBaHHC

TEXHHYECKASI CIELHOUKALHS 1
KAJIEHJAPHBIA IUIAH PABOT

Tlo norosopy Neo?7_or 24 % 2018 roza

Jloueprice rocy apeTBENHOE NPEINPHSTHE Ha NPABE X03SHCTRENNOTO BeACHTS
«Hay4HO-HCE1€10BATE b CKMIl HHCTHTYT JKENEPHMERTATLHOM i TeOpeTHUECKON HIMKID
Pecity6AMKANEKOrO ocy RPCTBENION0 NPEANPHSTHS! A NPABE X03SHETBEHNOTO BeleHNst

«anaxexiit HAHORATL B yRUBEpEHTET M. A:1h-Dapaliv MumcTepeTsa 06pazopanms 1

nayin PeenyGamkn Kasaxeran

11 Tlo mpuopitery: MHGOPMALMOHHEIE, TeEKOMMYHHKALHORHHE H KOCMHYECKHE
TEXHOJIOTHH, HAYHbIC HCCIIE/IOBAHKS B 0GNIACTH CCTECTBEHHBIX HAyK.

1.2 Mo noanpuoputery: Hayumble WccliefOBamMs B OGNACTH ECTECTBEHHBIX HAyK.
DyHAaMeNTATB b  NPHKIANLIC HCC/ICIOBANHE B OOTACTI Q3K i ACTDOHOMHH.

13 Mo Teme mpoexra: NeAP0SI32062 «Mconenopaniiie PaTHALMORHOTO 3aXBaTa it
nepipepuiHEX SUEPHBX peAKIvH NePEatH NOTOHOB NPH SHEPHAX BOTH3A KYIOHOBCKOTO
6aphepa, BEIIBAHEIX TXETHIMH HOHAMH, LIS ACTPOMHIHIECKHX H TEPMOSIEPHBIX TPHIOKEHHI.

1.4 O6imas cywmma npoekra 36 000 000 (TPHILAT UIECTE MITHOHOB) MIH. TEHTe, B TOM
“HCTE ¢ pA3GHBKOH 110 F0faM, U1 BEOTHEHA PABOT COTNACHO MYRKTY 3:

-ua 2018 rox - B cymme 12 000 000 (1BeHanuaTh MHUTHOHOB) MJIH. TEHTE;

- 1a 2019 rox - B cyse 12 000 000 (IBEHATATS MILLTHOROB) MTH. TeRTE;

- i 2020 ro - B cyse 12 000 000 (TBEHATNATS MILTHOHOE) MTH. TeHTE.

2. Xapaxmepucmua nayuno-mexnuseckoit npodyKuuu O KeanUGUKIUONHSN
MpUSHAKGM U IKOHOMUNECKUE HOKazameAt:

2.1 Hanpasnenne paGots: QYIAMEHTAThbE OKCTEDHMEHTATBHEE H TEODETHYECKHE
HCCIEA0BaIS B 0BNIACTH ALEPHOM ik

2.2 O6nacts npimereiis: HoBble Zaible 10 CeseriaM PATHAIIHOHHOIO 3aXBaTa, peaiili
Nlepeiati MPOTORA, MpeII3HORHBIe IHaveris AHK GyIyT NONe3HE! /UIA TeCTHOBANHS PASTHIHEX
SICPHBIX MOZieNeli # /UL TIPOBEJICHHA MOJSTBHBIX PACUETOB M0 PEAKUHAM HYKIEOCHHTEa UL
CTPOIIINCCKIIX 1 TEPMOATCPHBIX MPHIOAKCRTH.

2.3 Kowesmbi pesynsar:

- 3a 2018 rox: MeTomHKa HIMEpelHs BHXOZOB DAIMAIVONHOTO 32XBATA MPOTOHOB;
AciMITTOTHNeCKa TeopHS  NOGAPhEPHBX  peauli Iepefaun  sapwkemuol; Cedemns
peaxtnin'’C(p, )"’N; Byayr onyGauonana | CTaTss b 3apyGeKHOM HaydHOM KypHaste.

- 3 2019 rox: Bexomst peakunii’C(p, /)N  "“O(p.y)!"F; Jlucbdeperumanisie cesenmns
peaxtmn "*B("2C,"N)’Be; Byier onyGukosana | CTATLS B OTeseCTACHHOM KYDHATe H 2 CTaTh B
Web of Science un Scopus.

- 32 2020 rox: Jluddepermansisie cesernns peaxun "°B('°0,"F)’B, 3nasenns kpanpatos
AHK 1s"C+p—"N u “O+p—>1F, 3uaserus cxopocrelt peaxuuti *C(py)°N u “O(py)'’F »
3aBHCHMOCTH OT SHepriti. Byt onybukosana | cTatss B Web of Science i Scopus.
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Technical Specification and Timetable

(approved 03/29/2018, to Contract № 283

1.1 By priority: 3. Information, telecommunication and space technologies, scientific research in the field of natural sciences.

1.2 By sub-priority: 3.6 Scientific research in the field of natural sciences. Fundamental and applied research in the field of physics and astronomy.

1.3 On the topic of the project: №AP05132062 "Investigation of radiation capture and peripheral nuclear reactions of proton transfer at energies near the Coulomb barrier caused by heavy ions for astrophysical and thermonuclear applications".
1.4 The total cost of the project is 36 (thirty six million) million tenge, including with a divisions by years, for the performance of work in accordance with paragraph 3:
- for 2018 – the cost is 12 (twelve million) million tenge;

- for 2019 - the cost is 12 (twelve million) million tenge;

- for 2020 - the cost is 12 (twelve million) million tenge.

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

2.1 Direction of project: Fundamental experimental and theoretical research in the field of nuclear physics
2.2 Application area: New data of cross sections of radioactive capture, proton transfer reactions, and precision ANC values will be useful for testing various nuclear models and for carrying out model calculations by nucleosynthesis reactions for astrophysical and thermonuclear applications.

2.3 Final result: 

- for 2018: Methodology for measuring the yields of radiative capture of protons;  Asymptotic theory of subbarrier charged transfer reactions; Cross sections for the reaction 12C(р,()13N; The one article will be published in a foreign scientific journal. 
- for 2019: 12C(р,()13N and 16O(р,()17F reaction yeilds; Differential cross sections of reaction 10B(12C,13N)9Be; The one article will be published in a domestic edition and 2 articles in a foreign scientific journal indexed by Web of Science or Scopus.
- for 2020: Differential cross sections of reaction 10B(16O,17F)9B, ANC square values for 12C+p(13N and 16O+p(17F, Reaction rates of 12C(р,()13N and 16O(р,()17F depending on energy. The one article will be published journal indexed by Web of Science or Scopus.
2.4 Patentability: absence

2.5 Scientific and technical level (novelty): new data on differential reaction cross sections of 10B(12C,13N)9Be and 10B(16O,17F)9B, new refined ANC squared values for 12C+p(13N and 16O+p(17F, new refined values of 12C(р,()13N and 16O(р,()17F reaction rates.
2.6 The use of scientific and technical products is carried out: by the Contractor.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: Publications in journals. Databases on nuclear constants for the needs of the Republic of Kazakhstan and for the IAEA “EXFOR” database.
 The topic of the project: "Investigation of radiation capture and peripheral nuclear reactions of proton transfer at energies near the Coulomb barrier caused by heavy ions for astrophysical and thermonuclear applications"
3. Name of work, implementation terms and results

	Task code, stage
	Name of work according to the Contract and the main stages of its implementation
	Deadlines
	Expected results

	
	
	start
	finish
	

	1
	Measurement of 12C(р,()13N reaction cross sections
	January

2018
	June 

2018
	12C(р,()13N reaction cross sections will be measured. Carbon target. Cross sections of 12C(р,()13N reaction.

	2
	Improvement of the technique for measuring the yields of radiative capture of protons
	January

2018
	September

2018
	The technique for measuring the yields of radiative capture of protons will be improved

	3
	Construction of an asymptotic theory of subbarrier reactions of charged particle transfer

	January

2018
	until the 1st of November

2018
	To be built: Asymptotic theory of subbarrier reactions of charged particle transfer.

The one article will be published in a peer-reviewed scientific journal with a non-zero impact factor

	4
	Measurement of 12C(р,()13N reaction cross sections
	January

2019
	March

2019
	12C(р,()13N reaction cross sections will be measured

	5
	12C(р,()13N and 16O(р,()17F reaction yield measurements
	January2019
	September 2019
	The following will be measured: 12C(р,()13N and 16O(р,()17F reaction yeilds.

	6
	Measurements of differential cross sections 10B(12C,13N)9Be for proton transfer reactions 
	January 2019
	September

2019
	The following will be measured:

Differential cross sections 10B(12C,13N)9Be for proton transfer reactions

	7
	12C(р,()13N reaction S-factor calculations performing
	January

2019
	until the 1st of November

2019
	12C(р,()13N reaction S-factor calculations will be performed

S-factor values of 12C(р,()13N reaction

	8 
	Measurements of differential cross sections 10B(16O,17F)9Be for proton transfer reactions
	January

2019
	until the 1st of November

2019
	The following will be measured:

10B(16O,17F)9Be differential cross sections for proton transfer reactions

	9
	Analysis of 10B(12C,13N)9Be and 10B(16O,17F)9Be experimental differential cross sections performing
	January

2019
	until the 1st of November

2019
	Analysis of 10B(12C,13N)9Be and 10B(16O,17F)9Be experimental differential cross sections will be performed

	10
	12C(р,()13N and 16O(р,()17F reactions rate calculations performing
	January

2019
	until the 1st of November

2019
	12C(р,()13N and 16O(р,()17F reactions rate calculations will be performed. The one article will be published in a domestic edition and 2 articles in a foreign scientific journal indexed by Web of Science or Scopus.

	8
	Measurements of differential cross sections 10B(16O,17F)9Be for proton transfer reactions
	January

2020
	March 

2020
	The following will be measured: 10B(16O,17F)9Be differential cross sections for proton transfer reactions 

	9
	Analysis of 10B(12C,13N)9Be and 10B(16O,17F)9Be experimental differential cross sections performing
	January

2020
	September 2020
	Analysis of 10B(12C,13N)9Be and 10B(16O,17F)9Be experimental differential cross sections will be performed

	10
	12C(р,()13N and 16O(р,()17F reactions rate calculations performing
	January

2020
	До 1 ноября 

2020
	12C(р,()13N and 16O(р,()17F calculations will be performed. The one article will be published in a peer-reviewed foreign scientific journal Web of Science or Scopus with a non-zero impact factor.
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7 Burtebayev N., Nassurlla M., Burtebayeva J.T. Measurement and evaluation of astrophysical nuclear reactions. –  Dubna: Publisher JINR, 2019. – 176 p. ISBN 978–5–9530–0520–3 (in russian)

In domestic journals
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2020 

In foreign journals
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10 Artremov S.V., Burtebayev N.,. Ergashev F.Kh, Igamov S.B., Tojiboev O.R., Piasecki E., Rusek K., Sakuta S.B., Tursunmakhatov K.I., Wolinska-Cichocka M., Yarmukhamedov R. Asymptotic normalization coefficient for 13N→12C+p from the 12C(10B,9Be)13N proton transfer // Proceedings of international conference “Fundamental and applied problems of physics”. – Tashkent, 2020. – P.97-101.

11 Artemov S.V., Burtebayev N., Kholbaev I., Rumi R.F., Karakhodzhaev A.A., Tojiboev O.R., Ergashev F.Kh., Khalikov R.I., Makhmudov S.K., Khakimov Zh.B. New data on the yield of reactions 12C, 16O (p, γ) obtained by the modified activation method // Proceedings of the international conference "Fundamental and applied problems of physics".– Tashkent, 2020. – P.102.(in russian)
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Elastic scattering angular distribution was measured for the 0B+12C
system at Eyp = 17.5 MeV in the angular range of 8 = 15°-165°. The
analysis of the experimental data was carried out in the framework of
the optical model and the distorted-wave method (FRDWBA) using the
FRESCO code. The optical model describes well the experimental cross
sections in the region of the angles of the forward hemisphere, but it is not
able to reproduce the observed rise of the cross sections at large angles.
Ouly accounting for the exchange mechanism with a deuteron transfer al-
lows us to describe the experiment in the full angular range. Spectroscopic
amplitude has been extracted from the analysis for the 2C — B+ 4
configuration.

DOI:10.5506/ APhysPolB.51.7567

1. Introduction

Studies of direct nuclear reactions carried out in collisions of 1p-shell
nuclei bring important information about the reaction mechanism and nu-
clear structure. However, the analysis of such reactions requires knowledge
of optical potentials, the parameters of which are usually extracted from
the description of elastic scattering using an optical medel. Compared to
light particles, heavy-ion scattering is characterized by a stronger Coulomb
interaction and absorption. A complicating circumstance is the size of the

* Presented at the XXXVI Magutian Lakes Conference on Physics, Piaski, Poland,
September 1-7, 2019.
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impinging particle, which cannot be considered point-like, so the idea of the
particle’s motion in the potential field is incorrect. Due to the stronger ab-
sorption, the colliding nuclei sense the potential only in the surface region.
Another complication comes from the fact that in the scattering of heavy
ions, an important role can be played by exchange processes [1] associated
with the transfer of clusters, which strongly affects the elastic scattering
cross sections, leading to a significant increase of cross sections at large an-
gles, inexplicable by the optical model. This effect is commeonly referred to
as elastic transfer. The description of such angular distributions within the
optical model can lead to incorrect values of the extracted potential param-
eters. Therefore, when analyzing the scattering of heavy ions, it is necessary
to take into account the contribution of exchange processes.

The role of the exchange mechanism in the elastic scattering of heavy
ions with p, d, ¢, *He, a-particle and ®Li transfer was previously investigated
it Refs. [1-9]. It has been shown that in angular distributions at large angles,
the cluster transfer process really dominates.

The elastic scattering of '°B on '*C nuclei was previously investigated
at energies of 18 MeV |1, 9], 41.3 MeV [10] and 100 MeV [11]. At the energy
of 100 MeV, measurements were carried out only in a limited range of an-
gles (10°-40° in the center-of-mass system), where a well-defined diffraction
structure was observed. The same structure was observed in the anterior
hemisphere and in the recently measured angular distribution at 41.3 MeV
|10], which is well-described in the optical model framework. The analysis,
however, showed that this model is not able to reproduce the rise of cross
sections at large angles observed in the experiment, and to reach an agree-
ment, it was necessary to take into account the exchange mechanism with
the transfer of a deuteron. As demonstrated by studies at the energy of
18 MeV [1], with the beam energy approaching the Coulomb barrier, the
diffraction structure in the anterior hemisphere disappears, but at large an-
gles, it appears again and is characterized by an increase of cross sections
as a function of scattering angle. Calculations have shown that even the
variation of the depth of the optical potential in a wide range is not able to
explain this effect. It should be noted that no specific calculations with the
assessment of the contribution of elastic denteron transfer were carried out
in Ref. [1].

The aim of this work is to study the elastic scattering of 1°B on *C nuclei
at the beam energy of 17.5 MeV. The main task is to obtain information
about the role in scattering of the elastic transfer mechanism of a deuteron
cluster.
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2. Experimental technique

Differential cross sections for elastic scattering of ‘°B ions on 2C nuclei
at Flp = 17.5 MeV in the range of angles 15°-165% in the center-of-mass
system were measured using a °B bearn from the DC-60 cyclotron at the
Institute of Nuclear Physics of the Republic of Kazakhstan in Nur-Sultan.
Thin films of **C with a thickness of ~ 30 yg/cm? were used as targets.
Charged particles produced in nuclear reactions were detected by telescope
counters AE-E, consisting of two ORTEC silicon surface-barrier detectors
with thickiess of 10 microns (AE) and 300 micrens (E). Energy spectra
of the scattered particles were measured for angles from 50° to 80° in the
center-of-mass system using Win_EdE program with particle identification
(Pig. 1 [2]) and MAESTRO-32 [12] without their identification (Fig. 2).

198 from other
heavy elements

% 80
Channels

Fig, L. Flastic scattering spectrum of 1°B on 12¢! at 17.5 MV energy and 6, = 26°
with particle identification.
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Fig. 2. Elastic scattering spectrum of '°B on € at 17.5 MeV energy and fl., = 30°
acquired using MAESTRO-32.
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To the right of the peak corresponding to the elastic scattering of 1°B
on carbon, the peaks corresponding to the scattering on the impurities con-
tained in the target are marked.

The systematic error of the measured cross sections does not exceed 10%.
It includes uncertainties of the target thickness, calibration of the current
integrator and of the solid angle of the spectrometer. The statistical error
was at the level of 1-5% for the front hemisphere and increased at large
angles, but did not exceed 10%.

3. Analysis of 1B + '2C scattering

At the first stage, data on elastic scattering were analyzed in the frame-
work of the standard nuclear optical model (OM), in which the influence of
inelastic channels is taken into account phenomenologically by introducing
an imaginary absorbing part into the interaction potential between the col-
liding nuclei. In this case, the total potential of interaction with the volume
abserption is as follows:

Ulr) = =V flzv) —ilW flzw)] + Valr), (1)

where V' and W are the depths of the real and imaginary potentials, and
their radial dependence is described by the Woods-Saxen form factor

Flz) = (1+ explz)) 4, ; = (r—Ry)ja;, 2)

where a, is the diffuseness parameter, R, is the radius defined as: R, =
r(AY® + A3 | i = V,W,C, A, and 4, are the mass numbers of the
incoming particle and the target nucleus. Vo(r) is the Coulomb potential of
a uniformly charged sphere of radius Rp. The parameter re = 1.25 fm was
used in the calculations.

To estimate the contribution of exchange effects to the elastic scattering
of 19B on 12C nuclei, the method of distorted waves with precise considera-
tion of the finiteness of the interaction radius (FRDWBA} was used.

The parameters of the cluster wave function of the bound 1D deuteron
state in the '2C core (1°B + d) were taken exactly the same as in Ref. [10].

The differential cross sections, taking into account the exchange mecha-
nism, were calculated as

do /2 = | fald) + SA fielm — 0) 2, (3)

where SA is the spectroscopic amplitude, f.i(#) is the elastic scattering am-
plitude, and fi(r —4) is the elastic deuteron transfer amplitude.
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4. Discussion of results

Calculations using both the optical model and the distorted-wave method
{(FRDWBA) were carried out using the FRESCO program [13]. Table I
presents the optical model potential parameters that optimally describe the
data. They differ slightly from the parameters obtained in Ref. [1] for elastic
scattering at the edergy of 18 MeV.

TABLE I

The optimal potential parameters for the system 1°B 412 C at Fj,, = 17.5 MeV.

Model/Ref. | v |MeV] [ ry [fm] | ay [fm] [ W [MeV] [ ryp [6im] [ vy [fim]

oM 110.0 1.125 0.57 8.5 1.8 0.22
oM [1] 100.0 115 0.5 10 1.3 0.22
OM+FRDWBA | 110.0 1125 0.57 8.5 1.3 0.22

Comparison of calculated cross sections with experimental data is shown
in Fig. 3. An agreement with the experiment can be achieved ounly by taking
into account the exchange mechanism with the transfer of a deuteron. When
calculating the cross sections in this case, the value of the spectroscopic
amplitude (SA) for the configuration d+ '°B was a free parameter and was
determined from the comparison of the calculated cross sections with the
experimental ones. The best description of the experimental data is achieved
at SA = 1.78. This value is slightly different from the result (SA = 1.375)

Rutherford scattering
® Experiment via Maestro
o Experiment via WinE_dE

10 om[1]
= ——om
2w —— OM+FRDWBA
Ew
gmi
S

109

10°4

10%

0 20 40 60 8 100 120 10 150 180

om ( deg)

Fig.3. Angular distribution of slastic scattering of 1°B on 2C at Ej,p, = 17.5 MeV,
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obtained in a previous study of scattering at the energy of 41.3 MeV [10],
while it is in agreement with the theoretical value of SA = 1.78 calculated
in the framework of the translational invariant shell model [14].

5. Conclusion

Elastic scattering of '°B ions on '2C nuclei was studied at 17.5 MeV
energy in a wide range of angles. The analysis of the measured angular
distribution was carried out using the FRESCO program. As a result of
the analysis, the value of the spectroscopic amplitude SA = 1.78 for the
configuration *C — '°B+ d was extracted, which is in good agreement with
the results of the study of elastic scattering at an energy of 41.3 MeV [10]
and with calculations in the framework of the translational invariant shell
model [14]. The extracted value indicates a high degree of clustering in *2C
with a structure of °B4-d.
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Annotation

The reaction '2C(7"B,*Be)"N at Eyy=41.3 MeV was investigated for the ground states of “Be and >N, New
experimental data were analyzed for the angular distributions « f the reaction cross-sections were obtained. The
analyses ¢f the data has been implemented in the framework ¢ f the post form «f the mod fied DWBA and a new
value cf the asymptotic normalization cox, ficient for ?C+p—"N has been obtained.

Key words: nuclear reaction '2C(!%B.°Be)"*N, angular distribution, optical potentials, asymptotic normalization
coefficient, astrophysical S-factor

1 Introduction

The 2C(p,y)"*N reaction is one of the key reactions in nuclear astrophysics, which plays an important
tole in the cold CNO cycle via the sequence [1, 2]

2C{p, ) BN(1Ce0.)2Cp, ) N(p,7) S0 Ne 0:) 5N (p, a) 2C

both for nucleosynthesis in massive stars [1, 2] and as a source of the low-energy solar neutrinos [3-5]. The
2C(p,y)*N reaction is also the main link of two branches of the CNO cycle transforming from celd to hot
form with the temperature increase, which is determined by the sequence [2]

2C(p, 1) PN (p, )0 Netv) “N(p,y) O Ne'tv.) N(p,a)*’C

The study of the 2C(p,y)**N reaction is also of interest for obtaining information about the formation
of the *C muclei required for the YC(e,n)'®0 process, competing with the most popular *Ne{w,n)**Mg
reaction as a neutron source for the s-processes in the low-mass AGB stars [6].

Since 1950, the proton radiative capture C(p,y)**N reaction was experimentally studied in a wide
mange of energies up to the minimum value of E;~70 keV in c.m. by measuring prompt reaction y-quanta
(see [7] and references therein) and by activation methods (see [8] and references therein). However, there
is an obvious discrepancy in the experimental data at the lowest energies, and reliable experimental data are
needed to determine the behavior of the astrophysical S-factor S(E) at energies E.x below ~200 keV, as
well as between the two aforesaid resonances and above the second resonance.

In the last two decades, a number of methods of analysis of experimental data were proposed to obtain
the “experimental” values of the asymptotic normalization coefficients (ANC) for their application to
nuclear astrophysics (see, for example, Refs. [9-11] and the references therein). One of such methods uses
the modified DWBA [12, 13] for the peripheral transfer reaction

x+4—y+B [45]
considered in the framework of the three-body (4, a and y) model, where x=(y+a) is a projectile, B=(d+a},
and « is a transferred particle. In the modified DWBA, the absolute values of differential cross sections
(DCSs) are expressed as the product of the squared ANCs, which determine the amplitude of the tail of the
ovetlap functions corresponding to the wave functions of the B and x nuclei in the binary (4+a) and (y+a)
charnels [14], respectively.
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To determine the ANC for C+p— "N, we measured the angular distributions of the differential cross
section (DCS) of the transfer *C('°B,”Be)'*N reaction at the incident '°B energy of 41.3 MeV in the angular
interval covering the forward hemisphere. Than the ANC C?1; was obtained from these data using the post
form of the modified DWBA.

2 Experimental method

Measurements of the angular distribution of *Be ions from the reaction C(1%B,’Be}'*N were carried
out on the derived ion beam '“B of the U-200P accelerator of Heavy-Ion Laboratory at the University of
Warsaw. The energy of '°B ions was 41.3 MeV with an energy spread of less than 1%. The beam was
directed to the carbon target in the scattering chamber of the multi-detector ICARE setup [15, 16]. and the
reaction products were registered by four AE-E telescopes consisting of silicon detectors (E) and ionization
chambers (AE), and mounted in pairs on two remotely rotating platforms. Also, three monitor silicon
detectors were installed outside the telescope rotation plane at an angle 15° to measure and control the beam
energy, as well as the target state. The self-consistent films of natural carbon, which thicknesses are about
0.14 mg/cm?® were used as ‘2C targets. The measured energy spectra were treated with the program ROOT
[17]. A typical two-dimensional (AE,E) spectrum is shown in Fig 1.

One can see the good separation of the reaction products with charges of Z =4-7 which is needed for
the required differential cross sections obtaining. A typical energy spectrum of *Be nuclei arising in 2C +'°B
interaction is shown in Fig 2. The energy resolution in the spectrum is approximately 500 keV, which is
mainly defined by the own resclution of the E-detectors of telescopes, the energy spread of accelerated ions
108, and kinematic broadening. The most intense groups of the detected ions “Be correspond to formation
of the N nucleus in the ground state (J*=1/2°), and in two unresolved states 3.50 MeV (3/2°) and 3.55 MeV
(5/2%). The groups correspending to the excited states of the *Be nucleus are weakly excited.

600}

5001

Counts

0|

&

20}

100

iy A TV
E 1000 1500 2000
Channels
Fig. 1 The ypical two-dimensional (1E-E) spectrum cf particles from  Fig. 2 Fragment cfthe *Be nuclei energy spectrum from
the PC+1°B reaction at Ein('°E) = 41.3 MeV, measured at an angle the '*C("'B°Be)"N reaction at Ew("’E) = 41.3MeV
B =15° measured at an angle Sy = 13°

Angular distribution for *Be from the ?C(**B,’Be,: )**Ng. reaction was measured in the angular range
of 5°-40° in the laboratory system. The statistical error was ~3 - 5% in the spectra measured at the forward
angles and somewhat more at larger angles, but nowhere exceeded 12 - 17%. The corresponding error bars
are smaller than the size of the experimental points at small angles. According to our estimates, the
systematic errors in DCS are mainly determined by target thickness uncertainties and do not exceed 10%.
Additional control in determining the absolute value of experimental errors is performed by comparing the
cross section of elastic scattering of ‘B ions on C nuclei at small angles with the cross section of
Rutherford scattering. As a whole, we estimated the systematic error of measured cross-sections to be not
larger than 10%.

3 Analysis of the *C(B,’Be)”N reaction and asymptotic normalization coefficient for
2Cp BN
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In this section, we present the results of the analysis of the experimental DCS of the proton transfer
2C('°B,’Be) N reaction measured in the present work at the projectile 1B energy of41.3 MeV. The analysis
has been dene within the modified DWBA using the LOLA code [18].

In the modified DWBA [13], the DCS for the peripheral proton particle transfer '*C('°B, *Be)"*N
reaction (°B—Be+p and N—!2C+p} in the angular region of the main peak of the angular distribution
can be written in the form

do

0= Clg B E by sbug, ). @
(DWBA) i
P o TF(E Obis,bag)
REPP(E,,6:bsy,  bip, )= Coy, Tﬂ, ®3)
*Bep Vcp

where G;DWBA) is the single-particle DWBA cross section [16]; Cucp and C°E‘p are the ANCs for
2C+p—1N and *Bet+p— 1B, which determine the amplitudes of the tails of the radial N and '°B nucleus
wave functions in the (**C+p) and (*Be-+p) channels [14] and b“cP and b are the single-particle ANCs

for the shell-model wave functions for the two-body [“N=("?C+p) and ‘“B=("Be+p}] bound states, which
determine the amplitudes of their tails; £; is the relative kinetic energy of the colliding particles and & is the
center-of-mass scattering angle.

If the reaction is peripheral in the angular region near the main peak, then the contribution of the

internal part into the Réﬂ e (E.:8; bgﬁ‘p.bu o ) must be strongly suppressed. In this case, the conditions of

peripherality are formulated by:
RPP(E0;b,y,bug,) = f(E.6), “)
where the lefi-hand side of (4) must not depend on b, & for each fixed energy E. and scattering angle 4

belonging to the main peak. Then from (2) and (3) the following condition

o doldQ
Rep = A2 pORBD ;I o h By
&~ C2 RO (B, Bb,, by

Pug,

= const (5)

must be fulfilled for each fixed energy E. , 6’(0:9;‘",]':1.2....) and the function of

R;DWEA)(EMg;b bucp) from (4). Therefore, Eqs. (4) and (5) can be used for determination of the

S5ep?

squared ANCs C? - since, in the extemal part of the matrix element the optical potential ambiguity and
the dependence of the Rff’ wd) (E.. H;bgg‘p,bucp) function on b, - will be reduced to minimum,

‘We performed the calculations with five different sets of the optical potentials of the reaction
12C(1°B,’Be)®N. They are presented in Table 1.

At first, we have tested validity of the condition (4) for the experimental points from the main peak
of the angular distribution of the reaction and the sets of the optical potentials of Table 1. For calculation of
the shell model bound [N(*2C-+p)] state wave functions the Woods-Saxon potential with the Thomas spin-
orbital term is used for each fixed value of the geometric parameters (the radius 5 and the diffuseness a) by
adjusting the well depth to the experimental binding energy (1.944 MeV for the nucleus *N}. The parameters
for N are varied within the physically acceptable limits of 1.1<7;<1.4 fm and 0.6<a<0.7 fim with respect
to their “standard” values (ry=1.25 fm and ¢=0.65 fm). As illustration, Fig. 3 shows plots of the

R;D R (E,.6;b, - ) dependence on the single-particle ANC by, i obtained for the optical potentials of the
set A1BI1 from Table 1, for the angle #2# belonging to the main peaks of the correspending angular
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distribution. The width of the bands for these curves is the result of the weak “residual” dependence of
R;,DW“ (E,,6; b\zq,) on the parameters ry and a (up to £1%) for by (r,;a) = const [19].

Tab. 1: Optical potential parameters used in DWBA calculations, where V, W are in MeV, » and « are in fm. A1, A2 and
A3 correspond to the optical potentials for *B+2C, and B1, B2 represent the ones for *Be+"N.

Channel Entrance Exit

Al AZ A3 Bl B2
Vr 100 6631 78.68 127.0  60.0
Eicl 1.15 1.19 1.176 0.80 1.18
ar 0428 0429 0429 0.78 0.60
Wy 15 27.0 37.8 13.9 326
Ty 1.30 1.26 1.246 1.25 LIR
2wy 0.248 0285 0.285 0.75 0.60
Ic 1.25 1.25 1.25 1.0 1.1

Thus, the detailed study of the peripheral character of the considered reaction makes it possible to
extract the values of ANCs C\ZICP by using the experimental differential cross sections and values of the

function R”74(E,, 0:b

from the forward hemisphere.

,QCF) in the right-hand side of the relation (5) for the different scattering angles

08

) (mbrsr fm’)

o~

b (fm ")

Fig 3 1he RIPTP(E,, 6, bug,) asa function cf e single-particle 4NC by, attwo dferent angles 6: (&) and (t) for

iy
6=9.25° and 12,96 respectively,

The results of calculations and their comparison with the experimental data of the present work are
displayed in Fig. 4. As is seen from this figure, the calculated cross section is in a good agreement with the
experimental data in the main peak region of the angular distribution for all sets of the optical potentials.

+ expatimental data
A1B1

do/d€) (mbfsr)

N

[3 E) ry

w w
0, . (deg)

Fig, 4 Experimental and calenlated DCS of the reaction ("B *Begs )Ny

The squared ANC C,z,N for C+p—"N and spectroscopic factors obtained from the present

experimental data are listed in Table 2. The uncertainties for the squared ANC’s include the experimental error
and the estimated error from the theoretical calculation.

100



 [image: image85.jpg]Meodynapoduas kondepenjun «Dyudanenmansusie u npuknadiuie sonpocst usiocuy 22-23 cenmatpn 2020z,

Tab. 2: The weighted mean values of the squared ANCs for 2C+p—'*N obtained from the angular distribution of the
2B Be)"*N reaction using the combination of optical potentials for the entrance and exit channels.

Optical 3 W S
potentials fimt er
AlB1 2.334+0.23 0.6+0.06
AlB2 2.335+0.24 0.6+0.06
A2B2 2.287+0.23 0.58+0.06
A3B1 2.328+0.24 0.59+40.061
A3B2 2.278+0.24 0.58+0.06
Average 2.312+0.24 0.59+0.06

The obtained value of the ANC €7

e
factor of the radiative capture reaction 2C(p,y)"°N.

for 2C-+p—15N will be used to determine the astrophysical S
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ARHOTANNA

Onucans! SApUTHNSL GRIUGAHUTHHBIX MEROOUK WSMEPEHIUR GLIXO006 ACHPOPUINLCCKN BANCHBIX AOEPHBIX
PeAKyu  PAOHAUONHOS0 30X6aMA 3APAJNCCHNLIX MUCHIEY, CO0HHBIEC Ha' 6a3ze SHEKMPOCHEMU1ecKazo
vexcpumens II-2. Hx acobennsensio AGAACMOS YIYINIeHIE COOMHOMIEHIA nONesHol unphopmayuy « pona,
MO RPATHE GANCHO TP OYEHS MATBLX COUCHUAX, XAPARIMEPHBIX ONA AOEPHO-GCMPOPUINLCCKUX TPOYeccos.
Tonyuet savenus euxodos peaxiyudt Clp, /PN u'O(p, p)'"F npu 6onee wusiux swepeus, 20e pavee duwle
omcymemsosan.

Kriogeprie eqoBa: Spepro-acTpody3nHieckie Peakiyn; PAAHALMOHEEIH 3aXBAT; AKTHBALHOHHAS METOLMKE;
FAMMA-CTIEKTPOMETD COBNAAEHNIL; BEIXOM PEAKLMHK

1 Beenenne

JUiis mONyHeHns A0CTOBEPHLIX SHAYEHHI CKOPOCTEH ACTPOMHHINHECKH BAXKHBIX SAEPHEIX PEAKIMI, U
B YACTHOCTH, PAAHAMOHHOrO 3axBata npotona sapamu 2C u %0, HeobXxoAUMO MONyYeHHE AAHHBIX 06
OTHX PEAKLUMAX MPH BO3MOKHO Bonee HUZKHX SHEPTHAX PA3NHYHBIMH 3KCOEPHMEHTANBHLIMHE METOAAMH.
Oz ymOMSHYTEIX OpOUECCZ HIPAKT BAKHYID POSL B MPONECCE IBE3JHOTO HYKICOCHHTE3d M
sHeprossiaenenns. Hanpumep, peakmus PC(py)°N B Hauanerofl daze CN- muKIA 40 AOCTHXKEHHS
PABHOBECHS KOHTPONUpPYeT obpasoeanne N B nocneayromen Xoae 5TOro UHKna. 3T0 BKHO, TOCKONbKY
3axBatT mpoToHa stuM aapom, “N(py}’0O KeHTpOnHMpYeT CKOPOCTb HMMKTA H BHJENEHNE DHEPTHH NPH
conueuHux Temneparypax. Peaxuua O(p,y)!'F - oano u3 spenses CNO-IMRIOB FOPEHH BOAOPOAR,
HIP2ET BAKHYHK POJb B IBONIONMH 3BE37l, OTHOCSMAXCS K T.HA3. Acumnroruueckoli I'mramrckodi Bersu
(Asymptotic Giant Branch —AGB [ 1]}, x kotopoii otHocHTCs 1t Conmue. HanesxHoe onpenerneHie CKOpOCTH
PANMALMOHHOTO 3aXBaTa NPOTOHA AApoM 'S0 MO3BONHT NOHSTE NPHYHHLN AHOMATBHOTO COOTHOIIEHHS
70/1%0 B nerkux AGB spesnax. Kpome Toro, peakuus '°Ofp,y)'’F SBISeTCE NPEKPACHEIM TECTOM
napexnoern AHK-merona Bervuncnenns S-haktopos npsaMoro paaHALMOHHOTO 3aXBATA.

TpenusnonHoe H3MEPEHHE BHIXOAOB pPAIMAIMOHHOTO 3aXBATA NPOTOHA JErKHMH  SADAMH,
SKCTPANONAMS HX SHEPreTHUeckoil 3apucumoctn B obnactn E;<<1 M»B m conmocTasnenne cKopocTed
PEEKIHH, PACCHHTLIBAEMBIX O BHIXOAAM H NOJTHBIM S- @aKTOpﬂM CYLLIECTBEHHO YBEHYHT AOCTOBEPHOCTH
TAKHX [JaHHEIX B HEAOCTYNHOH [1s maBopaTOPHBIX H3MepeHui 0fIacTH SHepTHHA.

Jlns paauANMOHHOTO 3aXBATA MACTHILL 4 AnpoMm A, At+a—B+y BLIXOA PEAKUMH NPH 3HEPTHH
HANETAKLAX HACTHL £ ONpeenseTcs BhpaKeHHeM:

E E
Y(E)=n, j dE'] f(EYx o™ 2 (E) =n, j W(EYx ™ P (EVE
0 a

rae g —KoHuenTpanus snep 4 B semectse Mumenn, f (£") — dyHKmEs yaeTbHEIX HOHH3AUHOHHBIX
NOTEPb YACTHIL TTYUKA H SAHHHLE ATHHB! B BEILECTES MUILERH, 0 7%—5(E ") —nofiHoe cevenne peakium.

B nuTeparype nmeeTcs GONbIIOE KOMHHECTEO AAHHBIX M0 H3MEPEHHAM W AHATTH3Y ACTPODHIHYECKHX
S-taxropos peaxmuii 2C(p,)N 1 ¥Ofpy)'F upu muskux ssepruax (eM. ofsep [2] - “NACRE™
compilation, 063op [3], pabora [4] n conepxammecs B Heil cobuikn). OAHAKO JAHHBIE O BHIXOAAM PEAKIHHE
BC(p,y)®N  mvenuce 5umb B OTAENBHBIX OHEPrETHYECKMX HHTEpBAnax, W HMeNH Oonblume
JKemepHMenTATbHbE norpemmoctn. [lmn peaxumn  YOpyy)F mamn Boobme He OBHApyseHsi
TIHTEPATYPHBIE AAHHBIE TI0 BHIXOAM B o6nacTi sneprui obnactn £,< 2 MoB. B cBszu ¢ 9THM HaMH GbUII0
NpeAnpHHATO H3Mepenne Bexoaos peakmmii PCipy) N u ¥O(p,y)"'F B 0B14CTH OTHOCHTETBHEIX SHEPTHI
Ep<1 MsB.
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2 MeToanKa H3MEPEHHIT M SKRCICPHMEHT.

Jns msmepenus Obu Henonw3oBaH paspaboranneii Hamu pamee [5] n MoandUIMPOBAHHLI B
naneHedimem [6] BapHaHT AKTHBALMOHHOH METOAMKH AN OIpejeneHHs BuiXonos Yx(E) myrem
PErHCTPALHE COBNAACHNH AHHAT LI IHORHBIX TAMMA KBAHTOB IPH 06pa3oBanui B - AKTHBHOIO KOHEHHOTO
Anpa.

Tlpusuunel u  0COOEHHOCTH — HCTIONB3OBAHHOH  METOAMKH — [JeTANBHO — ommcasl B [5].
DKCIEPHMEHTATBHAS YCTAHOBKA, PEATHIYHIAS PAspAGOTAHHA MOIH(DHIHMPOBAHHEN AKTHBAIMOHHEIH
Mmeroa, Obna CO3AaHA HA SIEKTpoCTATHHEcKoM yekoputene 3I-2 «COKOJI» HauuonamsHoro
Yuusepeurera PVz  (r. Tawmxenr) IIpUHUMNHANBHBIM = SBIRETCE UMKIHYECKOE NOBTOPEHHE B
ABTOMATHYECKOM pexuMe OBNyueHHs MUINEHH W 3aTE€M DPErHCTPAUMM AHHHTHISIMOHHBIX KBAHTOB C
3aaaBaeMbpIME nepuonavu ofbnyuenns u usMepenns. JIMUTENBEHOCTH NEPHOAOE ONTHMHSHPYHOTCH S
YIyHIIEHHS. COOTHOLIEHHS MONE3HBIX M (HOHOBbIX COOBITHI, & HAKONIEHHE OTCHETOB HHTETPATOPA TOKA
My4Ka H OTCHETOB AHHHTHIALHOHHBIX KBAHTOB B KZKAOM mepuoae pasburo Ha rpanaunn (MHAeKes! i | j,
COOTBETCTBEHHO) AT yeTd BAPbUPOBAHMS HHTEHCHBHOCTH MYYKA BO BPEMEHU H ONPEAETEeHHA NePHOAOE
TOYPACHSAA KOHEYHBIX SAED.

OBwmee yuCno WUKIOB ONpeaensieres HeoOXOAMMOH CTATHCTHKOH. PerucTpupyemsie aBTOMATHYECKH
TEPERTIOHAMDIIAMHACA OBICTPLIME CYETYHKAMH OTCYETH OT HHTETPATOPd TOKA MyvKa H COBNAACHHEH
AHHETHIMOAOHHLIX KBAHTOE HAKATUTHBAIOTCS B BHAE ABYMEPHBIX MATPHI, cobbrtuil Ny (i, j) mo nuknam B
navsTa [TK, saTeM aHATH3HPYFOTCS CIIEMUANBEHO PaspaboTaHHBIM TPOTPAMMHBIM

Amanns HAKOIIEHHOH TakuM 0BpasoM MHGOPMALNM M H3ENEYEHHE U3 Hee SHAUCHHH BBIXOAOR
PEaKIyH SBIEETCH HEeTPHBHATLHOH 3a0auel, MOCKONBKY YUHTHBACTCS MHOTO (BAKTOPOB, KOTOPHIE MOTYT
HCKA3HTb PE3yNTAT: BAPHALMH TOKA MyHYKa, MASHTHDHKALMH HYKHOMO KOHEMHOTO supa, S(derTst
HAKOIIEHHs. OCTATOYHBIX AKTHBHOCTEH OT UHKIA K LUMKIY U [PH CMEHE PeRuMa HL’.Mf.‘pt‘HHl‘/‘l u ap.
OKOHUATENbHOE BIpAXKEHHEe s SPOEKTHBHOH aKTHBHOCTH dp saep B, cessanHol ¢ Buxomom Y
HCCNENyeMOol PEAKIHH, HMEET NOCTATOUHO CIIOKHYI0 CTPYKTYpPY:

Bt A, 3 - ReAF{ 1) &s I 7
= C Yy (U3E,) (=& )™ 5 Y e SNt e

=i =
smecs C — MOCTOSHHAN, YMHTHIBAIOMAS KATHOPOBKY HHTEIDATOPA Myuka, H(OOEKTHEHOCTE
g
N, -

PETHCTPALHH U BHXOAB! SHHHTHIAIHOHHBIX KBAHTOB, ' 7.k eCThb “A-blii” OTCHET HHTETPATOPA MyHKa B M-
oM" IHKIE IKCHEPHMEHTS; &y — BpeMA OOnyueHus B UMKIe; Ofy — HHTEpPBAN pasOHEHHS BpPEMEHH
0611)/‘!6]:“{2. 3anal-me PEKHUMOB NPOBEASHHIL BKCHCI)HMEHT()B W ZHANTHS HAKONNEHHBIX MACCHBOB JaHHBIX
BHIMONHSICS CIELUATILHO PazpaboTaHHbIM IpoTpaMMHbIM obecnedennem MANCC.

Ha Pue. | npusenena cxema H3MEPHTENLHOH yCTAHOBKM.

Puc. I — CHcmema mpancnopmuposkii nysa i SKCnepUMEHMansias yemanosKa.

1 - cenapupyiowul mazwum, 2- wenesol Komumamop. 3 — npepuisamens nyixa, 4 — eMomposoe oxHo, § —
depmupyoas nyvox duad pazva, 6 —oxpanne Konsyo, 7 — snexmpousonupyouee coedunguie, 8 — asomuan nosyuua, 9 —
suusennas xamepa, 10 —mpaexmopus nyxa, 11 - misueis, 12 —deparcamens susment, 13 —cucmema godsuozo oxnanciens,
14 —upanupyiousan onsea, 15— caunyossiil KoHsEpmEp nosumponos, 16 —Kpemiiieswil demekmop (e ucnons306an & danusx
uamepenmy)

B npencTaBneHHbIX MIMEPEHHSX MeTOAHKA Obiia MoamuuupoBaHa. B opHoM BapuaHTe
CHOHHTHIISIHOHHEE ASTEKTOPE! BBUTH 3aMEHEHE! HA TONYNporoaHuKoEsie HPGe nerextopet [6]. Bercokas
paspematoimas cnocobuocTs HPGe AeTeKTOpOB, HMERIIIX OTHOCHTENB YO addexTasrocTs 40% (FWHM
Y CUMHTHISIHOHHOMO Aetektopa —~10 %, y HPGe nerektop < 0.3 %) MO3B0NMIA PEIKO YMEHBIIHTE
SHEPrETHYECKHE OKHA OJHOKAHATBHEIX AMIUTHTYAHBIX AHATH3ATOPOB Ans  oTbopa  coBmaaeHMit
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AHHHTHIHOHHLIX TAMMA KB2HTOB (CM. PHC. 3) H, COOTBETCTBEHHO, YMEHBINHTD CKOPOCTH CHeTa HhOHOBBIX
cobptTHit ~ B 40 pas npu ymeHbIeHHH SOHEKTHBHOCTH PETHCTPALHH YY-COBNaAenHi B 7 pas.

Puc. 2. Ofujic 613 MOOUGUYUPOSANHOZ0 GGpUAHMA YCMQHOSKH O USMEpEHUS CONEMu U GRXO00S peaxyuil
paduayuounozo 3ax6ama c ucnorsosaien HP Ge demexmopos (cresa) u GrOK-cxema.

B apyrom BapuanTe ObUTA HCIONMB30BAHA KoMOuHAEA u3 mapsl Nal(Tl) u HPGe nerextopos, uTo
HESHAMHTENBHO YBETHYHIIO CKOPOCTE CHeTa (OHOBHIX coBRTHI oTHOCHTENEHO KoMbunanun HPGet+HPGe
—peTexTopos (~ B 1.5 pasa) npu yeemumuenun shohekTHBHOCTH perucTpaunn B 2.2 pasa.

600 800- 3000
NaJ(Ti) - NaJ(Th) HPGe - HPGe
s kev KpHcTanN 100 x 160MM T GCAo1S

600 -{ .
2000 -
400 63 keV/ 1.5 keV
1000 -
200
800

L1

800
Channel

Counts
Counts
Counts

1000 .
Channel 00

00
Channels

Puc. 3. Cexmp zamma-nyseii us peasxyun 2Clp,y) N (cre6a) u oxua cosnadeuil npu ucnons306au Cyuumumsuons0:
u HP Ge demexmcpos.

3 OcolleHHOCTH H3MEPEHHS PeAKIM

Ha pucyHke 4 cnesa npuBEaeHa CXeMa HIDKHIX yposHel sapa PN. Bo ssauvoaelicTnm npoToHos ¢
sapom PC nuke 2 MaB umeroTes ABa IUMPOKUX pesonanca ¢ sHepruamu E, = 0.457 u 1.699 MoB (m.c.k.).
Ipu E,< 0.457 MaB B pesysbTaTe 3aXBATA BOSHHKACT KB OAMH y-kBanT (E=(12/13) E,— 1.944 MaB or
3@XBaTa NPOTOHA B OCHOBHOE cocTosHue sapa BN, kotopoe pacnagaéres B+ - pacnagom (100%) B sapo B3C
cmepuoaom nonypacnana Ty =9.965 mun.

3.547

3.86 572"

3105 vz ;

Pue. 4. Cremst pacnada sdep N u7E, 06pasyiouuxes npu paduayonKon 3axeame Rpomona
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Snpo U'F, o6pasyomeecs npn paaHAIHOHHOM 33XBATE POTOHA SAPOM KHETOPOAa‘ O, nMeer Bpems
sxusen Tip= 64.5 cex. M mperepnesaer * - pacman mpakrmueckn co 100% BEpPOATHOCTBIO B OCHOBHOE
cocrosuue sapa YO (puc. 3, enpasa). Hike sHepruy ¢sssu npotons (£7=0.6003 MoB) uMeroTes TONBKO 2
YPOBHS: OCHOBHOE cocTosmue (5/2+, T= J%) m E*=0.4953 MsB (1/2+, T= }2). He oGHapy:xenst yposHH
(pesonancel) B npeaenax 2 MoB BILE SHEPIHU CBA3H NPOTOHA, OITOMY B CeveHnu peakuun O(p,y)"'F
HET PE30HAHCOB NPH MANEIX SHEPTHSX BINOTE A0 £,;=2.5 MaB (nab).

4 PesyasTaThl H3MEPEHHR BbIX0A0E peakmun 2C(p,y) N

Mo BbIEONHCAHHON METCAHNKE BHIONHEHH U3MepeHus Beixoaos peakuuu PC(p,y)N B oBnactu
sueprun 190 <E, < 700 k5B (noBbIe naHHbE). B SKCHEPHMEHTE HCIONB30BAHE TONCTHE (ToMmuIHA Gobme
npobera NajanIux NPOTOHOB) MULLIEHH HX YHCTOTO PEAKTOPHOTO rpadura.

ViMeromuecs 3KCIEPUMEHTANEHENE AaHHHE MO Boixoay peakumun 2C(p,y) N [5,7.8] u pesynerarst
HAINX [OCTEAHHX M3Mepenuii npeacrasnensr wa Puc. 5. Cratuernueckne omuGKH B BHAE «YCOBY
TOKA3AHBI, €CTH OHM NPEEBINAT DAIMEP SKCHEPHMEHTANBHAX Touek. CIUIOMHAS KPpHBAS — HAIA
SMIIHPHYECKAS ANNPOKCHM ALK BHGPI'CTHHSCKDFI 34BHCHUMOCTH BBIXOA4, OCHOBAHHAS HA BCEX UMEHOLIHXCS
IKCIEPHMEHTATBHAIX JAHHBIX, BKIOYAS ACTPodusHeckue S-DakTopsl i MOJHEE MOTMEPETHbE CEUEHHS B
obmacta l-oro pesonanca (B> =0.457 MaB).

1E-84

1E-104
c
s
3

& 1E114
©
]
2

1124

1134

1E14 4

T r , T T T T -
200 300 400 500 600 700 800 900
E, keV

Pucynox 5. ~Duepeemuneckasn sasucumocms eoixoda pearyui Cpy1 N npu. Gepusie mpeyeonsuu — dansie us [7],
nycrisie Kpyaeial — us [S] wepHeie w Kpacise Kpyori — Oanse, usMepereie Ham pavee ([5] u [6], Kpaciee seésdos —
PRSI HTUEX HSMEPEHIHE, CTTOUAHGS K[pH6as — HOTYEHNGS, HaMi GRMPOXCUMGIUA SASHCHMOTTI Guexoda om Iwepair [3].

5 Pe3ynnTaThl H3MEPOHHUS BBIX0A0B peaxuun °O(p,y)"F

Mamepenns Bexoaos peaxuun O(p,y)' 'F GbUH BBNONHEHH ¢ HCIONB30BAHEEM TOH JKe METOAUKH.
B xavecTse ToncTol Mumenn O Gbi1a HCNONB3OBAHA MIACTHHKA U3 oKucH Gepunnus BeO. ockonbry
PEAKINS PAAUAIOHHOTO 3aXBaTA NPOTOHA BepunnieM MPUBOAHT K 06pasoBanuto crabunsroro sapa °B,
€ro HAINYNE HE MELANO H3MEPEHHAM AKTHBHOCTH MHILEHH 110 yy-coBnanenusm Ny or B -pacnana sapa
!TF. ®onosas komnonenta Bt -pacnana sapa BN, B TOM MHCIE CBA3GHHAL ¢ HATOPAHHEM YIIEPOAA HA
MOBEPXHOCTb MHUIIEHH, Gbi1a BblNTeHA Mo (hopMme KpuBoii pacnaaa Ln(Nyy.(1)).

Ha puc. 6 MpHBEEASHH H3MEPEHH ble 3HAYEHUS Boxoaa peaknun Y0 (p,y): Y(Ep)=3.7%10"2u4.54x10-
12 pacnianos B2 | HATETAIOWME IPOTOH, COOTBETCTBEHHO MpH sHEpruax 650 u 700 k3B ¢ AGCOMOTHIMH
morpemnocTsmn He Gonee 25%. KpHBag — NOCTPOSHHAS HAMH SMIMPHUECKAS ANNPOKCHMALL
SHEPTETHYECKOH 3ABHCHMOCTH BEIXOAA 10 HMEOIUMES B JINTEPATYPE SKCIIEPUMEHTATBHEIM S- harTopam,
HepepaCC‘Il/lTaHHblM B 3HAYCHHA BBIXON0OB!

Y(E1.93%1014%(2.5 £4-0.73 E3-0.486 £+0.2447 E-0.03022) )
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Puc. 6. Annpoxcumaius Suepzemusecxon sasucumocmu seixo0a peacyui O(p, ylu usmepennse suasenun seooa

6. Bakmouenne

IIpencrapnen BAPHAHT METOAMKH H3MEPEHHUA BLIXOAOB ACTPOMUIHYECKH BAKHBIX PEAKIWil (p,y) Ans
cyuzes Bt - akTHBHEIX 0OPA3yIOMEXCE SAEp, NOBOIOMII IHAHTENEHO CHUSHTE YPOBEHb QOHOBBIX
coBpiTuH M TPOABHHYTBCS TIPH H3MEPEHMSX B CTOPOHY MEHbIIMX sHeprui. Kak Buamo us puc. 5 u 6,
H3MEPEHHbIE ¢ HCMONB30BAHHEM BTOH METOAHKH BbIXOABl AOCTATOYHO XOPOLIO KOPPENUPYIOT € A2HHBIMH
ApyrHX paGoT W MPAKTHYECKH JIOKATCL HA AMIPOKCHMHPYIONIYH) KPHBYH), MTO FOBOPHT O HANEKHOCTH
HAIAX AAHHBIX, H3MEPEHHBIX B uacTHOCTH At peakuun “C(p,y) N npu Gonee nuskux smeprusx. B
naneHeHIeM STH faHHEE OYAYT HCMONB30BAHS AMTS YTOUHEHHS SKCTPATIONIIHOHHLIX PACUETOB CKOPOCTE
actpodusuecknx peakuuit 2C(p,y) N 1 ¥O(p,y)"F.
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APPENDIX C
Table C.1
Table C.1 - Reaction, energy Ex, set of optical potentials (set), virtual decay B → A + a, orbital and total angular momenta (lB, jB), square modulus of nuclear vertex constant |GB| 2 (GB = GAa; lBjB) for the virtual decay B → A + a and the corresponding ANC CB (CB = CAa; lB, jB) A + a → B 

	A(x, y)B
	Ex, МэВ
	Set
	B → A + a
	lB, jB 
	|Gb|2, fm
	C2B, fm-1

	1
	2
	3
	4
	5
	6
	7

	9Be(10B,9Be)10B0
	100 [17]
	1
	10B0→ 9Be + p
	1, 3/2
	0.72(±0.06;±0.02)
	4.22(±0.33;±0.10)

	
	
	
	
	
	0.72 ±0.06
	4.22±0.35

	
	
	
	
	
	0.84±0.07 [17]
	4.91±0.39 [17]

	
	
	2
	
	
	0.77(±0.06;±0.02)
	4.49(±0.37;±0.11)

	
	
	
	
	
	0.77 ±0.07
	4.49±0.39

	
	
	
	
	
	0.92±0.07 [17]
	5.35±0.42 [17]

	
	
	1+2
	
	
	[0.75(±0.04;±0.02)]
	[4.35(±0.24;±0.14)]

	
	
	
	
	
	[0.75±0.05]
	[4.35±0.28]

	
	
	
	
	
	[0.87±0.08] [17]
	[5.06±0.46] [17]

	9Be(3He, d)10B0
	22.3-32.5 [24]
	
	
	
	0.63-0.73 [24]
	3.67-4.20 [24]

	9Be(10B,9Be)10B1
	100 [17]
	1
	10B1 → 9Be + p
	1, 1/2
	0.22(±0.02;±0.01)
	1.31(±0.10;±0.03)

	
	
	
	
	
	0.22 ±0.02
	1.31±0.11

	
	
	
	
	
	0.21±0.03 [17]
	1.23±0.17 [17]

	
	
	2
	
	
	0.25(±0.02;±0.01)
	1.47(±0.17;±0.03)

	
	
	
	
	
	0.25 ±0.02
	1.47±0.17

	
	
	
	
	
	0.23±0.03 [17]
	1.34±0.19 [17]

	
	
	1+2
	
	
	[0.23(±0.02;±0.01)]
	[1.33(±0.09;±0.03)]

	
	
	
	
	
	[0.23±0.02]
	[1.33±0.10]

	
	
	
	
	
	[0.22±0.04] [17]
	[1.27±0.21] [17]

	9Be(3He, d)10B1
	22.3-32.5 [24]
	
	
	
	0.62-0.69 [24]
	3.16-4.02 [24]

	
	
	1
	
	1, 3/2
	0.60(±0.05;±0.01)
	3.53(±0.27;±0.09)

	
	
	
	
	
	0.60 ±0.05
	3.53±0.29

	
	
	
	
	
	0.57±0.05 [17]
	3.33±0.29 [17]

	
	
	2
	
	
	0.68(±0.05;±0.02)
	3.98(±0.31;±0.09)

	
	
	
	
	
	0.68 ±0.06
	3.98±0.32

	
	
	
	
	
	0.23±0.05 [17]
	3.63±0.32 [17]

	
	
	1+2
	
	
	[0.64(±0.04;±0.04)]
	[3.74(±0.22;±0.23)]

	
	
	
	
	
	[0.64±0.05]
	[3.74±0.32]

	
	
	
	
	
	[0.59±0.07] [17]
	[3.43±0.42] [17]

	9Be(3He, d)10B1
	22.3-32.5 [24]
	
	
	
	0.37-0.42 [24]
	2.16-2.45 [24]

	9Be(10B,9Be)10B2
	100 [17]
	1
	10B2→9Be +p
	1, 3/2
	0.58(±0.04;±0.01)
	3.39(±0.26;±0.08)

	
	
	
	
	
	0.58 ±0.05
	3.39±0.27

	
	
	
	
	
	0.72±0.08 [17]
	4.22±0.44 [17]

	
	
	2
	
	
	0.66(±0.05;±0.02)
	3.88(±0.30;±0.10)

	
	
	
	
	
	0.77 ±0.05
	3.88±0.32

	
	
	
	
	
	0.79±0.08 [17]
	4.60±0.48 [17]

	
	
	1+2
	
	
	[0.61(±0.04;±0.02)]
	[3.60(±0.24;±0.24)]

	
	
	
	
	
	[0.61±0.06]
	[3.60±0.34]

	
	
	
	
	
	[0.74±0.09] [17]
	[4.35±0.59] [17]

	9Be(3He, d)10B2
	32.5 [24]
	
	
	
	1.25±0.14 [24]
	7.29±0.82 [24]


Table continuation C.1
	1
	2
	3
	4
	5
	6
	7

	9Be(10B;9Ве)10Вз
	100 [17]
	1
	10B3→ 9Be + p
	1, 1/2
	0.055(±0.004;±0.001)
	0.32(±0.03;±0.01)

	
	
	
	
	
	0.055 ±0.004
	0.32±0.03

	
	
	
	
	
	0.048±0.009 [17]
	0.28±0.05 [17]

	
	
	2
	
	
	0.046(±0.004;±0.002)
	0.27(±0.02;±0.01)

	
	
	
	
	
	0.046 ±0.005
	0.27±0.03

	
	
	
	
	
	0.0513±0.0085 [17]
	0.30±0.05 [17]

	
	
	1+2
	
	
	[0.055(±0.003;±0.005)]
	[0.32(±0.02;±0.03)]

	
	
	
	
	
	[0.055±0.005]
	[0.32±0.03]

	
	
	
	
	
	[0.050±0.010] [17]
	[0.29±0.06] [17]

	
	
	1
	
	1, 3/2
	0.155(±0.012;±0.004)
	0.91(±0.07;±0.02)

	
	
	
	
	
	0.155 ±0.012
	0.91±0.07

	
	
	
	
	
	0.14±0.02 [17]
	0.80±0.10 [17]

	
	
	2
	
	
	0.13(±0.01;±0.01)
	0.76(±0.07;±0.04)

	
	
	
	
	
	0.13 ±0.01
	0.76±0.08

	
	
	
	
	
	0.15±0.02 [17]
	0.87±0.11 [17]

	
	
	1+2
	
	
	[0.15(±0.01;±0.01)]
	[0.89(±0.06;±0.08)]

	
	
	
	
	
	[0.15±0.02]
	[0.89±0.10]

	
	
	
	
	
	[0.14±0.02] [17]
	[0.82±0.12] [17]

	9Be(3He, d)10B3
	32.5 [24]
	
	
	
	0.26±0.03 [24]
	1.52±0.17 [24]

	16O(3He, d)17F0
	29.75 [23]
	1
	17F → 16O + p
	2, 5/2
	0.179(±0.018;±0.009)
	1.14(±0.12;±0.06)

	
	
	
	
	
	0.179±0.020
	1.14±0.13

	
	
	
	
	
	0.16 [23]
	1.0 [23]

	
	
	2
	
	
	0.206(±0.021;±0.010)
	1.31(±0.14;±0.07)

	
	
	
	
	
	0.206±0.024
	1.31±0.15

	
	
	
	
	
	0.18 [23]
	1.10 [23]

	
	
	1+2
	
	
	[0.190(±0.014;±0.013)]
	[1.21(±0.09;±0.08)]

	
	
	
	
	
	[0.190±0.019]
	[1.21±0.12]

	
	
	
	
	
	[0.170±0.016] [23]
	[1.08±0.10] [23]

	
	18;34 [24]
	
	
	
	0.16 [24]
	1.02 [24]

	16O(p; γ)17F0
	
	
	
	
	0.17±0.02 [8]
	1.09±0.11 [8]

	phase shift афафаафазовыхиииииииииииииииииииииииииииииииииииииииииииииииииииииииииииииирассеяния дляThe p16O-scattering:
	
	
	
	
	0.12 a[12]
	0.77 a[12]

	analysis
	
	
	
	
	0.37 b[12]
	5.48 b[12]

	p16O
	
	
	
	
	0.17c[25]
	1.09c[25]

	16O(3He, d)17F1
	29.75 [23]
	1
	17F → 16O + p
	0, 1/2
	916(±96;±46)
	5840(±611;±292)

	
	
	
	
	
	916±106
	5840±667

	
	
	
	
	
	939 [23]
	5980 [23]

	
	
	2
	
	
	1053(±110;±53)
	6713(±703;±335)

	
	
	
	
	
	1053±122
	6713±779

	
	
	
	
	
	1099 [23]
	7000 [23]

	
	
	1+2
	
	
	[975(±72;±68)]
	[6216(±461;±432)]

	
	
	
	
	
	[975±99]
	[6216±632]

	
	
	
	
	
	[1019±107] [23]
	[6490±680] [23]

	
	18; 34 [24]
	
	
	
	840; 819 [24]
	5355; 5122 [24]

	16O(p; γ)17F1
	
	
	
	
	893±35 [8]
	5700±225 [8]

	phase shift афафаафазовыхиииииииииииииииииииииииииииииииииииииииииииииииииииииииииииииирассеяния дляThe p16O-scattering:
	
	
	
	
	1629 a[12]
	10384 a[12]

	analysis
	
	
	
	
	1245 b[12]
	7939 b[12]

	p16O
	
	
	
	
	893c[25]
	5700 c[25]


Note

Digits in brackets represent experimental and theoretical errors, respectively, while numbers in square brackets are weighted averages derived from ANC values for Sets 1 and 2.

a Effective Range Function Method (ERFM)

b Delta method [image: image91.png]



c Extended effective range function method for p16O scattering
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