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Angular distributions of differential cross sections have been measured for elastic, inelastic scattering
and the (3He,d) reaction on °Li nucleus at the 34 MeV *He energy. Elastic scattering data at 34, 50, 60, and
72 MeV have been reanalyzed with optical model potentials taking into account elastic triton transfer
mechanism and spectroscopic factor of °Li as t+’He was re-extracted using Fresco program. Parameters for
real part of potential have been also calculated microscopically with double-folding model. The differential
cross sections for proton stripping to the 'Be ground and first excited states have been analyzed by CRC
methods at 34 MeV. The effect of triton exchange on proton transfer reaction °Li(*He,d)'Be for both ground
and excited state is discussed. Spectroscopic factors for 'Be as p°Li configuration have been obtained from
the experimental data. New measurements of the °Li(p,y)’Be reaction y-ray angular distributions have been
done at beam energies of E,, 1., = 387, 690, 984 and 1283 keV for the y-ray transitions to the ground and first
excited (1/2°, 429 keV) states in 'Be. Our calculations of the cross section of the °Li (p, y)'Be reaction was
carried within the framework of the direct capture in the potential model using Fresco program. We extracted
both of spectroscopic factors of 'Be and astrophysical factor °Li+p—'Be+y from experimental data.

Introduction

Solving the scattering or reaction problem with the Schrodinger equation requires knowledge
of the interaction potential between the two colliding nuclei. Unlike the Coulomb potential, the
nuclear one is less known, especially at small distances of the interacting nuclei. From the
phenomenological studies, it got clear that the major part of the nuclear interaction potential can be
approximated by a Woods-Saxon form which gives a simple analytic expression, parameterized
explicitly by the depth, the radius, and diffuseness of the potential well. In practice the optical
model potential (OMP) is in use [1]. The OMPs are widely employed to generate the distorted
waves used to analyze the cross section of many reactions, and these analyses have proved to be
powerful tool to extract nuclear structure information. But the applicability of the optical model and
distorted wave Born approximation (DWBA) for light nuclei in its simple form is somewhat
dubious because the number of target nucleons is small. Moreover, cluster effects might become
important in the elastic scattering and reactions. Although the optical model and DWBA theory are
not expected to work well for the nuclei with A=6 and 7, a study of the transfer reactions on these
light targets is attractive as many properties of these light systems have been calculated in detail. It
is known that by the interaction of the complex particles with light nuclei there is often observed the
specific effect called as an anomalous large-angle scattering (ALAS), which is impossible to
explain in the framework of the standard optical model. The nature of this phenomenon can be
caused by different reasons, but in certain cases when the targets are °Li and 'Li, having the
pronounced (o+d) and (o+¢) cluster structure increase in the cross section at large angle is almost
entirely connected with the transfer exchange mechanism, physically undistinguished from potential
scattering [2].

The results of DWBA analysis of the transfer cross sections are typically highly sensitive to
the optical potential parameters. The calculated angular distribution of the nucleon transfer reaction
can vary significantly even through the used OMPs fit rather well the elastic scattering in the
entrance and exit reaction channels. Moreover, different optical potential parameterizations can
provide spectroscopic factors (SFs) different up to factor 2. Consequently, it is very important to pin
these down as much as possible. Whether there is adequate elastic data to determine the optical
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parameters or not, it is important to evaluate the uncertainty in the obtained SFs caused by U; and Uy
[3]. The ability to extract the SF in transfer reaction depends on whether the reaction mostly takes
place in the surface, in the periphery, or more in the interior of the nucleus. It is common to obtain
the empirical SF S by direct comparison with the data, fitting up to the first maximum of the
angular distribution for the projectile-like outgoing particle. As one moves to larger angles, the
DWBA is no longer expected to provide reasonable results, even for the angular distribution of the
cross section (this true for transfer but also inelastic scattering, charge exchange, etc.). If only very
forward angle are used, by contract, it may be that the transfer is completely peripheral and thus no
longer sensitive to the interior. In such case the result of analysis depends weaker on the
ambiguities of OMP [3]. The OMPs are widely employed to generate the distorted waves used to
analyze the cross section of many reactions, and these analyses have proved to be powerful tool to
extract nuclear structure information [4]. Reactions at astrophysical energies are complicated by the
fact that the matter-interaction energy in stars is very low, ranging between a few tenths of a keV
unit and a few tens of keV units. With a few exceptions, it is next to impossible under laboratory
conditions to measure directly, at such energies, nuclear-reaction cross sections, which are
necessary for astrophysical calculations. Usually, cross sections are measured at higher energies,
whereupon the results are extrapolated to the energy region of interest for nuclear astrophysics. As a
rule, however, the measurements actually performed cover only the region of rather high energies
from about 0.2 to 1 MeV. In view of this, an extrapolation of such experimental data to the
astrophysical region is not always justified. As a result, only theoretical predictions can compensate
in many cases for missing experimental information about the properties of astrophysical
thermonuclear reactions. Under such conditions, resort to realistic models that are rather simple in
practical applications, such as the potential cluster model (PCM), seems quite justified. Usually, the
results of calculations performed on the basis of model concepts are contrasted against available
low-energy experimental data, and approaches leading to the best agreement with these data are
selected by using the results of this comparison. After that, calculations in the region of
astrophysical energies are performed within the chosen conceptual framework. One can consider
the results obtained in this way (for example, those concerning astrophysical S factors) as more
realistic estimates of respective quantities than the extrapolation of experimental data, since the
theoretical models used have, as a rule, quite a sound microscopic basis [5]. Radiative capture of
nucleons at energies of astrophysics interest is one of the most important processes for
nucleosynthesis. The nucleon capture can occur either by a compound nucleus reaction or by direct
process. The compound reaction cross sections are usually small, especially for light nuclei. The
direct capture proceeds either via the formation of a single-particle resonance or non-resonant
capture process. Unlike 'Li and °Li to be formed at very low level in Big Bang nucleosynthesis,
with abundance ratio Li/H = 10™*. Whereas most elements are produced by stellar nucleosynthesis,
lithium is mainly destroyed in stellar interiors by thermonuclear reactions with protons. In fact, °Li
is rapidly consumed at stellar temperature 2x10° K. The low energy capture reaction °Li(p,y) Be
plays an important role in the consumption of °Li and formation of 'Be [6].

The S-factor of this reaction is dominated by captures to the ground state and first excited
state of 'Be. However, the number of studies devoted to measuring the total cross section for this
reaction and to experimentally determining its astrophysical S factor in the region of low energies
is comparatively small [7].The °Li(p,y)’Be reaction has been experimentally studied by Switkowski
et al. [8] at low energies down to 200keV. A theoretical extrapolation has been performed by Barker
[9] within potential model, based on simultaneous fit of 6Li(n,y)7Li and 6Li(p,y)7Be cross sections.
K. Arai et al. [10] used a four cluster microscopic model to investigate low-energy °Li+p and °Li+n
reactions.

The °Li(p,y)'Be reaction S-factor is in [10] good agreement with the available experimental
data. Knowledge of the rate of change of the S factor with energy at very low energies is needed to
perform a reliable extrapolation. Although this is frequently determined by the use of a direct
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capture-model calculation, there are cases when this does not suffice. Low-energy resonances or
sub-threshold states can affect the extrapolation. In [11] the results of a measurement of the slope of
the astrophysical S factor for the °Li(p,y)’Be reaction are reported, and a new mechanism is
introduced to explain the observed slope. Cecil ef al. [12] measured the branching ratio of
SLi(p,y0)'Be and °Li(p,y;)'Be with respect to °Li(p, a)’He from 45 to 170 keV and deduced the S
factors for °Li(p,yo) Be and °Li(p,y;)’Be as a function of energy. Their results gave a positive slope
for the S factor. Switkowski ef al. [8] measured the 6Li(p,y)7Be cross section from 160 to 1150 keV.
Their data points are all at energies above the present data set and show an S factor that increases
with increasing energy. Barker’s analysis [9] of the data of Switkowski et al. does have a negative
S-factor slope for °Li(p,yo)’Be and °Li(p,y1)’Be at energies below the range of the data. The present
measurements were undertaken to examine this discrepancy in the previous measurements of Cecil
et al. and Switkowski et al.

The purpose of this work is a search of the correct OMP for °Li+ He channel taking into
account besides the “potential” scattering also coupling with the inelastic channel as well as the
mechanism of triton pick-up. The next aim is to obtain the SFs of "Be—°Li+p bound configurations
from the experimental differential cross sections of the Li(‘He,d)’Be reaction for afterwards
calculation of the contribution of direct proton capture to astrophysical S-factor °Li+p—'Be+y.

Experimental data

a) °Li (p, p)°Li

Measurements of elastic scattering of protons on °Li nuclei at low energy region were carried
out with using the extracted beam from UKP-2-1 accelerator of the Institute of Nuclear Physics
(National Nuclear Center, Republic of Kazakhstan, Almaty, Kazakhstan) in the angular range 30-
170°. The proton energy varied in the range 400 — 1150 keV. The beam intensity was 50 — 150 nA.
Scattered particles were detected using surface-barrier silicon counters. Analysis and experimental
set up was mentioned in [13,14].

b) Elastic scattering of *He on °Li nuclei and °Li(’He,d)'Be reaction at 34 MeV

Measurements of the elastic scattering of “He on °Li nuclei and °Li(*He,d)'Be reaction at 34
MeV have been carried out using the extracted beam of cyclotron U-150M of the Institute of
Nuclear Physics (National Nuclear Center, Republic of Kazakhstan, Almaty). Differential cross
sections have been measured in the angular range 617201 for elastic scattering and °Li(*He,d) Be
reaction with steps 2[1-4[]. Lithium targets were films deposited on the thin backing of Al,O; by
the vacuum evaporation method. Thicknesses of films in interval 200-300 pg/cm” were measured
with the accuracy ~ 5%. The special vacuum lock chamber was used for transportation of the
targets from evaporating system to the reaction chamber.

The energy spectra of the resulting particles were measured using two AE-E telescopes of
semiconductor detectors. The absolute errors of the differential cross sections not exceed 10%. A
typical deuteron spectrum from the °Li(*He,d)'Be reaction is shown in Fig, 1.

¢) °Li(p, gamma)’Be

In experiment for determination of cross-sections of the °Li(p,y)'Be reaction, it was used
special manufactured chamber with indium vacuum seals, systems of fine adjustment and visual
control of the form of proton beam and its position on the target during all measurements, with the
possibility of precise placement of the target exactly into the chamber center and of its additional
equipment by nitrogen trap and additional magneto-discharge pump. The new reaction chamber was
connected to the output flange of the central scattering chamber, completed by turbo-molecular and
magneto-discharge pumps and by the system of nitrogen traps. The typical pressure in the reaction
chamber was 1.5-10°® mm Hg, and the experimental error, stipulated by the formation of carbon
deposit on the target during the measurement, was negligible. The measurements of angular

53



distributions of gamma-quanta from the °Li(p,y)’'Be for transitions were for the ground state and
first excited state (429 keV) of the 'Be at energies of incident protons of 387, 690, 984 and 1283
keV. Currents of the protons beam, incident upon targets, were equal to (5-8) pwA. During the
measurement of the integral current the collected charge was from 0.05 to 0.25 Coulomb. Targets

were placed in the chamber for the study of (p,y) reactions.
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Fig. 1. Typical spectrum at 34 MeV incident *He energy: deuterons from the lithium target

In order to prevent the overload of the electronics, caused by the powerful background line
with the energy of E, =478 keV, connected with progresses, "Li(p,py)'Li  and
"Be—'Li"+B+v—"Li+478 keV, between the detector and the reaction region there was put the flat
lead plate of the 1 cm-thickness. Besides, the intensity of the line with E,=478 keV decreases by a
factor of about 5, whereas the intensity of lines from the °Li(p,y)'Be reaction (with E,=6000 keV)
decreases only by several per cent. Fig.2. is an example of the y-spectrum, obtained at E, j.,=984
keV, Gy,lab,=0°. In figure there are well seen background lines, 1461 keV (**K), and the annihilation
line with E,=511 keV. Well-known energies of y-transitions for these lines allowed to control the
energy calibration. Peaks of the total absorption and peaks of unitary and double leakages for -
transitions onto the ground and the first excited state of the 'Be shown in Figure 2, with the use of
the HpGe — detector (GEM20P) of the 111cm’ —volume, placed in 6 cm from the reaction region.
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Fig. 2. An example of the y-spectrum of the °Li(p,y)'Be reaction
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Results and discussions

a) Phenomenological Elastic Scattering of protons on SLi

The analysis of protons data, carried out at wide energy range,
that for °Li nuclei, the most suitable parameters values are r1y=1.05fm,
rp=1.923fm, a,=0.20fm and r,=1.20 fm.

Table 1. The phenomenological optical parameters for protons scattering on Lithium nuclei

had shown
re=1.3fm,

Ep , V(), ro, aop, WD,MeV I'p, dap, VS . g, as, JR, JW,

MeV | MeV | fm fm fm fm | MeV | fm fm | MeVfm’ | MeVfm’
0.746 | 59 1.05 | 0.85 | 0.300 1.923 1 0.575 | 9.30 | 1.077 | 0.66 490 20.47
0.975 | 57.2 | 1.050 | 0.67 0.355 1.923 | 0.650 | 9.30 | 1.020 | 0.200 475 22.19
1.136 | 54 1.05 | 0.52 0.355 1.923 | 0.57 | 9.30 | 1.020 | 0.200 454 22.19

In the analogous approach with the wuse of measured on the elastic
scattering there are determined parameters of the potential of protons scattering
on °Li nuclei from the analysis of these data on the optical model. Obtained
parameters of optical potentials of the interaction are presented in Table 1. The
relations between V(Wp) versus E, are linear. The strength parameters can be

represented by: Vo= 56.10 — 0.61E, Wp=— 0.66 + 0.46E,, respectively.
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Fig. 3. The comparison between calculated and experimental angular distribution of protons scattered from
SLi at low energies where dots represent experimental data and lines represent the calculated values

b) Analysis of the *Li(’He,’He)®Li, °LiCHe, °Li)’He

Elastic scattering of *He on °Li at the energies 34, 50, 60 and 72 MeV has been reanalyzed
using FRESCO [15] program. The ground state of °Li is dominated by the two overlapping
configurations: a+d and *He+t. In the oscillator picture, the anti-symmetrized wave functions for
lowest T = 0 °Li states expressed as a+d and *He+¢ are mathematically equivalent. This cluster
aspect plays an important role in nuclear reactions and its effects can be seen even in the elastic
scattering of d, *He and «a particles from °Li. The phenomenological analysis of Bragin et al. is
suggested [16] that *He+°Li elastic scattering at 34, 50, 60, and 72 MeV can be explained if a triton
is exchanged between “He projectile and *He core of °Li. A coherent sum between the “potential”
elastic scattering and elastic triton transfer generated a back angle rise in cross section. The energy
dependence of extracted SFs for °Li={’He-+t}were attributed to the inaccuracy of the knowledge of
the real part of the optical potential and it was suggested that the inclusion of other reaction
mechanisms could change the values of SFs [17]. A choice of optical parameters is so important
because wrong estimation of OMP used in elastic part would lead to the use of wrong SF to match
the back angle rise. In [17] they calculated the cross section do/d€Q using the relation

401 =11.,(0)+ 5, (=0 +211,(0)- S, Gz~ O)f

(1)
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where f,(6)is the amplitude of the potential scattering, f, (7—6) is the amplitude of elastic

transfer and S is SF for °Li={He+¢}. Because of large Q-value of °Li—>’He+z (Q=-15.796 MeV)
break up, the triton cluster exchange model is expected to be more valid at a higher incident energy.
We reanalyzed the data at 34, 50, 60 and 72 MeV using Fresco program. Simmonds et al. [18] used
in their analysis of °Li—>He+¢ bound state wave function, they took the geometry parameters of
Wood-Saxon potential for bound state as r, = 0.85 fm, a; = 0.65 fin and rc= 0.85 fin, where R=r, A"
which is more suitable in our analysis than the standard form (»=1.25 fm and a,=0.65 fin and rc=1.3
fim. We tested some sets of OMP at the analysis of °Li(*He,’He)’Li elastic scattering data which
were taken from the literature data as well as from the folding model calculation. To compare our
fitting with the semi-microscopic analysis of T. Sinha ef al. [17] we repeated the calculations of
them with another form of bound state wave function and OMP parameter sets 4 and 10-15 in table
2 at both the entrance and exit channels using CRC calculations. The depth of real potential was
deeper to 113MeV to give suitable analysis at 50 MeV incident energy of *He and to 137 MeV in
case of 60 MeV of incident energy of *He . In 72 MeV deeper real potential needed, it was about
140 MeV. For the imaginary part we used the imaginary parameters from the semi-microscopic
analysis from Sinha et al. For 50, 60, 70 MeV an adjustment for imaginary potential was needed
and it is shown in table 2. A good fit was obtained by changing the imaginary potential for energies
under considerations. The standard form of bound state was used, but it was not the ideal form for
analysis so, we used another form of bound state. Simmonds et al. [18] used in their analysis of
SLi— *He+¢ bound state wave function, they take took the parameters for bound state potential as

r=0.85 and a,=0.65 and r.=0.85fim where R=r, A", We made some modifications in this form to
1 1

become asR = r, (Apg + A? ), and it gave us a suitable analysis as shown in Figures 4 (b, d, ¢, f).

The folding model has been used for years to calculate the nucleon-nucleus optical potential.
The real part of the OMP for the nucleus—nucleus elastic scattering is given for the double folding
model, in the following form:

Ve(r)=[dr, [drp,(r, )o,(: W, ). @)

where p, is the projectile matter density distribution, p, is the matter distribution of the target and 7,
=r +r;- 1p. A popular choice for the effective NN interaction has been one of the M3Y interactions.
In the present calculation the effective NN-interaction is taken according to the form of M3Y-
interaction:

v(r) = 7999 M_2134 M_276(1_ O'OOSE)é‘(R) 3)
4r Sr »
The density distribution of *He was taken to be Gaussian form [19]:
p,(r) = cexp(—ar’ ), “4)

where ¢ = 0.20816 fim™ and a = 0.53047 fm™, these parameters correspond to a root-mean square
(RMS) radius of *He of 1.68 fm. The nuclear density distribution of °Li was taken according to

[20]:
_ 1 l—ex 3 r? _cz(6bz—r2)ex 3 r?
P, PYREYEN p 4a° 457 P 4h2 (41)

where a, b, and ¢ are constants: a* = 0.87 fm* »* =1.7 fm® and ¢* = 0.205 fm”. The real potential
Vi(r) is obtained by integrating an effective nucleon-nucleon interaction over the density
distributions of the two colliding nuclei. The real folded potential Vi(r) was calculated using
DFPOT [21] we used the potential:

Ur)=-NVi(r)-iW(r)+ Ve (5)
The imaginary potential have the form mentioned in the ref. [18] which is used as starting potential.
Normalization factor (N) and imaginary potential parameters have been changed to obtain the best
fit of the data. The selected OMPs as well as potential used at the analysis of the (‘He,d) reaction
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are presented in Table 2. Final folding potential parameters are shown in Table 2 with N=0.84
mentioned as DF P.W. (Double Folding, Present Work) and P.W. (column 13).

The analyses made by us for SFs for °Li={’He+¢}have advantage that the calculations agree well
with experimental data. T. Sinha et al. [17] to reduce the back angle rise of their calculations
SF=0.45 for °Li={’He+¢} at 34, 50, 60 and 72 MeV was needed. A relatively better fit was obtained
in [17] when they used energy dependent renormalization N and fixed spectroscopic factor 0.39 in
their calculations (see ref. [17]). In [17] they extracted the spectroscopic factor of the configuration
SLi={*He+r}and it was 0.21. The analyses made before were so poor especially in [17] at energies
34, and 50 MeV, where in our work there is coincidence between experimental and theoretical
calculations (see fig. 4 b, d, e, and f). SFs calculated at energies 34, 50, 60, and 72 agree with
theoretical [8] which was 0.58. SFs for triton transfer with elastic scattering at 50, 60, and 72 MeV
are 0.579, 0.341 and 0.435 respectively. The values of spectroscopic factors and potentials used in
this analysis were used in CRC in proton transfer reaction °Li(*He,d) Be in the last section. OMPs
for "Li+d mentioned in [22] were taken as exit channel depending on the mirror effect between 'Be
and "Li and it was modified as shown in table 2.

Table 2. Optical model potentials for DWBA calculations of *He scattering on the nucleus °Li
and the reaction °Li(*He,d)'Be. In the 1-st column are the assumed here names of OMPs; in the 2-
nd column are the projectile energies for that the parameters were found; in the 6-th column the
letter “V” means the volume Woods-Saxon form and the letter “D” means the surface (derivative)
form of the imaginary part of OMP. P. W. means our calculations.

OMP Eab. |14 ry ay w w aw Veo Tso Ay re Ref
name | MeV | MeV fm fm MeV fim fm | MeV | fm fm fin
1 2 3 4 5 6 7 8 9 10 11 12 13
SLi+°He

0(1) 18.0 65.5 1.30 | 0.75 [ 704V | 1.30 | 0.41 6.0 1.20 | 0.70 1.3 p.w.

1(1) 333 | 100.8 125 1075 | 100V [ 1.20 [0.780 | 1.15 | 1.05 [0384 | 1.3 p.-w.

2(1) 147 | 1534 | 1.18 10.489 | 345V | 2.97 10.489 1.3 23

3(1) 333 | 171.0 [1.106 |0.685 | 17.0V |1.388 [0.591 | 1.72 | 1.363 |0.180 | 1.3 24

4(1) 34.0 | 100.1 1.14 [ 0.810 | 162D | 1.12 [0.854 | 1.15 | 1.05 [0384 | 1.3 25

4(1') 34.0 119.1 | 1.14 ]0.740 | 18.68D | 1.20 ]0.728 | 1.15 | 1.05 ]0.384 | 1.3 p-w.

5(1) 18.0 | 140.0 | 1.20 | 0.83 | 300V | 193 | 042 | 6.0 1.20 | 0.70 1.3 26

6(1) 34.0 |[120.8 1.15 | 0.81 |20.21V |1.25 ]0.64 |1593 [1.25 [0.64 1.3 27

7(1) 34.0 |122.30 1.15 | 0.70 |23.64V |0.88 |0.80 1.3 DF-

8(1) 34.0 | 11830 | 1.30 | 0.82 | 385V | 131 | 0.84 | 350 | 131 | 084 | 1.24 28

9(1) 34.0 | 11830 | 1.30 | 0.82 | 385V | 131 | 084 | 875 | 131 | 084 | 124 28

10¢1) | 50.0 | 113.8 | 1.15 |0.748 |22.45D | 1.23 | 0.80

11¢1) |50.0 | 107.33 | 1.12 | 0.99 |26.45D | 1.23 | 0.80

12(1) | 60.0 | 110.0 | 1.15 [0.755 | 22.5D | 1.22 | 0.80

13(1) |1 60.0 | 95.95 1.12 |1 0.755 | 30.67 | 1.25 | 0.57

14¢1) | 72.0 | 11072 | 1.12 | 090 | 16.50 | 1.46 | 0.87

||| |o]o
|55 |5

15¢(1) | 72.0 | 140.44 | 1.15 [0.973 | 6.672 1.28 | 0.59

‘Be +d

002) 18 |100.0¥ | 1.35 | 0.72 | 129D | 1.94 | 0.30 8.0 10.86 0.25 1.3 22

1(2) 18 118.0 1.0 1094 | 687D | 198 | 059 | 85 [1.0 0.94 1.3 26

2(2) 28 81.1 1.15 | 0.81 | 8.61D | 1.34 |0.873 | 6.0 1.15 | 0.81 | 1.15 23

302) 30 90.0 |1.150 |0.810 | 861D |1.340 |0.873 | 6.00 | 1.15 |0.810 | 1.25 24

4(2) 30 90.0 |1.150 | 0.810 |12.61 D |1.340 |0.873 | 6.00 | 1.15 |0.810 | 1.25 24

502) 158 | 1349 |0.817 |1.045 | 11.1D |2.078 |0.522 |10.44 |0.817 |1.045 | 1.3 23

6(2) 277 | 74.03 ]1.239 |0.736 |11.67D |1.239 |10.736 |10.44 |0.817 |1.045 | 1.24 23

<

*

— The value was corrected by [A. Amar et al. World Acad. Sci., Engineering&Techn, 74 (2011) 270]
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Figures 4 (b, d, e, f) show the best fit for the elastic scattering of *He on °Li at the energies of
34, 50, 60 and 72 MeV for triton exchange with the elastic scattering. Inelastic scattering at E3p.=34
MeV has been analyzed where intrinsic quadrupole moment was (-0.818 mb) and B(E2)= 25.6+2.0

¢’ fm* [29] as shown in fig. 4c.
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Fig. 4. Comparison between calculated and experimental data. (a) is a coupling scheme used in
calculations of inelastic scattering with taking into account the triton cluster exchange. The open up-
triangle dots in window (b) and dots in (c) are our measurements of elastic and inelastic (with excitation
E*=2.185 MeV, 3+ state) *He scattering, and the solid squares data in (b) were taken from Chuev et al.
[30] dots in (d), (i), (f) are the experimental data taken from [17] for 50, 60, 72 MeV, dash lines are the
results of calculation with ordinary OMP with potentials (10-15) from the table 2, and solid lines are
CRC calculations for triton transfer with elastic scattering at 34, 50, 60, and 72 MeV. Dot line in window
(b) is the OMPs calculation with potential 4(1) from the table 2

¢) Evaluation of more complicated mechanisms of the reaction 6Li(3He,d)7Be

We use FRESCO code to do the subsequent calculations. The spectroscopic factor deduced in
case of the °Li(*He,d)'Be reaction at 34 MeV using Fresco is close to theoretical value if right
optical potential parameters used and triton-exchange with elastic and inelastic scattering is
involved. Triton transfer has a small effect on the elastic and inelastic scattering, and proton transfer
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reaction for ground and first excited state in the reaction °Li("He,d)’ Be. CRC method has been used

in our calculations.

Figures 5 and 6 are the differential cross sections of the °Li(*He,d) Be at E3c=33.3 MeV [25]
and 34 MeV respectively. CRC predictions of cross sections calculated with potential /(1)+3(2)
shown in the table 2. In the CRC treatment the optical potential required modifications especially
imaginary potential depth, it should be reduced. We had adjusted not only the depth of imaginary

part but also other parameters.

*Li(He, d)'Be, E(*He)=33.3 MeV
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Fig.5. Angular distribution of deuterons from the reaction °Li(*He,d)'Be(g. s, and 1 exc. s.) at E3p=33.3
MeV from ref. [25], where Exp. Data (dots). CRC and DWBA predictions of cross sections calculated with
potential /(1)+3(2) shown in the Table 2. The solid lines represent CRC analysis for the °Li(*He,d)’Be
reaction in case of triton transfer with elastic scattering, and inelastic scattering has been involved also. Dot
lines are DWBA for °Li(*He,d)'Be reaction with elastic and inelastic scattering without taking into account

triton transfer with elastic scattering. Dash lines are DWBA with triton transfer
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Fig.6. Angular distribution of deuterons from the reaction °Li(’He,d)'Be(g. s, and 1 exc. s.) at Esp=34MeV,
experimental data (dots). CRC predictions of cross sections calculated with potential 4(7) +3(2) shown in
table 2. The solid lines represent CRC analysis for the °Li(He,d)'Be reaction in case of triton transfer with

elastic scattering, and inelastic scattering. Dash Dot lines are CRC analysis for the °Li(*He,d)'Be reaction
without triton transfer with elastic scattering. Dot lines are DWBA for °Li(*He,d)'Be reaction with elastic
and inelastic scattering without taking into account triton transfer with elastic scattering. Dash lines are

DWBA with triton transfer
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We have to say that we start with potential 4(/), and the fitting has been made by Fresco program at
34 MeV and we obtained 4(1’) potential parameters which used in our calculations at 34 MeV. The
depth of both real and imaginary potentials had increased to achieve the best fit with elastic and
transfer reaction as shown in figure 5 and 6. CRC predictions of cross sections calculated with
potential 4(1') +3(2) shown in table 2, the same optical parameters have been used in these analyses
to know exactly the effect of triton transfer with elastic scattering on the transfer reaction SLi(*He,
d)’Be in spite of many optical parameters (shown in table 2) could fit the data. As shown in figures
5 and 6 at small angles, small effect appears from the triton transfer with elastic scattering on the
SLi(*He, d)'Be reaction.

Table 3. The values of spectroscopic factors of 'Be extracted from literature

E* (J) lj ¢*S (FRESCO) [31]
MeV Esne=33 MeV | Ezue=34 MeV
[23]
0.0 (3/2) 12 ] 0.27+0.027 0.27+0.036 0.29
0.0(3/2) |32] 0.43+0.027 0.310.036 0.43
0.429 (1/2) 12 ] 0.03+0.027 0.028+0.036 0.039
0.429 (1/2) 32| 0.84+0.027 0.75+0.036 0.85

d) 6Li(p,y)7Be reaction at the low energies

For each angle the y-detector was 6 cm from the beam spot on the target. The detector just as
the calibration sources was placed to within 1 mm. The calibration source of *’Cs (E, = 661.66
keV) was used to construct the dependence on y-rays registration rate from the source detector
distance. It was determined that at a distance of 6 cm the deviation on =1 mm results in a change of
registration rate on 3.2%. So, the overall uncertainty of the absolute y-detector photo-peak
efficiency determination introduced by statistical uncertainty of y-ray counts determination, dead
time of the measuring electronics and inaccuracy of the y-detector position was adopted 5.5% along
the whole range of energies of registered y-rays. The angular distributions of the °Li(p,y)'Be
reaction were fitted at four fixed energies from the energy region of E, 1. = 387 - 1283 keV by
Legendre polynomials [32]:

W,) = 1+ S aQiPi(cost) (k=12,...), (6)

where a; are the expansion coefficients and O are the attenuation coefficients, which take into
account solid angle subtended by the y-detector. In view of the limited number of angles, the fits
were carried out by including only k =1 and 2. The lower limits of O; and O, were calculated for
the conditions of experiment within the point radioactive source approach by using the known
dimensions of sensitive region of the y-detector, the source-detector distances (D), and without
taking lead plate located in front of the y-detector into account. The lower limits of Q; and Q. were
calculated for the conditions of experiment within the point radioactive source approach by using
the known dimensions of sensitive region of the y-detector, the source-detector distances (D), and
without taking lead plate located in front of the y-detector into account. Q; can be written:

o , = j_' (izlaz)a (7)
3 9i+1
—u(E, )l () : . .
where J; = Z .[Pk (cosa)-[l—e” |'sina-da | (k=0, 1, 2), and u(E,) is absorption
i=0 o,

coefficient.
Depending on our calculations [13, 14] for °Li(p, p)°Li, we could calculate enhanced optical
potential parameters at low energies. Using spectroscopic factors have been extracted from our
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experimental data of the reaction °Li(*He,d)'Be, we could calculate of the cross section of the °Li
(p,y)'Be reaction was carried within the framework of the direct capture in the potential model
using FRESCO Code. The calculation of the cross sections depended on OMPs from °Li(p, p)°Li
and spectroscopic factors from the reaction °Li(*He,d)’Be. For us it was cheerful results to obtain
the values of cross section directly from our calculations depending on OMPs from the reaction
°Li(p,p)°Li. The relation between spectroscopic factors and optical potential parameters used was
verified here very clear. As shown in fig.7, when we used extracted spectroscopic factors from
°Li(*He,d)'Be, we obtained dot line.

0,0055
0,0050
0,0045
0,0040

~ 0,0035

€ 0,0030

. 0,0025

£0,0020

Y~ 0,0015

0,0010
0,0005
0,0000
-0,0005
0,0 0,2 04 06 0,8 1,0 1,2

Ep’ b (MeV)

"Li(p,y)'Be

Fig. 7. Total cross section of the reaction °Li(p,y)'Be. The experimental points are from [8] (open circles),
[33] (closed circles) and our measurements as triangle. Solid line is calculated data depending on the OMPs
from °Li(p, p)°Li in ref. [13,14] where dot line represents the calculations in case of OMPs taken from [34]

Another group of spectroscopic factors were extracted with only our OMPs and just changing
in the spectroscopic factors to analysis the experimental data and this is shown as solid line in fig. 7.
The spectroscopic factors of 'Be at these low energies are energy dependent so their values changed
with energy especially at very low energies. For example, the spectroscopic factors for ground state
extracted were 1P3,= 0.207 and 1P;,,=0.18 and for excited state were 1P3,= 0.306 and 1P;,= 0.065
at E,=387 keV. The right values of spectroscopic factors depend on the choice of OMPs used. In
order to calculate the astrophysical S factor, we employed the standard expression [35]:

S(NJ,J,) = G(NJ’JJ")Ecm exp(313352122\/aj ’ (8)

VEa,

where ¢ is the total cross section for the radiative capture process (in barn units), E., is the c.m.
energy of particles in the entrance channel (in keV units), x is the reduced mass of the entrance-
channel particles (in atomic mass units), Z are the charges of the particles (in elementary charge
units, e) and N stands for E (electric) or M (magnetic) transitions of multipolarity J to the final (J;)
state of the nucleus. The numerical coefficient 31.335 was obtained by the present authors on the
basis of modern values of fundamental constants from [36]. We have S(0)=114+5 eV.b as shown in
Figure 8.
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Fig. 8. S-factor calculated using our measurements and Fresco program, the red points are our measurements.
The displayed points correspond to experimental data from [8] (they are presented in [10]).

Conclusion

The OMPs have been calculated at low energies for proton elastic scattering on °Li. New
groups of OMPs extracted show linear relation between E, and V,. Double folding model could be
used to calculate analysis the whole spectrum of *He scattering on °Li at 34MeV. Inelastic
scattering at E3zp.=34 MeV has been analyzed where intrinsic quadrupole moment was (-0.818 mb)
and B(E,)= 25.6+2.0 ¢” fm®. The analysis made by us for SFs for °Li={*He+¢}have advantage that
the calculations agree well with experimental data. SFs calculated at energies 34, 50, 60, and 72
agree with theoretical values which were 0.58. Value of spectroscopic factor for °Li={’He+¢}
reaction is energy dependent where its value at 34MeV is different from the value at 72 MeV. We
think that there two parameters have an effect on the extraction of spectroscopic factor: first, the
energy of incident particles and second, the OMPs used in extraction. The spectroscopic factor of
"Be={p+°Li }have been extracted from the reaction °Li(*He,d)’'Be and their values agree with
theoretical values expected by shell model. The potential model succeeded to calculate the cross
section direct capture reaction °Li (p,y)'Be at low energies. Astrophysical s-factor calculated in our
work is reliable because all values are taken from experimental data measured by us. We have
S(0)=114+5 eV.b which gives enhanced value for this important physical factor.
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SLi CHe, d)’Be PEAKIIUSICBIHBIH, CIEKTPOCKOIUSLIBIK ®AKTOPBI
"KOHE °Li (p, 7) 'Be PEAKLIIUSICHI YIIIH ACTPO®U3UKAJIBIK ®AKTOP

H. Byprebaes, A. Amap, C.b. Cakyra, C.B. Aptemos, /K. Kepimkysos

34 M>B sueprusna °Li saponapsiuna xone ‘Li(CHe,d)’'Be peakuuschinna “He MOHBIHBIH Ceprimi
KOHE CepIIiMci3 mamblpaysHbH AuddepeHnraniblK KUIMachiHBIH OYPBIIITHIK YiIecTipinyi enmenai. 34, 50,
60 m 72 M»3B »sHeprusmapma cepriMIi Imamisipay OOWBIHIIA JEPEKTepP ONTHKAIBIK ITOTCHITHAIBIMEH,
TPUTHIAZIH cepriMi Gepinic MexaHu3MiH xoHe °Li CeKTpCKONHSUIBIK (haKTOP/IBI eCenKe ala OThIPhII, t+ He
CUSIKTBI anblHFaH, Fresco mporpamMmacbiMeH Kaiita TangaHgsl [loTeHUIWanAblH HakTbl OeniriHiH
napamerpiepi Koc yilipTki mozmeni menGepinge ecentenmi. 34 M»sB smeprus ymin CRC omicren 'Be
SIPONIAPBIHBIH ~ HETi3ri  JkoHe OipiHmi  Ko30amel  KyHiJIepiHmeri MPOTOHHBIH  KYWIBIHBIN  IIBIFY
maddepennmanpk Kumackl tTanmanasl. ‘LiCCHe,d)'Be peakuuschlma Herisri ae skoHe KO30ambl Kyiinep
YIIIiH JIe IPOTOH/IBI TaChIMAaJIayFa TPUTHHIIH alIMacy MEXaHU3MiHIH BIKIAJIBI €CKepiieIi. Be SIIPOCHI YIIiH
CITEKTPCKOMUSIBIK (akropnap, p’Li KOHGHTYpaLHsIChl CHSAKTHI, SKCIIEPHIMEHTTIK JICPEKTEPICH alblHAbL. 'Be
AAPOCHIHAFB! HEri3ri skoHe OipiHmmi Ko30anbl kyiHinepingeri (1/2-, 429 k3B) y- etynepi yurin E, .= 387,
690, 984 xone 1283 xoB sueprustmapsirga °Li(p,y) Be peakuuschIHBIH OYPBILTHIK YICCTIPLIyIepi OMmIeH .
SLi (p, v) 'Be peakuusHblH KMMACHIHBIH eceOi Fresco mporpaMMachlH KOJIAHbII, MOTEHIIUAIIBIK MOJIEIIC
TiKenell KapMay IIeHOepiHae OTKi3ilmi. DKCIepPHMEHTTIK JepeKTepieH 'Be CIeKTpCKONTHIK (GakTopiapsl
men °Li + p — 'Be + y acTpodusnkanbik haKTopIaph! adbH/IEL.

CIIEKTPOCKOIMUYECKHUMN ®AKTOP U3 PEAKLIUU °Li (He, d)’Be U ACTPO®U3NYECKUN
®AKTOP 14 °Li (p, 7) 'Be

H. Bypre0aes, A. Amap, C.b. Cakyra, C.B. Aptemos, /K. KepumkyJio

W3mepensl yriaoBele pacmpeneieHus And(GepeHIHanbHbIX CEYEeHHH YIPYroro M HEympyroro
paccesirns noHos “He Ha smpax °Li B peakumn °Li(*He,d)’Be mipu sHeprin 34 M»B. JlaHHbIe 110 yIPyromy
paccestauto ipu sHeprusix 34, 50, 60 u 72 M»sB npoaHanu3upoBaHbl TOBTOPHO C ONTHYECKUM MOTEHIIUATIOM,
VUNTHIBAIONINI MEXaHM3M YIPYroil Mepeiaunm TPUTHS M CIEKTPOCKOMHYeckoro (akropa °Li, xak t+He,
W3BIICUEHHBIM C MpHUMeHeHHeM nporpammsl Fresco. IlapameTpbl AelCTBUTENBbHOM 4YacTHM MOTEHLHMANa
paccuMTaHbl B paMKax MOAEIM ABOMHON cBepTku. [AuddepeHunanbaple cedeHHs CpblBa HPOTOHA B
OCHOBHOE ¥ IIepBOE BO30YK/IEHHOE COCTOSHHUS sapa 'Be npoanammsuposansl MeTogoM CRC st sneprum 34
Mb5B. YunTsiBaeTcs BIussHUE 0OMEHHOTO MEXaHHU3Ma TPUTHUS Ha MEPEHOC IPOTOHA B PEaKINH SLi(*He,d)'Be,
KaK Il OCHOBHOTO, TaK U JUIsl BO3OYKIEHHOTO COCTOsHMIA. CIeKTpOCKOmMYecKuii hakTop uis spa 'Be, Kak
koudurypamuu p°Li monydeH W3 SKCIEPUMEHTANBHBIX JAHHBIX. VI3MEpeHBI YIIOBBIE pacHpeieneHus
peakmn °Li(p,y) Be npu sHeprusx Ep na6= 387, 690, 984 1 1283 k2B 114 y-1Iepexo10B B OCHOBHOE H IIEPBOE
B030y:x1eHHOe (1/2-, 429 K3B) cocTosuuii B spe 'Be. PacueTs ceuenus peakuuu °Li(p,y)'Be mposoummch
B paMKax MpsSMOro 3axBaTa B IOTEHIMAJBbHOW MOJENM C HCIIOJIb30BaHMEM mporpammsl Fresco. U3
JKCTIEPUMEHTAIBHBIX JTAHHBIX H3BICUEHBI CIIEKTPOCKOMMYecKHe GakTopsl 'Be U acTpodusuuecKkue (pakTopsl
Li+p— "Be+y.
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