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L N I

Abstract: The angular distributions of the elastic and inelastic scattering of «-particles on 1B nuclei
were measured at an energy of 29 MeV (with excitation of the 0.718 MeV (17) state). The data obtained
by us, together with the angular distributions of the elastic scattering measured earlier in a wide
range of energies from 24 to 90 MeV, were described using an optical model, the coupled-channel
method, and parameterized phase analysis. The optimal parameters of optical potentials were found,
and a good description of the experimental data in the specified energy range of x-particles was
achieved. By taking into account the contribution of the elastic transfer mechanism of the °Li cluster,
it was possible to correctly reproduce the rise of the cross section at the backward angles in the elastic
channel. The value of the quadrupole deformation parameter was extracted from the analysis of
inelastic scattering using the coupled-channel method. The geometric parameters of the interaction
potentials were determined using parameterized phase analysis. The radii of the 1°B nuclei in the
high-energy region (30 MeV and above) obtained by PPA are in good agreement with the radii
calculated in the framework of the optical model.

Keywords: elastic scattering; optical potentials; coupled channels; phase analysis

1. Introduction

Much attention has been and continues to be paid to the study of the scattering of
a-particles by light nuclei. The reason for this interest is that the interaction of «-particles
with light nuclei is ambiguous. The angular distributions (ADs) of a-particles scattered
on light nuclei at large angles behave completely differently than on heavier nuclei. In
the first case, the ADs, at least in the region of the front hemisphere, usually have a
clearly defined diffraction structure that is well described by various diffraction and optical
models. However, at large angles at low and medium energies, the elastic scattering cross
sections (CSs) often show an increase that cannot be reproduced within the standard optical
model. For heavier nuclei, the situation is different. Thus, an optical model analysis of the
elastic scattering of x-particles at an energy of about 25 MeV on a large number of nuclei
from oxygen to uranium [1] showed that for medium and heavy nuclei, there is a good
description of experimental cross sections in the entire angular range; but for light nuclei
(in regions of oxygen and silicon), especially at large angles, there is much less agreement
between the experiments. A similar result was also obtained in [2] when analyzing elastic
scattering on nuclei up to lead at energies of 22 and 40 MeV. During the past decades,
using the optical model [3], a large amount of work has been conducted to determine the
optical potentials in the interaction of alpha-particles with nuclei. By studying the elastic
scattering of alpha-particles on *°Ca and *°Zr nuclei at an energy of 141.7 MeV, as well
as on other nuclei at the same energy [4], it was shown that refractive effects are clearly
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manifested in the region of intermediate energies. All the elastic scattering differential
cross sections exhibited an exponential-like fall-off at large angles characteristic of nuclear
rainbow scattering. For each nuclide studied, a unique family of Woods—Saxon optical
potentials were obtained by fitting calculated cross sections to the experimental data, which
made possible the elimination of the discrete ambiguity in the real part of the potential.
The real parts of the extracted potentials are characterized by well depths ranging from
108 to 118 MeV and volume integrals ] /4A ranging from 297 to 352 MeV fm3. In [5], the
refractive, elastic scattering data on 2C, 1°0, ®Ni, and *°Zr targets were analyzed within
the optical model using double folding potentials. The folding parameters obtained for
targets in different mass regions provide a useful guide in predicting the properties of
optical potentials in the interaction of alpha-particles with nuclei in the study of elastic
scattering (see also [6]). In [7], an analysis was carried out of all available cross sections
for reactions caused by alpha-particles on nuclei in the mass number range 121 < A < 197
at energies below the Coulomb barrier. This analysis revealed an optical potential that
describes the o-particle elastic scattering at low energies. It was shown that the presence in
the potential of the imaginary part of the term describing surface absorption, along with
the term describing volume absorption, is very significant. Despite progress in determining
optical potentials within the optical model, the problem of anomalous large-angle scattering
for light nuclei still remains very relevant.

There are many mechanisms to explain this phenomenon (for example, the glory
effect [8-10] and Regge poles [11-16]), which leads to uncertainty in the interpretation
of experimental data. The scattering cross sections can also be influenced by the cluster
structure of light nuclei, which can lead to the contribution of exchange processes with the
transfer of clusters [17-22], as well as higher-order processes described by triangular and
rectangular diagrams of the dispersion theory [23,24]. In addition to the processes listed
above, one must also keep in mind the possible contribution of the mechanism of compound
nucleus formation. At present, a large amount of information has been obtained on the
inelastic scattering of various nuclear particles on 1p-shell nuclei, including the scattering
of a-particles. It should be noted that the 1°B nucleus in the middle of the p-shell is
strongly deformed, which is reflected in the large value of the nuclear quadrupole moment
(Q = +84.72 mb) [25,26]. Therefore, in the analysis, it is necessary to take into account the
collective nature of the 0.718 MeV (1*) state of the °B nucleus. This is supported by the
results of two studies that investigated the reactions, HB(, 1)12C [27] and 'B(d, 1)19B [28],
which show the importance of taking into account the deformation of the !'B and '°B
nuclei. In these works, the spectroscopic factors and parameters of quadrupole deformation
of the nuclei under study were extracted from the analysis of experimental data within
the coupled-channel method. This work is devoted to the study of elastic and inelastic
scattering of a-particles on 1B nuclei at the energy of 29 MeV. Angular distributions of
elastic scattering were previously studied in the energy range E = 5-50 MeV [29,30] and
91.8 MeV [31], where a well-defined diffraction structure in the front hemisphere was
observed together with the significant increase in the cross sections at the larger angles.
In [29], the elastic scattering 1B + « was measured at energies from 5 MeV to 30 MeV.
Experimental data were analyzed using an optical model, the strong absorption model, and
the Regge pole diffraction model. It was difficult to reproduce the angular distributions
over the whole angular range from 20° to 170° with these models. Only the parts with
a good diffraction pattern could be fitted well. In [30], the increase in cross sections at
large angles was associated with spin—orbit interaction. It was found that the calculated
curves using the optical model describe the experiment well only up to angles around
0 =120°. The reason for the poor description may be that the analysis of elastic scattering
in [29-31] did not take into account the effects of channel coupling [32] and the exchange
mechanism transfer of the °Li nucleus associated with the cluster structure of the 1°B
nucleus (1"B—°Li+).

The purpose of this work is to provide a more detailed description of the scattering of
o-particles on '°B nuclei, taking into account the coupling of channels and cluster exchange
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effects, as well as a discussion of the problem of choosing the optimal potentials and
determining the geometric parameters of the interaction potentials based on parameterized
phase analysis.

2. Experimental Setup

An experiment to study the scattering of a-particles on 1B nuclei was carried out
on a beam of a U-150M isochronous cyclotron of the Institute of Nuclear Physics (Almaty,
Republic of Kazakhstan) at E, = 29 MeV. The beam intensity was controlled by means of a
Faraday cup. The error of the current measurement did not exceed 1%.

The target was a self-sustaining 0.2 mg/cm? thick boron film with 1°B enrichment
up to 90%. The film was made by the evaporation of boron samples using a point beam
of accelerated electron ions in a special vacuum chamber. Its thickness was determined
by the energy loss of x-particles from a radioactive source with an accuracy of about 7%.
Charged particles, products of nuclear reactions were recorded by a telescope consisting
of two silicon detectors: a thin one (AE) with a thickness of 30 to 50 microns and a thick
one (E) with a thickness of 1-2 mm, depending on the maximum energy of the scattered
particles. When measuring energy spectra in the reverse hemisphere, sets of detectors
with smaller thicknesses were used. The identification of the type of charged particles was
carried out using a two-dimensional analysis system (AE-E) with standard CAMAC and
ORTEC electronics and a processing program implemented on a personal computer. A
typical energy spectrum of «-particles scattered on 9B nuclei at an angle of 55 is shown in
Figure 1. The energy spread of the beam was about 300 keV. Peaks have been identified in
the spectrum of scattered a-particles for the ground state of the B nucleus (J™* = 3*) and
for its excited states, 0.718 MeV (J™ = 1%), 2.154 MeV (J™ = 1%), and 3.587 MeV (J™ = 2%),
as well as a peak in channel 118, as a possible sum of two undivided levels of 5.919 MeV
(J7" =2%) +6.025 MeV (J™ = 4*) of the 9B nucleus. At these angles, the peak from the ground
state of the 1'B nucleus (J7 = 3/2") is well separated from the elastic peak “B. The peaks for
the ground state (J™ = 0*) and for the first excited state 4.44 MeV (J™ = 2%)) of the nucleus
12C, as well as the peak from the ground state of the nucleus '°O (J™* = 0%), are clearly visible.
These impurities could appear during the manufacture of the target and during its use in
experiments due to the presence of residual gases and oil vapors in vacuum systems. The
angular distributions of the differential cross sections of the scattering of alpha-particles on
19B nuclei were measured in the range of angles 0y, = 20~160° in increments of 2 degrees.

The angular uncertainty of the detector telescope installation was no more than 0.3
degrees. The systematic error in the cross sections is associated with the uncertainty of the
target thickness, the angle of installation of the detectors, and the calibration of the current
integrator, and it did not exceed 10% in total. The statistical error of the measured data was
in the range of 1-5% and only in some cases reached 6-15% in the section minima at large
angles (for inelastic scattering).

Figure 2 shows the measured angular distributions of the elastic and inelastic scattering
with excitation of the 1B state with an energy of 0.718 MeV (1*). As can be seen from the
figure, a well-defined diffraction structure is observed in the region of the angles of the
front hemisphere, while the diffraction extreme for elastic and inelastic scattering is in the
antiphase. At large angles, a significant increase in the elastic scattering cross sections and
a damping of the diffraction structure are observed.
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Figure 1. Measured at an angle of 55°, the energy spectrum of a-particles scattered on 108 nyclei at a

beam energy of 29 MeV.
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Figure 2. Angular distributions of differential cross sections for scattering of a-particles on 1°B
nuclei at an energy of 29 MeV. Blue dots represent elastic scattering, and red dots represent inelastic
scattering with excitation of the nuclear state 108 0.718 MeV (1*).

3. Analysis and Discussion of the Results
3.1. Elastic Scattering and Optical Potentials

In the first stage, analysis of scattering was carried out according to the optical model
(OM) using the SPI-GENOA program [33,34]. To date, a series of studies have been carried
out to examine the elastic scattering of alpha-particles on different nuclei in the energy range
from 20 MeV to 40 MeV [1,2,35,36]. Analysis of the experimental data on an optical model
based on Woods-Saxon potentials showed that these potentials describe the measured
angular distributions quite well. However, the depths of the real part of the potentials
extracted from fitting the calculated cross sections to the experimental values vary from
~40 MeV to ~200 MeV, and the depths of the imaginary part vary from ~10 MeV to ~25 MeV.
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In this work, the optimal parameters of the phenomenological optical potential (OP)
were also found by comparing the calculated cross sections with the experimental data.
Typically, a potential with the Woods—-Saxon parameterization is used, the form of which
with the volume absorption can be represented as

-1 -1
u(r) = -V (1 +expl— R”> — iWp <1 +exp— R”’) +Ve(r), 1)
ay Aw

where V and W are the depths of the real and imaginary parts of the potential, respectively,
R; = r; A'/3 is the radii of the real (v) and imaginary (w) parts of the potential, and ay
and ay are the corresponding diffuseness. The radius of the Coulomb potential Vc was
assumed to be Rc = 1.28 A{1/3.

The optimal parameters of the optical potentials, corresponding to the best description
of the experimental cross sections, were found by minimizing the value of x:

2

»_ 1 y (o) — (i)
NS @

where N is the number of experimental points in the angular distribution, o' and oF are
the calculated and measured values of the differential scattering cross section at an angle 6;,
and Ac® is the uncertainty in the value of oF.

It should be noted that when choosing this potential as optimal, we were guided by
the physically justified value of the volume integral of the real part of the OP, defined as

Jv = —(4m/ ApAy) / V(rydr, 3)

where Ap and At are the mass numbers of the incident particle and the target nucleus. The
value of [y should correspond to the value of the nucleon—nucleon interaction potential
and should be equal to ~400 MeV-fm3.

It is well known that OP parameters have discrete and continuous ambiguities. To
eliminate the discrete ambiguity of the real part of the potential, its dependence on energy
is often used.

For this purpose, a global systematization of the OP parameters was carried out
to describe the scattering of a-particles at 1B in a wide energy range. The calculations
used experimental data obtained previously at energies of 91.8 MeV [31], 50.6 MeV [30],
30 MeV [29], 24 MeV [29], and 29 MeV (this work). In addition, our data on elastic scattering
at E = 50.5 MeV, measured in the full angular range, were used in the analysis [37].

Subsequently, the search for optical potential parameters was carried out by selecting
the OP parameters in such a way as to achieve the best agreement between the theoretical
and experimental angular distributions using the FRESCO computer code [38]. To obtain
physically based OP parameters, the recommendations given in [39] for a-particle scattering
were used. The values of the reduced radii of the interaction potential obtained in this
work from the global dependence of the OP parameters r, = 1.245 fm and r,, = 1.57 fm were
fixed, and fitting the theory to the experiment was carried out by varying the remaining
four parameters of the OP (V5, Wy, ay, and aw). The obtained optical potentials are listed
in Table 1.

To avoid the influence of other mechanisms on the OP parameters, in addition to
purely potential scattering, the fit to the experimental data was carried out in the region
of the angles of the front hemisphere (OP set A). Additionally, to assess the influence of
continuous ambiguity, another parameter was adjusted: the depth of the imaginary part of
the potential Wy (set B). In this case, a slight change in the quality of the fit is observed in
the region of medium and large angles at low energies with a more pronounced diffraction
structure due to the existence of a correlation between the depth and diffusivity of the
imaginary potential (see Figure 3).
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Table 1. Optimal parameters of optical potentials for the 1B + o system.
E, MeV Set Vo, MeV ay, fm W, MeV Ay, fm Tv Tw x2IN
A 155.04 0.742 18.29 0.666 545.05 102.46 97.82
24
B 152.86 0.835 11.7 0.588 599.24 58.23 65.55
A 152.9 0.730 16.2 0.749 530.07 97.39 45.73
B 140.9 0.730 23.63 0.740 488.25 140.96 68.46
2 C 79.84 0.803 13.49 0.824 301.44 86.66 39.04
D 2154 0.545 12.20 1.07 606.58 98.23 28.87
A 147.23 0.756 13.41 0.869 531.67 109.2 48.96
30
B 143.2 0.756 13.62 0.840 512.27 88.79 42.84
A 111.2 0.810 17.57 0.820 423.3 112.47 49.67
50.6
B 119.77 0.726 15.47 0.93 413.29 109.43 31.17
A 105.56 0.831 20.24 1.01 412.04 154.29 6.392
91.8
B 104.89 0.8 15.0 0.9 394.62 147.59 11.1
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Figure 3. Angular distributions of differential cross sections of a-particles scattered on '°B nuclei
at energies of 24, 29, 30, 50, 91.8 MeV (red curve calculated with set A, blue curve with set B, and
green curve with set C). Experimental data were taken from the following works: 24 and 30 MeV [29],
50.6 MeV [31], 50.5 [37].

A comparison of the calculated and experimental angular distributions of the elastic
scattering of -particles on 108 nuclei at energies of 24, 29, 30, 50.5, 50.6, and 91.8 MeV is
shown in Figure 3 for two potentials, A and B. As can be seen from the figure, the OPs from
Table 1 describe the literature and our experimental data quite well, which indicates the
correctness of the obtained OPs. The exception is the sharp increase in the experimental
cross sections at large angles at low energies. To describe this increase in cross sections at
large angles, it is most likely necessary to take into account the contribution of the elastic
cluster exchange mechanism for the o+'°B system.

Potentials calculated within the framework of the double folding model (DFM) were
used to test the OP parameters. In the DEM framework, the real part of the optical potential
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is obtained by folding the effective nucleon—nucleon interaction with the nuclear densities
of the projectile and target. The DFM coordinate system is presented in Figure 4.

Projectile

Figure 4. Coordinate system for DFM.

The DFM potential is determined by the expression
VPE(r) = /pp (rp)pe(re)onn (rpe) Prpdry, 4)

where rp; = ’r + 7 — rp’ is the distance between nucleons in the (fm), pp(rp), and p(rt)
density distributions of the projectile and target. Thus, the total optical potential U(r) is
written as

Uer) = =N, VPE(r) — iW(r) + V), (5)

where VPE(r) is the DFM potential, and N, is the renormalization coefficient of the real part
of the optical potential, which can be adjusted to reproduce the elastic scattering data.

To calculate DFM potentials, several types of nucleon—nucleon Vyy interaction poten-
tial can be used. Among these different types of effective interactions, the so-called M3Y
(Michigan 3 Yukawa) interaction has been widely used to calculate the optical potential
of heavy ions [6,40,41]. In this work, DFM potentials were calculated using the DFPOT
program [42] within the framework of a realistic nucleon—nucleon M3Y interaction, which
is determined by the expression

exp(—2.5r)

— 2134
2.5r

UNN(T’) = 7999

L) + Jon(E)B(r) MeV, ©

where Joo(E) is the exchange part, parameterized as [43]

Joo(E) = —276 [1 - 0.0052‘:] MeV fm® 7)

In the DFM calculations, the density distributions of projectile nuclei (*He) and targets
(1°B) were used in the Gaussian form as follows:

o(r) = poexp(—pr?), (8)

where pp  can be determined using the normalization condition
A
2
dr=—, 9
[etrar=+ ©)

To calculate the densities, < r? >'/2 radii for the 4He target were chosen—1.68 fm and
10B—2.45 fm [44]. The real part of the interaction potential calculated within the framework
of the DFM was used to describe the data at an energy of 29 MeV with the imaginary part
of the potential from set A. In this case, the normalization coefficient N, was equal to one.
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The results of the description of the angular distributions of elastic scattering are shown in
Figure 5 in purple.

10° g

SetA

SetB
3 10 10 Set C
B(o,0) "B at E =29 MeV Set D
%10 F —DF
e}
E E
]
3 L
%)
-]
10"

20 40 60 80 100 120 140 160
6, degree
c.m.

Figure 5. Angular distribution of differential cross sections of «-particles elastically scattered on 1B
nuclei at energy of 29 (red curve calculated with set A, blue curve—with set B, green curve—with set
C, wine curve—with set D, and purple curve—with potential DF (N, = 1)).

For an energy of 29 MeV, several more sets of OP parameters (C and D) were found.
In this case, all potentials reproduce experimental data on elastic scattering equally well.
As expected, the deep real potential (set D) produces a significant increase in cross sections
at large angles, but it is still insufficient to reproduce the experimental cross sections (see
Figure 5).

To study the dynamics of the discrete ambiguity when determining the depth of the
real part of the potential, the radii and diffuseness of the real and imaginary parts of the
potentials, as well as the depth of the imaginary potential A, were fixed for all energies.
Using these parameters, the values of x> were found for the real part of the optical potential
in the depth range from 50 MeV to 240 MeV with a step of 10 MeV. Thus established, the
dependence of x? on the depth of the real part of the potential for each amount of energy of
the incident particles is shown in Figure 6.

It can be seen that at low energies, several minimums are observed for x>. As the
energy of the incident particles increases, the number of minimums decreases, which makes
it possible to reduce the discrete ambiguity and reduce the number of optical potentials to
one optimal when increasing the energy of colliding particles up to 91 MeV.

Figure 7 shows the radial dependences of the real (V) and imaginary (W) potentials
for all used sets of OPs at E = 29 MeV.

As can be seen from the figure, the values of V and W for different sets of optical
potentials intersect at different distances in the range from ~4 to ~8 fm. Such a wide
range of potential crossings is most likely associated with the increasing role of continuous
ambiguity in the parameters of the optical potential at low energies. At the same time, the
values of the microscopic potential DF are close to the values of the potentials (sets A and
B) in the region of the strong absorption radius (r~4 fm).
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3.2. Parameterized Phase Analysis of Elastic Scattering

To determine the geometric parameters of the interaction potential of 1B and alpha-
particles in their elastic scattering, we used parameterized phase analysis (PPA). In this
approach, to describe experimental differential cross sections, the scattering amplitude is
expanded into a series of partial waves and written in the form [45-48]

— 1 - 2i0’l
A0) = T EO (21+1) - By - €% - Py(cos()), (10)
where the elements of the scattering matrix B; = 1£ + ich2 (lﬁ) .
1+e M A

Here, 11, A1, Ib, Ay, and b are the free parameters of the theory. They have the form
shown in Figure 8.

The scattering matrix contains a real part, which is responsible for refraction, and an
imaginary part, which is responsible for absorption.

In the analysis of elastic scattering, experimental data obtained previously at energies
from 5 MeV to 91.8 MeV were used [29-31].
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Figure 8. Elements of the matrix B; depend on the angular momentum [ of the incident particles.
Solid curve—Re(B;); dotted curve—Im(B;). For Re(B;), the values of R;,; and AR;,; are shown in
the figure. For Im(B;), the corresponding geometric absorption parameters are determined by the

maximum and width at half maximum.

Using the angular distribution, we measured at an energy of 29 MeV, and with the
angular distributions measured in [29-31], the parameters of the scattering matrix were
determined by fitting with unambiguous minimum values of x?/N for five free parameters
of the theory [49]. The number of partial waves over which summation occurs in (4) was
selected for each amount of energy to obtain its optimal value, which varied around 25.

For optimal free parameters, the interaction radius was calculated:

1 /
RInt—k<77+ 772+1](11+1)),

%262 is the Coulomb parameter, as well as the
blurring of the interaction (diffuseness) AR = — 22 @tU-A
& ( ) k (/1P (h+1) )

where k is the wave number, and 1 =

Figure 9 shows the results of fitting data on the scattering of a-particles on 1°B nuclei
in the energy range from 22.5 to 91.8 MeV using PPA.

103 E T T T T T T T T T T T T T T T T
10%

10" r 22.5 MeV

10°
10" f
107 |
10° f
10*
10°

do/do,,

20 40 60 80 100 120 140 160 180
6., grad

Figure 9. Angular distributions of differential cross sections of elastically scattered alpha-particles
at 19B with energies from 22.5 to 91.8 MeV. Points-experimental data taken from works [29-31];
curves-calculations within the framework of PPA.
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The dependence of the free parameters of the PPA scattering matrix, the calculated
interaction radii, and the blurring of the interaction in the elastic scattering of alpha-particles
by !°B are shown in Figures 10 and 11.

o 20 4 e s 10
E_MeV
Figure 10. Dependence of the free parameters I; (black points) and I, (red points) of the PPA

on the energy of incident alpha-particles. Dots—calculated values; curves—approximation of the
obtained data.
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[ ]
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Figure 11. Dependence of the calculated interaction radius (black dots) and interaction blur (red dots)
of the PPA on the energy of incident alpha-particles. Dots—calculated values; curves—approximation
of the obtained data.

The results of the calculations of the free parameters of the scattering matrix and the
geometric parameters of the studied reaction using the PPA are summarized in Table 2.
The core radius (R), according to [49], was determined as

R =Rjnt — Rae — NNy

where R, is the alpha-particle radius, and ryy = 1 fm is the range of nuclear forces. The
calculated R values are summarized in Table 3 and shown in Figure 12.

It can be seen that at low energies, significant deviations of the calculated values of R
from the classical radius are observed. This can most likely be explained by the uncertainty
of scattering due to the long de Broglie wavelength of the incident particle. In addition,
both resonance phenomena and the compound nucleus can play a significant role in this
area. The radii of the 1B nucleus in the high-energy region (30 MeV and above) extracted
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from the PFA analysis are consistent with their values found from the analysis using the
optical model.

Table 2. Free parameters of the scattering matrix in the PPA and the calculated geometric parameters
of the elastic scattering of alpha-particles by 1°B.

Eo, MeV I I M A2 B Rint, fm ARy, fm
5 1.662 3.762 0.23 0.146 0.476 5.164 0.868
7 2.041 2.014 0.23 0.146 0.476 4.468 0.842
12 5.768 3.87 0.219 0.866 0.941 6.526 0.79
15 5.986 4.357 0.224 0.909 0.722 5.941 0.735
17 6.468 5.086 0.329 0.661 0.45 5.919 1.027
19 6.473 5.062 0.329 0.948 0.722 5.574 0.976
21 6.619 5.111 0.329 0.956 0.702 5.381 0.934
22.5 6.838 5.11 0.204 0.964 0.592 5.332 0.562
24 8.243 2.487 0.167 1.409 1.966 6.068 0.452
30 8.514 1.754 0.331 0.249 0.775 5.55 0.807
40 10.189 3.105 0.463 0.241 0.24 5.62 0.992
50.6 11.203 2.817 0.655 0.17 0.286 5.431 1.257
91.8 14.446 1.991 1.083 0.39 0.581 5.083 1.563
Table 3. Calculated 1B radii from the elastic scattering of x-particles.
Ex, MeV 5 7 12 22.5 24 30 40 91.8
Rigp, fm 2264  1.568 3.626  3.041 2432 3.168  2.65 2.72 2.183
4 T T T T
°
o

R("°B), fm

40

60

80

100

E,, MeV

Figure 12. !B radii from elastic scattering of alpha-particles. Dots—calculated values; curve—classic
radius.

3.3. Coupled-Channel Analysis

Since the 1B nucleus is highly deformed [25,26], its low-lying states have a well-
defined collective nature. In this case, the coupled-channel method is most suitable for
describing scattering. Calculations were carried out using the FRESCO program [38] with
the optical potential obtained from the analysis of elastic scattering with an optical model
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with a set of parameters for an energy of 29 MeV (see Table 1). The calculation results for
the elastic and inelastic scattering (transitions to the ground (3*) and excited 0.718 (1*)
states of the 1B nucleus) are compared with the experimental data in Figures 13 and 14.
As can be seen from Figure 13, the calculated elastic scattering cross sections with set A
from Table 1 (green curve) exhibit a pronounced diffraction structure over the entire range
of angles. In the measured cross sections at large angles, it completely disappears, and a
noticeable rise is observed with increasing scattering angle. This effect can be explained
by the contribution to the scattering of the exchange mechanism with the transfer of the
heavy °Li cluster. Calculations of the cluster exchange cross section were carried out using
the FRESCO program. The wave functions of distorted waves for the input and output
channels were calculated with the OPs taken from Table 1.

10* N B B B e
3 E\ 1OB((x,(x) v ]
0F E= 29 MeV exp 6 E
F \ elastic + Li transfer
10° i 3
elastic E
%101 _ ‘ I 6Li transfer _
. f \ v Yvyvs w\
% 10° & /r"’" . E
5 f 3
© F ]
10" — 4
10? — 4
10° [ L 1 L 1 L 1 L 1 L 1 L 1 L /
0

20 40 60 80 100 120 140 160 180
6_., deg

Figure 13. Angular distribution of CSs for elastic scattering with the transition to the ground state 3*
of the 19B nucleus. Symbols are experimental CSs. Green curv-calculation within the framework of the
coupled-channel method using the FRESCO program. Black curve-calculation of the cross sections for
the exchange process with the transfer of the °Li cluster in the ground state. Blue curve—calculation
of elastic scattering taking into account the transfer of the °Li cluster.

The o+°Li cluster wave function of the boron nucleus was calculated using the Woods—
Saxon potential with a reduced radius of 1.25 fm and diffuseness of 0.65 fm. The depth
of the potential was selected such that the required binding energy of the clusters was
obtained.

The differential cross sections for the reaction 19B(a,'B)x were calculated using the
following formula:

(do/dD)exp = 5152 (do/dQ),, (11)

where (do/dQ)y, is the calculated CSs, and S1 and S, are the cluster spectroscopic factors
of the 9B in the input and output channels, respectively, in the o + °Li representation. The
latter values are phenomenological parameters and are determined from a comparison of
calculated cross sections with experimental data at large angles. An accurate account of
this mechanism is complicated, however, by the fact that, in comparison with the transfer
of light clusters 4, ¢, 3He, and «, the transfer of a heavy cluster is possible not only in
the ground state but also in excited states, for which the spectroscopic amplitudes are
unknown or known with insufficient accuracy. Therefore, for a rough assessment of the
effect, the transfer of °Li was taken into account only in its ground (17) state (Figure 13).
The spectroscopic amplitude for the cluster (& + ®Lig s, ) 1D wave function for the ground
(3*) state of the 1B nucleus was chosen from the best description of the experiment at
large angles, where, as can be seen from Figure 11, the transfer cross section of the oLi
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nucleus makes the largest contribution to scattering. At a spectroscopic amplitude of 1.4,
the calculation satisfactorily reproduces the character of experimental cross sections at
large angles.

—1T T - T T 1 - T T T T T T T
B Inelastic scattering = Exp ]
\/ 1054 Set A 1
- SetB 1
E =29 MeV
, @ . SetC
10 E =0.718 MeV (1) Set D :
2 e ]
(S T1 ]
o
R
o)
©
107
10'2 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120 140 160 180

0, deg

Figure 14. Angular distribution of inelastic scattering with the transition to the state Ex = 0.718 MeV
(1*) of the 1B nucleus. Symbols are experimental CSs. Curves-calculations used in the coupled-
channel method with the FRESCO program with optical potentials A, B, C, and D from Table 1, and
the deformation parameter 8, = 0.60 & 0.15.

This result is consistent with the results of the analysis of elastic scattering of !'B(«,
«)'1B at an energy of 50 MeV [50], where the rise in the cross section at reverse angles is
explained by the exchange in the ”Li cluster. At the same time, for excited states of the 1B
nucleus, the cluster transfer mechanism provides an increase in the cross section of only
30-50%. As indicated in [50], the existing differences are most likely the result of both an
incomplete description of the transfer process, in which the possible contribution of other
excited states of the “Li nucleus was not taken into account, and insufficient knowledge of
the spectroscopic amplitudes.

In the angular distribution of the inelastic scattering with the transition to the excited
state of the nucleus 1°B E, = 0.718 MeV (1*), shown in Figure 14, the diffraction structure is
observed over the entire measured range of angles. In calculations that use the coupled-
channel method [38,51,52], it was assumed that the interaction, following the deformation
of the nuclear surface, is described by the optical potential V(r, R(6")) with the radius
parameter R(0) depending on the polar angle 0’ in a fixed coordinate system associated
with the nucleus. In the case of axial symmetry, the parameter R('), considering only the
quadrupole deformation, can be represented as

R(0") = Ro[1+ B2Y20(8")], (12)

where B, is the quadrupole deformation parameter.

Calculations were performed with all the sets from Table 1 (A, B, C, and D). As can be
seen from Figure 14, calculations with sets A, C, and D provide an equivalent description
of the angular distribution in the angular range 40°-120°. However, potential D produces
underestimated cross sections at small angles, and potential B produces them at large
angles. The deformation parameter 8, was extracted from a comparison of calculated cross
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sections with experimental data in the angular range 40°-120°. At 8, = 0.60 =+ 0.15, the
calculations are in good agreement with the experiment.

As can be seen from Figure 13, the analysis of elastic scattering, performed using the
coupled-channel method, taking into account the possible contribution of the exchange
mechanism with the transfer of the °Li cluster, provides a fairly good description of the
experimental cross sections in the measured range of angles. The value of the quadrupole
deformation B, = 0.60 for the 1B nucleus obtained from the analysis of elastic and inelastic
scattering of x-particles is consistent with the results of studies of the scattering of protons,
deuterons, and 3He [25,53-55].

4. Conclusions

At an energy of 29 MeV, the angular distributions of the cross sections for the elastic
and inelastic scattering of a-particles on 1B nuclei with excitation of the state Ex = 0.718
MeV (1*) were measured. The analysis of the angular distributions measured by us, and
the distributions measured earlier in the energy range of 24-90 MeV was carried out
within the framework of the optical model and the coupled-channel method. Optimal
parameters of optical potentials were found that make it possible to satisfactorily describe
the experimental elastic scattering cross sections in a wide range of x-particle energies.
Taking into account the contribution of the elastic transfer mechanism of the °Li cluster
made it possible to reproduce correctly the rise of the cross section at the backward angles in
the elastic channel. The remaining difference is most likely the result of both an incomplete
description of the transfer process, in which the possible contribution of other excited
states of the °Li nucleus was not taken into account, and insufficient knowledge of the
spectroscopic amplitudes.

From the analysis of the inelastic scattering at an energy of 29 MeV on '°B nuclei, the
value of the quadrupole deformation parameter 8, = 0.60 = 0.15 was extracted. Calcula-
tions based on parameterized phase analysis made it possible to determine the geometric
parameters of the interaction potential. The radii of the 1B nuclei in the high-energy region
(30 MeV and above) obtained by PPA are in good agreement with the radii calculated in
the framework of the optical model.
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