The Henryk Niewodniczanski
INSTITUTE OF NUCLEAR PHYSICS
Polish Academy of Sciences
ul. Radzikowskiego, 31-342 Krakow, Poland

www.ifj.edu.pl/publ/reports/2009/
Krakow, May 2009

Report No. 2027/PL

Study of light exotic and stable nuclei

with heavy ion reactions

Stanislaw Kliczewski

Habilitation Thesis



CONTENTS

Chapter 1. Introduction.
1.1. Themain goals of the work.
1.2. Present status of exotic nuclel studies.
1.3. Study of exotic nuclel with transfer reactions.
Chapter 2. Theoretical models of nuclear processes.
2.1. Optical model of heavy-ion scattering.
2.2. Distorted Wave Born Approximation and Coupled Reaction Channels
methods.
2.3. The spectroscopic amplitudes of nucleons and clusters calculations.
Chapter 3. Experimental methods.
3.1. Experimental facilities.
3.2. Experimental setup at the Warsaw cyclotron C-200P.
3.3. Theanalysisof the AE — E spectra.
3.4. The energy dependences of the nucleus-nucleus potential.
Chapter 4. Nucleus-nucleus scattering.
4.1. The' B +7Li, °Be, ** 13 1C scattering.
4.2. The™C + °Be scattering.
4.3. The™N + Li, '*C scattering.
4.4. The'Li + 0 and **0 + "Li scattering.
Chapter 5. Nuclear reactionswith light exotic nuclel in the exit channel.
5.1. TheBe("'B, 1> *?B), *Be(*'B, *C) and *C(*'B, *°N) reactions.
5.2. TheBe(*’C, *C) and °Be(**C, M'B) reactions.
5.3. TheLi, “C(*N, ** ©*N) reactions.
5.4. The *C(°Li, ®He) and **C(’Li, ‘Be) charge-exchange reactions.
Summary and conclusions
Acknowledgements
References
Appendix



CHAPTER 1
INTRODUCTION

1.1. The main goals of the work.

Nuclear reactions with light and heavy ion beams are one of the most important
methods for the investigation of nuclear structure, main features of the nuclear forces and
mechanisms of the nuclear processes. At present the most information in these fields is
available for the nuclei close to the stability region. The structure and interactions of the
nuclei out of this region (exotic nuclei) are insufficiently studied yet. There are two ex-
perimental methods to perform such investigations: the first one employs experiments
with the radioactive (secondary) beams (direct method) and the second one is based on
experiments with the stable ion beams producing multi-nucleon-transfer reactions. Both
methods are used at present and successfully complement one another.

The direct-secondary-beam methods use equipments which produce and form the
secondary beams, sometimes with the secondary beam accelerators and storage rings.
These equipments are sophisticated and rather expensive. At present, the obtained ex-
perimental data are very important but rather poor. The secondary beams have rather
small intensities and therefore only elastic and inelastic scattering are studied using this
method. The potential parameters of the unstable exotic nuclei interaction and their de-
formation parameters can be obtained in these experiments. The deformation parameters
can only be obtained from the inelastic scattering data from experiments with radioactive
nuclei. The next limitation of the exotic nuclei study using the direct method is the fact,
that they are possible only for the radioactive ions living longer than several microsec-
onds. More information about the study of exotic nuclei with the method of direct ex-
periments are placed in Section 1.2.

The development of the nuclear reaction theory and of the computational methods
give possibilities of wide use of the second method - the stable ion beam experiments
with the nucleon-transfer and cluster-transfer reactions. It should be noticed, that
investigation of the exotic nuclei interactions, presented in this work, needs of
simultaneous investigation of stable nuclei, taking part in the same reactions.

Theoretical analysis of the data, concerning the study of exotic nuclei with heavy-
ion reactions is more complex than the investigations using the direct method. The data
of elastic and inelastic scattering of radioactive ions are analyzed with the optical model
(OM) and coupled-reaction-channels method (CRC) using the nucleus-nucleus potentials
of the same systems both in entrance and exit channels On the other hand, the incoming
and outgoing reaction systems are different for the transfer reactions. Before the CRC-
calculation of the reaction cross section, the potential parameters for the entrance-reaction
channel must be deduced from the analysis of the elastic and inelastic scattering data.
Moreover, because the parameters of the nucleus-nucleus potentials are energy depend-
ent, studies of the energy dependence of these parameters play important role in investi-
gation of the nuclear reaction of exotic nuclei. For this reason, studies of the elastic and
inelastic scattering, based on optical potential parameters and their energy dependence
are included in the present work in Chapter 4.

The next problem concerning the transfer reaction studies is connected with the
calculations of the nucleon and cluster spectroscopic amplitudes (SA). These calculations



for nucleons and clusters can be performed in the frame of Translationary Invariant Shell
Model (TISM) using the method described in [91] for the 1s-1p-shell nuclei which in-
cludes the light stable and exotic nuclei only. Therefore, the reactions investigated in the
present work include only the nuclear processes for the interactions of 1p-shell nuclei.
The large base of the TISM cluster SA was calculated and successfully applied in the
present reaction studies. Due to their importance for nuclear structure and reaction
mechanism studies, the tables of calculated SA are presented in the Appendix.

The present work includes the results obtained by the author and collaborators,
presented in Refs. [1-20]. In the CRC-method all possible reaction channels: elastic and
inelastic scattering as well as one-step and multi-step transfers of nucleons and clusters
are strongly coupled. Then, calculation of optical potential parameters requires determi-
nation of contribution of all possible processes to considered reaction. For this reason
every investigated reactions are described as separate Sections of Chapters 4 and 5.

This work is devoted to the investigation of the exotic nuclei by nuclear reactions
using stable ion beams. This is a traditional method for study of structure of nuclei. These
experiments can be performed by many nuclear groups which use the standard experi-
mental equipments. Moreover, a large experimental database, obtained from these ex-
periments already exists. Next, properties of the short living exotic nuclei as well as
mechanism of their production can also be studied with nuclear reactions.

The study of the reaction mechanism are very important for deduction of the struc-
ture properties of exotic nuclei and of the potential parameters of their interactions. When
dominant mechanism of the reaction is found, these parameters are fitted in order to de-
scribe the reaction data by the CRC-cross-section. The results of the reaction studies are
presented in Chapter 5. Summary and conclusions are presented at the end of the work.

1.2. Present status of exotic nuclei studies.

The term “exotic nuclei” is widely used to name the neutron-rich and proton-rich
nuclei, as well as such an unbound nuclei like *Be. The light nuclei such as ° SHe, >* 'L,
7101986 etc. are considered as the exotic nuclei, due to their properties different from
those of the stable nuclei. The main problems concerning the light exotic nuclei are pre-
sented in details in Ref. [21, 23]. The short review of recent main experimental and theo-
retical problems for light exotic nuclei is presented below.

1.2.1. Masses, energy levels and quantum numbers of ground and excited
states of nuclei.

Two main methods are used at present in laboratories for producing the light
exotic nuclei. The first one is the ISOL (isotope separation on-line) [22] and the second is
the in-flight method [24]. Each method has its own application. The advantage of the first
method is good quality of the secondary beam. The ISOL method is suitable for meas-
urements of ground-state properties such as mass, spin and moments of light exotic nu-
clei. The exact information about nuclear masses is necessary for theoretical calculations
and for mapping of nuclei on the nuclear mass surface. The good quality of the secondary
beam enables the measurements of such properties even for nuclei out to the drip-line.
The advantage of the in-flight method is very short time of the separation process. The
disadvantage of this method is rather poor quality of the secondary beam. The measure-
ments of the interaction and reaction cross sections of light exotic nuclei can be per-



formed using this method. A great amount of data for the drip-line nuclei is available in
Ref. [24]. The elastic proton scattering experiments at intermediate energies in inverse
kinematics technique [25], allow to obtain an information about nuclear matter distribu-
tions for short-lived nuclei. We should notice that in this technique a radioactive beam is
incident on a hydrogen target. The knockout reaction is a source of spectroscopic infor-
mation about the states of exotic nuclei [26]. It is especially interesting for the unbound
nuclear systems close to the drip-lines. The special example of such a system is called
Borromean halo nuclei. The term Borromean was introduced to denote a bound three-
body system for which no binary subsystem is bound. The above mentioned reactions,
knock-out, transfer and stripping as well as scattering in the inverse kinematics [27] are
the main tools for investigation of nuclei in the vicinity of the drip-line.

1.2.2. Shell-model, cluster, molecular and halo-structures.

Some of the light nuclei lying on the drip-line form a neutron or a proton halo. It
means that they have a mass distribution in the great distance from the core of the nu-
cleus. The drip-lines are the limits on the map of nuclei, where the neutron or proton
separation energy is zero. In other words the drip lines are the boundaries for neutron-rich
or proton-rich nuclei existence. Generally, two classes of halo states exist. The first one is
the two-body halo with one nucleon in vicinity of the core, for example the one-neutron
halos of ''Be and "°C and the one-proton halo of *B. The second one is so-called Bor-
romean three-body halo with the two valence nucleons in vicinity of the core. The halos
of the ®He, ''Li and '*Be nuclei are such examples.

The halo structure of the light nuclei is well described in the few-body and cluster
models. According of these models the nucleus consists of the core with one or two va-
lence neutrons as the halo. The similar cluster models can describe also other light nuclei
properties. The example is well-known o — a-structure of the *Be ground state [28]. It
seems that the cluster structures are a more general feature of light nuclei. For the drip-
lines the o — {n; - n, -...- n;} structure can describe many of the observed data. Theoreti-
cal works, using the anti-symmetric molecular dynamics approach, also show the mo-
lecular-like forms of many light nuclei [29]. Existing of more exotic molecular structures
with possible longer a-chains was also considered. The example can be the '°C nucleus
with the o — 2n — a — 2n — a structure [30].

1.2.3. Magic numbers for the exotic nuclei.

The magic numbers are the numbers of protons and neutrons in nuclei for which
the energy of separation of a nucleon has a maximum. The existing of these numbers was
explained by the shell-model. The magic number nuclei are strongly bound. As we know
the existence of magic numbers is connected with big energy gaps between groups of
single-particle states. The magic numbers can change for nuclei close to the drip-line.
Changing of the single-particle potentials for nuclei in the vicinity of the drip-lines gives
other spectrum of the single-particle states [31]. Then the values of magic numbers can
be changed. For example, vanishing of the N = 20 magic number has been observed in
the Coulomb excitation of **Mg [32]. The new N = 14 and 16 magic numbers were ob-
served [33].

For the neutron-rich nuclei in the p- and sd-regions the existence of the new neu-
tron magic number N = 16 was reported [34]. This magic number appears due to probably



the halo formation. The problem of the magic numbers were discussed in terms of the ef-
fective single-particle energies in Ref. [35]. Accordingly to this Ref. [35], in the neutron-
rich exotic nuclei, the magic numbers N = 8, 20 can disappear, while N = 6, 16 can arise.
A study, concerning the proton- and neutron-rich nuclei, has given the possibilities of ex-
isting of several new magic numbers [36].

1.2.4. Beta-decays.

Beta-decay processes of the exotic nuclei in the vicinity of the drip-line can differ
for such processes in the stability region. This is very important for the beta-delayed par-
ticle emission processes. In nuclei in the vicinity of the drip-line this process dominate
decays to bound states [37]. Also the halo-structure can have an influence on the beta-
decay processes. Large spatial extension of the halo-state is one of the reason of this ef-
fect. Another effects are connected with the large spatial extension of the halo-state. An-
other effects are connected with the fact, that the halo states can decay independently
from the core. This give specific pattern of decay as for ®*He and *''Li [38] nuclei. It
can also lead directly into the continuum of states.

The better understanding of the beta-delayed-neutron and multi-neutron emission
processes is important for explanation of the abundance of elements in the Universe. This
abundances can be concluded from the rapid neutron-capture process (r-process) [39].
The heaviest neutron drip-line nuclei, for which the beta-decays have been studied, are
B [40], '"B [41], '°C [42] and '°C [43]. The beta-delayed one- and two-neutron emis-
sions were reported for PB, 2C and *N [44].

1.2.5. Astrophysical problems.

Nuclear astrophysics is very important to understand the origin and evolution of
the Universe [39, 45]. Nuclear reactions are very important in this evolution. A lot of dif-
ferent elements, from light to very heavy ones, can be formed in nuclear reactions. The
conditions for nuclear burning depend on the stellar sites in the stars evolution path,
which characterize the scenario of burning such as the CNO-cycle. Observation of the
abundance of elements gives also the important data for understanding the evolution of
the Universe.

The solar abundance of the heavy elements beyond iron suggests at least the two
types of scenarios for the heavy-element nucleosynthesis. The first one is the rapid-
neutron-capture process (r-process), and the other one is the slow-neutron-capture proc-
ess (s-process). There are other complications for the heavy-element synthesis such as the
p-process which is considered to be responsible for production of the neutron deficient
nuclei in the heavy mass region.

The development of nuclear astrophysics have arose when a variety of the radio-
isotope beams have become available. The different characteristics of nuclear burning de-
fine the scenario of nucleosynthesis [39]. A chain of nuclear reactions leads the nucleo-
synthesis-flow to the nuclear regions far from the line of stability. The successive capture
reactions take place before beta decays at high temperature and high-density. There are
several points in stellar evolution pathway having enough high-temperature and high-
density conditions, for involving unstable nuclei. There are a few important astrophysical
problems. They include the mechanisms of ignition and termination processes, which are
dependent on the nuclear structure of some specific properties of nuclei. There are some



critical reaction steps along the nucleosynthesis pathways. They are called bottleneck and
waiting points. When the nucleosynthesis flow reaches the proton drip line, there is no
way to go further by the (p, y)-reaction. Then, the nucleosynthesis flow needs to wait for
the beta-decay to find the next (p, y)-reaction. The same situation can be seen if the (p, 7)
cross section is very small, or the reaction Q-value is small so that the inverse reaction
becomes important. The last beta-decay before the next capture reaction primarily defines
the waiting time of flow. This is called the waiting point. The first capture reaction after
the waiting point is called the bottleneck.

The method to be used for the nuclear astrophysics experiment changes depending
on the types of the radioactive ion beams facility. The Coulomb dissociation methods,
developed at intermediate and high energies, can provide in some cases the reverse cap-
ture cross sections at low energies. Similarly, the direct particle transfer reactions for the
bound states provide the particle capture cross sections of the direct capture process. For
transitions to the unbound states the direct particle transfer reactions could also provide,
the particle-decay width of the resonance. The masses and half-lives of nuclei far from
the line of stability can provide important basic information for very rough estimate the
pathway of the explosive nucleosynthesis.

The very interesting concepts of nuclear astrophysics are connected with determi-
nation of the astrophysical factor S, connecting the energy dependent radioactive capture
reactions cross sections o(E), for e.g. 'Be(p, ¥)"B reaction, and the Sommerfeld parameter

n=2ZpZye [hv [46, 47, 48]:
o(E) =SEexp(—27xn).
The term E exp(—27z7) accounts for the steep energy dependence of o(E), due to the Cou-

lomb penetration of the S-wave.

The overall normalization of the astrophysical S-factor for each such reaction can
be determined from one quantity: the asymptotic normalization coefficient (ANC) of the
overlap function of the bound state wave functions for the initial and final particles [49].

The ANC’s can be found in many ways:

From an analysis of the classical elastic scattering nuclear reactions.

By extrapolation of the experimental scattering phase shifts to the bound state pole
in the energy plane [50, 51].

From peripheral transfer reactions, whose amplitudes contain the same overlap
function as the amplitude of the corresponding astrophysical radioactive capture process
[52, 53].

From theoretical calculations.

This problem is shown as an example in papers [47, 48]. The differential cross sec-
tions for the reactions *Be('’B, '°B)’Be and *Be('’B, *Be)'’B have been measured at the
incident energy of 100 MeV. At this energy, the elastic scattering data have been used to
determine the optical-model parameters for the *Be + '’B system. These parameters are
then used in distorted-wave Born approximation (DWBA) and in the coupled-channels
code CHUCK [54] calculations in order to predict the cross sections of the *Be('’B,
’Be)'°B proton-transfer reaction, populating the ground and low-lying states in '’B. By
normalizing the theoretical DWBA proton-transfer cross sections to the experimental
ones, the asymptotic normalization coefficients (ANC’s), defining the normalization of
the tail of the '’B bound state wave functions in the two-particle channel *Be + p, have
been found. The ANC for the virtual decay '’B(g.s.) — 'Be + p will be used in the analy-



sis of the '’B("Be, *B)’Be reaction to extract the ANC’s for "B — "Be+p. These ANC’s
determine the normalization of the 'Be(p, v)°B radioactive capture cross section at very
low energies, which is important for nuclear astrophysics.

1.2.6. Optical potentials for the nucleus-nucleus interaction of exotic nuclei
and their deformation parameters.

These problems are solved by the following two methods: 1) with the elastic and
inelastic scattering using the exotic radioactive ion beams (direct method) and 2) with the
transfer reactions using the stable-ion beams. (transfer-reaction method). The direct
method can be applied for the long-lived (above microsecond) unstable exotic nuclei.
Some of the main presently existing facilities of such radioactive beams are listed in Ta-

ble 1.1.

Table 1.1. Facilities of radioactive beams (ISOL and IN-FLIGHT).

Center Accelerator fa- Beam ion Energy (MeV) Ref.
cility
CERN REX-ISOLDE Number of elements ~ 70 0.8-2.2 [55]
(ISOL) Number of isotopes ~ 600 MeV/u
GANIL in SPIRAL Radioactive beams A<80 30 keV/u - 80 [56]
Caen (ISOL) MeV/u.
ORNL in Oak HRIBF Radioactive beams A<136 up to few [57, 58]
Ridge (ISOL) Isobar-separation system MeV/u.
GSIin FRS Radioactive beams up to upto 1 GeV/u [59]
Darmstadt (IN-FLIGHT) uranium
GANIL in LISE3 Radioactive beams up to 20-50 MeV/u [60]
Caen (IN-FLIGHT) | uranium
RIKEN in RIPS Radioactive beams up to up to 135 [61]
Tokyo (IN-FLIGHT) | uranium MeV/u
RIPF Radioactive beams up to up to 350
(IN-FLIGHT) | uranium MeV/u [62]
NSCL in East A1900 Radioactive beams A<110 up to 150 [63]
Lansing (IN-FLIGHT) MeV/u
JINR in COMBAS Radioactive beams Z<30 20-50 MeV/u [64, 65]
Dubna (IN-FLIGHT)
Table 1.2. Elastic and inelastic scattering investigations with radioactive beams.
Target Beam ion Energy (MeV) Scattering Ref.
B 'Be 84+ 1.6 elastic [66, 73]
Li Be 9.87 MeV. elastic [67]
"N and "“C Be 87 MeV elastic [68, 73]
inelastic
e B 95 MeV elastic [68, 73]
inelastic
P e+ 90 and 125 MeV, elastic [69]
inelastic
e BN 8.15, 10.0 and elastic [70]
14.75 MeV
2%pp F 170 MeV elastic [71]
inelastic
**Nj 'Li, 42 MeV elastic [72]




The direct study of the elastic and inelastic scattering with the radioactive beams
provides possibility to deduce the optical potential parameters for the interaction of exotic
nuclei and their deformation parameters in the usual way by analyzing the data employ-
ing the CRC method. Some examples of such investigations are listed in Table 1.2.

The main problems of the exotic nuclei studies with the transfer reactions are pre-
sented in the next Section.

1.3. Study of exotic nuclei with transfer reactions.

The transfer reactions 7(P, X)Y at the stable P-ion beams can also be effectively
used for the exotic nuclei X + Y studies. Especially, if the neutron-rich ion beams and the
neutron-rich targets T are applied. For that, the following conditions should be fulfilled:

1) the reaction data must be analyzed using a theoretical model which takes into
account the strong-channel couplings and the finite-range interaction that are very impor-
tant for the light-nuclei reactions. At present, the coupled-reaction-channels (CRC)
method [77] can be used for this purpose;

2) the potential parameters for the entrance channel 7' + P must be carefully stud-
ied using the T + P elastic and inelastic scattering data at different energies, because the
study of energy dependence of the potential parameters leads to minimization of the pa-
rameter uncertainties;

3) the dominant mechanism of the reaction must be found using the well-tested
spectroscopic amplitudes of the transferred clusters in CRC-calculations.

If the conditions presented above are fulfilled, one can deduce the potential pa-
rameters for the outgoing system X + Y by fitting the CRC angular distribution to the
T(P, X)Y reaction data. In such a way, it is possible to obtain the nucleus-nucleus poten-
tial parameters for the exotic nuclei having a finite life-time. From the analysis of the re-
action mechanism, one can obtain also information about the dominant cluster structure
of the nuclei at the entrance and exit channels.

As one can conclude, the effective application of the nuclear reactions induced by
the stable-ion beams to study the structure of exotic nuclei demands a huge base of the
experimental data including the transfer reactions and also the elastic and inelastic scat-
tering at different energies, as well as a careful theoretical analysis of the data within the
CRC method. The cluster spectroscopic amplitudes (SA) play very important role in this
theoretical analysis. Taking into account these circumstances, we include the experimen-
tal and theoretical investigations of many nuclear processes and a set of the SA calcula-
tions in the present work. The SA’s were tested in the analysis of many reaction data.

The most important information about these theoretical calculations are presented
in Chapter 2.
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CHAPTER 2
THEORETICAL MODELS OF NUCLEAR PROCESSES

2.1. Optical model for heavy-ion scattering.

The general theory of direct nuclear reactions is presented in [77, 78, 79, 80]. The
interaction of the 7 + P nuclei is a result of interplay of the nucleons belonging to two
different nuclei. The summary strength of these nucleon-nucleon interactions is charac-
terized with the Coulomb potential V(r) and the nuclear potential U(r). They are de-
pendent on distance r from their mass centre (CM). The relative motion of the 7'+ P nu-
clei is described by the wave function ¥(r), which is a solution of the Schrodinger equa-
tion

HY(r)=E¥(r), (2.1)
where the Hamilton operator is given as
H=T(r)+V.(r)+U(r). (2.2)

T(r) is the kinetic energy operator; £ denotes the kinetic energy of the projectile P in the
CM system:

4 g (2.3)

P>
+ A4,

E=

A

T

where A7 and A4p are the masses of target T and projectile P, respectively; Ep is the kinetic
energy of projectile P in LAB system.

For the central potentials V(r) and U(r), the Hamiltonian H in a spherical coordi-
nate system (7, 6, ¢) is

_ i d* I’
H:T(r)+VC(r)+U(r):-Z[W+W}+Vc(r)+U(r), (2.4)

where 1= A, A, /(A + A, ) is reduced mass of nuclei, L’ is operator of squared orbital

momentum, eigenfunctions of which are spherical functions Y" (8,9 )
LY (6,9)=1I(1+1)Y"(6,9). (2.5)

Using following expansion of the wave function ¥(r):
Y =iz (Y] 0.0), (2.6)

one can obtain next equation for the partial radial functions y,(r) (distorted waves):

d’y(p) |, U+ Ve(p) U(p) _ 2.7
o {1 = E Z }x,(p) 0, 2.7)
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where p = kr, k =+2uE/h* is wave number.

The uniform-charged-sphere potential

T—Pe(3_r_2), <R,
Vey=1 e = R (2.8)
ZrZpe

s r=Re,

r
was used for the Coulomb interaction. Here Z» and Z; are proton numbers for P and T
nuclei, respectively; e is proton charge; R is radius of the Coulomb interaction of 7'+ P
nuclei:

R.=r (A4 +A4"). (2.9)
The nuclear optical potential
U(r) = Vf(r, Ry, ay) + iWsf(r, Ry, aw) (2.10)
of Woods-Saxon type
f(r, Ry @) = 1/{1 + exp(r _R"H 2.11)
ai

was used in our calculations. In formulae (2.10) and (2.11), the potential radius is
Ri=ri( A3+ 4¥3) (i =V, W), (2.12)

where V, ry and ay are parameters of real part of U(r)-potential; Ws, ry and ay are pa-
rameters of imaginary part of this potential.

The nuclear potential U(r) — 0 at  » Ry and solutions of radial equation (2.7) are
regular Fj(p) and irregular G,(p) Coulomb functions, having at p — o following asymp-
totic forms:

Fi(p)—sin(p—nin2p)-Ir/2+wy),

, (2.13)
Gi(p)—>cos(p—nin(2p)—In/2+w;),

where 1 =Z,Z,e* /v; w; is Coulomb phase shift of wave function y; (p).

Matching asymptotic numerical solution y;(R,,) of equation (2.7) to combination
of Coulomb functions

Xi(R,) =N [F(R,,) + iG(R,)] + Si[F(R,) - iGy(R,,)] (2.15)
and to their derivatives
X'(Ry)=NI[F'(R,)+iG,"(R,)] +S,[F'(R,)—iG," (R,)), (2.16)

one can calculate scattering matrix elements S, = ¢** and partial nuclear phase shifts J;,
which are used for calculation of elastic scattering cross-section:

do(@) 1 1& B ’
) _kzﬁ(9)+2i2e 2I+1)(S, =1)P(cos9)| , (2.17)

1=0

where

12



n- exp{— iﬂl”(smz zﬂ (2.18)

2Sil’lzg
2

fc(e) ==

1s Coulomb scattering amplitude.
The cross section of Coulomb scattering is

dop(6) 2 lz(. gj“‘
0 —|fc(t9)| _(2/{) s1n2 : (2.19)

The description of heavy-ion elastic scattering, using equation (2.7) with Coulomb
and complex nuclear potential U(r) of any form and formulas (2.17) — (2.19) for calcula-
tion of elastic-scattering cross-section, is a substance of the optical model (OM) of elastic
scattering.

The OM-calculations with fitting U(r) potential-parameters {X;} =
{V, ry, ay, Ws, ry, ay} were carried out with the code SPI-GENOA [81]. The fitting pro-
cedure based on y*-minimization:

2
N (0.)- 6,
ZZ — LZ O-theOL( l) Gexp.( 1)| , (220)
where o, (0.), o,,(0 ) and Ao, (6,)are theoretical and experimental cross-sections

and data errors, respectively; N is number of experimental points.
It is well known that y*-criterion does not guarantee an unambiguous determina-
tion of optical potential parameters due to correlations between them of types

R R
V exp(—Vj =const., W exp(—W] = const.. (2.21)

ay ay

For this reason, to deduce realistic potential parameters, one must use realistic limitations
on parameter values. Therefore, some parameters were limited also in the present work.

First limitation concerns of the parameter /. Number of nucleons responsible for
interaction of colliding nuclei can range from one to min(4p, A7), depending on projectile
energy and repulsive barrier. Therefore, the parameter 7 is limited by the following con-
dition:

Vg <V <V, -min{d,, 4, }, (2.22)
where Vy, = 50 MeV is a depth of nucleon-nucleus potential.

Second limitation is connected with the relation between parameters V' and Ws.
Since the elastic scattering dominates in collision of nuclei, then we have

W<V . (2.23)

Taking into account the Pauli principle, one can use the following compound-
nucleus radius

R, =r(Ap,+A4,)", (2.25)

comp

13



as the lower limit for the parameter R :
Repp SRy =1, (437 + 417, (2.26)
Therefore,

1/3
A+ 4p)
y <
A};/3+A11~/3

(2.27)

The optical nucleus-nucleus potentials U(r) with parameters obtained by fitting
elastic-scattering data, were used in the coupled-reaction-channels (CRC) calculations.

2.2. Distorted Wave Born Approximation and Coupled Reaction Channels

methods.

According to common theory of Distorted Wave Born Approximation (DWBA)
the probability of T(P, X)Y inelastic process is described by the matrix element

Tpx = Il//;(w(”xy )(P;((SEX )(P;(fy )|V|¢P(§P )or(&r )‘//P+T(”PT)Hd”j=PT, xvdSiprxy =
=<W iy (Fxy JPx (Sx )y (&y )|V(”X"'P )|¢P(§P)¢T(§T W pir(Tpr ) >= (2.28)
=< l//X+Y(rXY)‘Va,'a’(rX’rP )‘l//P+T(rPT) >

where Yp.r(rpr) and Py y(ryy) are wave functions (distorted waves) of (2.6) type, which
describe movements in P+ 7 and X + Y nuclear systems within potential fields
Up+1(rpr) + Vewp+n(rer) and Uxsy(rxy) + Vepery(rxy), respectively;

or(Cr), op(Cp), ox(lx), oy(&y are wave functions for internal states of 7, P, X, Y,
respectively;

V(ry,rp ) 1s an operator of inelastic process;

V. denotes a matrix element of V(r,,r, )operator:

Vo (Fp ¥x ) =<@x(Sx )Py (Sy )|V(”erp )|¢P(§P)¢T(§T) > (2.29)

For simplicity, in (2.29) we omit the factors dependent on the nuclear spins and their
projections.

Using Tp y-matrices, one can calculate the 7(P, X)Y reaction cross section:
dG(P,X)(e)z 1 ky 1
dQ EpEy kp (27 +1)(2J p +1) sm

S [mesce)

PMX Y

(2.30)

where Jy, Jp, Jy, Jy and My, Mp, My, My are spins and their projections of 7, P, X, Y
nuclei, respectively.

In calculation of Ty matrix, the expansions of type (2.6) are used for the
¥Ypir(rpr) and Yy, y(rxy) wave functions. Then the partial distorted waves y;p.7)(rpr) and
Xix+y)(Txy) are calculated as the solutions of Schrodinger equations (2.7).
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The Tp x) calculation with exact account of relation between vectors rpy and ryy is
named finite-range approximation [82]. If the relation rpr = rxy = r 1s assumed then such
Tp x) calculation is called zero-range approximation. The zero-range approximation can
be used for the elastic and inelastic scattering but it is not useful for transfer reactions. As
rule, for transfer reaction calculations, the exact finite-range approximation is used.

The DWBA calculations, in which only one mechanism of 7(P, X)Y reaction is
taken into account, are called by one-channel DWBA approximations. Only in some cases
such approximation is acceptable. As rule, in heavy-ion reactions, the strong coupled-
channels effects take place. Therefore, applying the Coupled Reaction Channels (CRC)
[74, 83, 84] for the experimental data analysis of heavy ion reactions is important. In the
CRC method, for calculation of distorted waves y,(7;) for k channels, the following
system of coupled equations [74] are solved

[E =T (1 )=V (1 )=Up (i )] Xo(1i ) =
R, (2.31)
= X Vg ()X (n)F STV (rnie )2 (i )dr,
a',A>0 o' k'#k 0
where the indeces a and a’ denote the sets of quantum numbers for channels £ and &,
respectively;
T,,(r, ) —kinetic energy operator for the k-channel;
U(r) and Vy(r) —nuclear and Coulomb potentials for the k-channel,
E —kinetic energy of the k-channel;
V;a,( v, ) - matrix element (operator) for transitions to discrete states of nuclei with A-

multipolarity (4 is transfered orbital momentum);
V, (. 1. ) - matrix element (operator) for transfer reactions;

L and L’ — orbital momenta of k- and k- channels.
These matrix-elements are described in next Sections.

2.2.1. Inelastic scattering of ions

In inelastic scattering, projectile and target nuclei do not change their proton and
neutron numbers. Only some part of projectile kinetic energy is distributed into an
excitation of colliding nuclei. There are collective and particle excitations of nuclei. All
or most nucleons of nucleus take part in its collective excitation, whereas only single
nucleon or few nucleons generating cluster (particle), take part in a particle excitation.

Collision of deformed nuclei can cause their rotation or surface vibration [85, 86],
e.g.. they can go to the rotational or vibration excited states. Lower energy excitations of
deformed nuclei have such a nature.

The shape of center-symmetric deformed nuclei can be described with the form:

R(F)= Ry(r) + AR(6) = Ry(r) + £6,Y7 (9, (232)

where 0, is a length (parameter) of nuclear deformation of A-multipolarity. Using this
expansion, the V. (7, ) matrix element of equation (2.31) for the transitions to the
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rotational and vibration excited states of deformed nuclei with transfer of orbital
momentum A which can be calculated with the formula [74]

Vi () =<a'|V,(n)Y.(0)|a>, (2.33)
where

o, dU(r
VA(V,{)Z— /—4;' dl("k),
k

U(r,) 1s optical potential in the k-channel. For the vibration excitations, in (2.34), the 9;-
parameter represents the vibration amplitude.
Two kinds of rotational transitions can be included into coupled channel scheme in

the CRC-calculations. There are rotational transitions < E. ,J” |V,(r, )| E,J” > with

changes of energy of internal state of nuclei, and the quadrupole rotational transitions
without energy changes:

(2.34)

VA2 (1 )=<E,J"|Vy(r, )| E,J" >. (2.35)

J* I

These transitions are called as reorientations of nuclei [87]. They are possible for
deformed nuclei with spin larger than 1/2. The CRC-analysis of elastic scattering data
showed that the reorientation processes are important for the scattering of deformed
nuclei at large angles.

As it was mentioned above, the nucleus can be excited also by transferring kinetic
energy to one or group of nucleons (cluster or particle). These excitations are called the
particle excitations. In this case, the nucleus A is considered as the system 4 = C + x,
where x denotes nucleon or cluster (particle) and C is the core of the nucleus. Then the
interaction operator V,(r) has the form [74]:

Vir) = Ve(r,) + Vir’) = Ur), (2.36)

where V..(r.) and V,(r’) are the potentials of interaction of the partner-nucleus with the
core C and with the cluster x in the system 4 = C + x, respectively. The function U(r)
denotes the optical potential of interaction of the 7'+ P nuclei.

2.2.2. Transfer reactions

For the T(P, p)t reaction transfer of the cluster x from the system P = p + x to the ¢
= T + x system, the matrix element of the transfer operator has the form:

Va (T )= (8,8, |V (110 )| 8587 ) (2.37)

where ¢p(&), ¢r(&), 9,(&’) and ¢(&’) are the wave functions of the internal states of P, 7,
p, and ¢ nuclei, respectively.

The wave functions ¢p(&), @,(E) of the internal states ofthe P=p +xand =T +x
systems can be presented in following form:

Bo(E)=5S08,(E)8.(E )@, (o), (2.38)
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B,(&)= %S&W E) (& )ordrry) (2.39)

where ¢,.(&’) 1s the wave function of the internal state of the cluster x transferred in the
reaction; @,.(7,x), @r(r1y) are the wave functions of the relative motion of x in the systems
P =p+xandt =T+ x (wave functions of bound states). The values §%,s’ are called the
spectroscopic amplitudes of x in the P = p + x and t = T + x systems, respectively. One
can obtain from (2.38) and (2.39) the following formulas for the spectroscopic
amplitudes:

S)I: = <¢p¢x§0px|¢P>a (240)

S = <¢rp ol d>. (2.41)

Putting the wave functions (2.38) - (2.39) into (2.37) and taking into account the
orthogonality of the wave functions of internal states of the nuclei, one obtains:

Vo (Tt ) = S5 S @ (1 IV (1o @ (1)), (2.42)

where 7 = e and 7y = 7y

The wave functions @,.(r), @n(ri) of the bound states of the nucleons and clusters
inthe P=p + x and t = T + x systems were calculated, as usual, using the fitting
procedure of depths of the real Saxon-Woods potentials V,.(ry) and Vp5(ri) to the
experimental values of binding energies of clusters in these systems. In this procedure,
the following values of a and r) parameters were used:

a=0,65fm, r,=1254"3/(C"*+x"?) fm,

where A, C and x are the masses of the nucleus 4, core C and cluster x forthe 4 = C + x
system.

For CRC calculations of the differential cross sections of nuclear processes the
widely spread program FRESCO [74, 76] was used in the present work.

2.3. The spectroscopic amplitudes of nucleons and cluster calculation.

As is visible from the formula (2.35), the spectroscopic amplitudes (SA) of the
nuclei and clusters should be known for the CRC-calculations. The general theory of the
SA calculation of any clusters in nuclei does not exist. Some methods of the SA
calculations for some types of clusters and nucleons exist for a limited class of nuclei. In
this work, the SA were calculated using the DESNA [88, 89, 90] program. The methods
of SA calculations for any clusters and nucleons in the 1p-shell nuclei in the frame of the
Translationary Invariant Shell Model (TISM) [91, 92, 93] is used in the DESNA
program. For a more detailed explanation of importance of SA in the investigated nuclear
reactions and methods of calculations we show the main formulas and algorithms from
the DESNA program.

We consider the calculation of SA of the cluster x in the 4 = C + x system in the
frame of the oscillatory TISM. The wave functions W,, ¥ and ¥, of the nucleus A4, core
C and cluster x have the following quantum characteristics respectively:

W, =| AN[ [ ]( Ap)LSTIMM ; >, (2.43)
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Yo S CN [ /i (A )LS T MM, >, (2.44)
W =N [ ]( Aoy )Ly S, 15T, M My >, (2.45)
where N, N,, N, are the quantum numbers of the oscillatory energy hw in the
corresponding components of the 4 = C + x system;

[f], [fi], [f:] — the Young tableaux, characterizing symmetry of corresponding wave
functions of the 1s-1p-shell;

n), (M), (Ap) — the Elliot symbols, which characterize the wave function
symmetry for the nucleons in the 1p-shell; The Elliot symbols have the
following relations with the Young tableaux [f ] = 0; ﬁj j; | for the
nucleons of the 1p-shell: A = £’ fp Sl ﬁ, -5

L, S, T, J, M, My are the orbital moments, spin, isospin, total angular momentum, z-
projection of the total angular momentum and z-projection of isospin of
nucleus; the analogical meanings have the quantum numbers of the wave
functions W and P,.

The spectroscopic amplitude S, of cluster x in the 4 = C + x system is calculated
using following method:

X

y 1/2
N ={ ] (¥, WY, nATy), (2.46)
X

where ¢, = |[nAJy> is the wave function of the relative motion of the cluster x and core C,
characterized by the main quantum number

n :N—Nl—Nz, (247)
or the main spectroscopic number
n.=(n-A+2)/2. (2.48)
The orbital 4 and the total J, momentum of relative motion are as follows:
AZL—LI—LZJ JOZJ—JI, ng/l +J2. (249)

The quantum characteristics of the wave functions, included to SA formula (2.46)
are coupled. This relation must be used in a summation of the corresponding vector
coefficients [94]:

Clebsch-Gordan - ij’:;um = (jyomimoljm),
Racah - U(abed; cf) = \[(2c+1)(2f +1) W(abed; ¢f) and
a b c

Fano (9j-symbols) - <d e f¢,

g h Jj
and for direct products of the Young tableaux - [f] = [f;] * [f2] and the Elliot symbols
(A) = (A1) * (Aopn) - by corresponding coefficients of SU(3) and SU(4) groups.
The expressions, used for calculations of SA in the DESNA [88, 93, 94] program,
have the forms:

Ll Sl Jl
S, = ZXU(ALJ S, SIS Sy %z)k Do ()G, . (Sky),  (2.50)
3 7
L S J

where
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Z_(_l)n+v2N1(£jn/2(n_/jl/2 N2 (A= NY (N, +0) 2 vy 1/2><
C n" N, v, n n

1/2

n n

X(LJ QcQ, (20, +1)(2Jy +D)(2L+1)(2S + 1 )(T,T,M M, |TM ),

n.,
Iy

D o (k) ={(nO)A( Aty Jes Ly || (Fo st JES5) %
xU([Vy LIALL S L[ foy 1:[v2+nLf;, D),
[Vi] [V,] [A-N]
Gm;y;)(s”‘é)i%z [1o] [f3]  [f,] x
[fi] [h1  [f]

(2.51)

(2.52)

e={ &6}

< (Aot L (Aol ey || (g L) (2.53)

&

x < (s [LIST|(st)"™ [ £ ]S, (st)" " [ 18,1, >,

Q= 3¢ 1/[%” AV
4 - r._
rL 1] r ro )4, ng (2.54)

S Pi

xU([Vi LIF LIS, Ivi+r L[ fud),  (i=12,4;=C; A, =x),
The signs ~ and — over the symbols of Young tableaux show their transposition. For
example, in the case of tableau /] = [432] the transposed tableau is / f ] = [3321].

The Clebsch-Gordan coefficients with the (Au)-schemes, which belong to the
SU(3)-group, are calculated in the DESNA program using the algorithms from the papers
[89, 96]. The Racah coefficients and 9v-symbols together with Young tableaux,
belonging to the SU(3)-group, were calculated using the proper relations with Clebsch-
Gordan coefficients of the SU(3)-group [89].

For the spin-isospin Clebsch-Gordan coefficients of the SU(4)-group, the
tabularized data from the papers [93, 97] are used in the DESNA program, because there
are no proper methods of their calculation.

The Young tableaux of the 1p-shell nuclei, necessary for the DESNA program
calculations, were taken from the Boyarkina tables [98].

The values of the spectroscopic amplitudes S, and values of the quantum numbers
n=n, L =4andJ=J, of the wave functions of relative motion of the cluster x, core C
and nucleus 4 = C + x are presented in the tables in Appendix.
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CHAPTER 3
EXPERIMENTAL facilities and METHODS

3.1. [Experimental facilities.

The nuclear processes considered in this work, were measured mainly at the
Warsaw cyclotron C-200P in Heavy Ion Laboratory at Warsaw University. A part of the
results were obtained at the Kiev isochronous cyclotron U-240 in the Institute for Nuclear
Research of Ukrainian Academy of Sciences, at the Moscow isochronous cyclotron U-
150 in the Russian Research Center “Kurchatov Institute” and at the Tandem/Linac
Accelerator in the Florida State University. The light-heavy-ion beams, which were used,
and their parameters are listed in Table 3.1. This table contains also the beam energies
E| 45, their spreads AE; 45, the targets used and their parameters.

Table 3.1. Ion beam and target parameters

Targets
Research | Accelera- | Ion | Eiys AE 48 Ref.
Center tor MeV) | (%) Thick- | Enrich-
Name ness ment
(ngfem®) | (%)

Heavy Ion | Cyclotron | B | 51 ~0.5 Li 600 92.5 [15]
Laboratory, | C-200P B | 49 ~0.5 2c 200 98.9 [6,11]
Warsaw "B | 45 ~0.5 | “Be 600 100.0 | [8,10,18,
University, 19]
Warsaw, "B | 45 ~0.5 Bc 500 90.0 [9]
Poland B | 45 ~0.5 Hc 280 86.0 [12]

"B | 44 ~0.5 Li 500 92.5 [13]

BOo | 114 | ~05 Li 900 92.5 [16]
Institute for | Cyclotron | "N | 116 <1 c 500 98.9 [1]
Nuclear U-240 2c| 65 ~0.6 | 'BetNi | 300+ | 100.0+ | [3,4,5]
Research, 300 natural
Kiev, UN'| 110 | ~05 Li 500 92.5 [7]
Ukraine
Russian Cyclotron | °Li | 93 ~0.7 “c 270 80.0 [2]
Research | U-150 Li| 82 ~0.7 12c 400 98.9 [14]
Center,
Moscow,
Russia
Florida Tandem/ | 'Li | 42 <0.1 | "O+°Li 150 [20]
State Linac (sum)
University,
USA
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3.2. Experimental setup at the Warsaw cyclotron C-200P.

3.2.1. Scattering chamber and geometry.

The experimental chambers, detectors, electronics and data processing procedures
were similar for all these experiments. Therefore, their details are explained for the

example of the Warsaw experiments.

sl =
i 8|0 'ﬁ: I/*/l
[y m— 3 . :

490 500

T01 200 300

5500

I~

Fig. 3.1. The experimental setup. 1, 2 — quadrupole lenses, 3 — TV
camera, 4 — the beam diagnostic system, 5, 8 — valves, 6 — holder for
the 1** collimator, 7, 9 valves for venting, 10, 11- defining collimator,
12 — anti-scattering collimator, 13 — scattering chamber, 14 — Faraday
cup.

PR ey

Fig. 3.2. The scattering chamber. 1-body of the reaction chamber, 2, 3
- upper and lower platforms, 4 - rod with the frame with targets, 5 - set
of targets, 6 — viewing port, 7 — scale for the adjustment of the target
angle, 8,9 — angular scales, 10 — viewing port for control of the
vacuum system, 11 - Faraday cup.

The scheme of the
Warsaw setup is shown in
Fig. 3.1. and the scheme of
the scattering chamber
[17] is shown in Fig 3.2.
The diameter of the
chamber is 800 mm and
the heigth is 400 mm. Two
movable platforms (2,3)
are placed inside the
chamber. In the center of
the chamber, a frame with
the targets is fixed on a
movable rod (4,5). The
platforms with the
detectors can be rotated
with the accuracy up to 0.6

degrees.
The relative
positions of the

spectrometers inside the
scattering chamber are
shown in Fig. 3.3. The ion
beam passed through the
two defining collimators
and through the anti-
scattering collimator with
the apertures of 10 mm,
29 mm and 4.5 mm,
placed before the target.
The ion beam was stopped
in the Faraday cup,
connected to a charge
integrator. An additional
monitoring of the beam
was provided by a silicon
detector, placed at the
angle of 15° with respect

to the direction of the ion beam. The three-channel AE-E spectrometer, with the
ionization chamber working as the AE — detector, was mounted on the lower platform.
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This chamber has a shape of the complex of the three parallel-sided prisms 79 mm x 40
mm, in the central line. On the backward side of each ionization chamber, the two silicon
E; (~ 500 um) and E, (~ 2 mm) detectors, which stopped the reaction products, were
mounted. For identification of the products with Z > 2, the AE-E; spectrometers were
used and for the products with Z < 3, the E;-E, = AE,-E, spectrometers were applied. The
angular separation between the spectrometers was 9.5°. The distance between the silicon-
detectors and the target was approximately 246 mm. On the front side, there are three
entrance windows (8) with the diameters of 6 mm each, covered with the 0.5 pm
thickness Mylar film, resistant to the pressure of a working gas up to 760 mbar. Each of
the entrance windows has the 40-mm long tubular collimator (3) with the rectangular
diaphragm 93 mm high and 1.75 mm width). The resolution of approximately 0.3° for
measurements of the angular distributions was achieved (this corresponds to the solid
angle of 1.5x10™ sr). The scheme of the ionization chamber is shown in Fig. 3.4.

On  the  upper
platform the AE-E

Reaction chamber ! 345 145 | 560

spectrometer with the
Faraday cu eqe
g Monkor | Beam pipe silicon 4E (~ 60 pm)
"J ;angel S 31. lon beam and E (N 500 Mm)
4 rlllq - detectors was placed.
) -._:,:._‘».’5‘ ' l -—

lonization
chamber

Si - detector

\ Diaphragme ¢ 2.9 mm | Diaphragme < 10 mm

Diaphragme & 4.5 mm

Fig. 3.3. Relative position of spectrometers and collimators inside the
reaction chamber.

3.2.2. Measurements using the spectrometers with ionization chambers.

Each section of the ionization chamber has an anode (5) and a cathode (6). The
cathodes are grounded and signals are taken from the anodes. Each of the anodes is
supplied with the voltage of 80 - 120 volts. The Frish grid (7), which is supplied with 5-
15 volts, 1s used to regulate the charge collection.

The regulated flux of argon with the pressure of 200 mbar served as a working gas in
the ionization chamber. Such conditions were equivalent to the 15 pm thickness of silicon
for ''B, ions at the incident energy of around 50 MeV. The consumption of working gas in
the 1onization chamber was about one liter per hour.

In the *Be(''B,X) reaction, for the ion beam energy E;5(''B) = 45 MeV and for the
beam energy spread about 1%, the self-supported *Be foil with thickness of 600 pg/cm®
was used as a target. The admixture of oxygen and heavier elements was not greater than
10%.
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The standard CAMAC
electronics was used in the

experiment. The AE and E
signals were collected by
the data acqusition system
using analog-to-digital
converters ADC. A digital
signal from ADC’s is
going to the computer,
which was operated with
the data acquisition system
SMAN [99]. The digital
spectroscopic information
was stored in the computer
buffer in the form of
separate AE-E-N blocks (N

Fig. 3.4 . The scheme of the ionization chamber. 1- body, 2 - upper is the number of the ADC)
side of the chamber,3 - collimator, 4 - coaxial connector for a silicon and then stored on a hard

detector, 5 - anode, 6 - cathode, 7 - Frish grid, 8 — entrance window of
the chamber, 9 - silicon detector, 10 - anode coaxial connectors, 11 -
cathode coaxial connector, 12 - coaxial connector of Frish grid, 13 —

coaxial connectors of silicon detectors.

disc. Typical spectra are
shown in Figs. 3.5 and 3.6.
The reaction products
were detected by a three-

layer telescope consisting of an ionization chamber (4E1 detector) and 0.5-mm (E1 =
AE?2) and 2-mm (£2) silicon detectors. The heavy (2 < Z < 8) and light (Z < 3) ejectiles
were detected by 4E1-E1 and 4E2-E2 telescopes, respectively.

AE, Channels

250 TIT [ I T T[T T [ R I I T T I T [T T T T T[T rIT[rITT[]
"Li("B.X)

225
E_.("'B)= 44 MeV

O 6= 16.0°

200 £
175
150
125

100

e iy, ]
i Be

e S Li

o .
0 25 50 75 100 125 150 175 200 225 250
E,, Channels

Fig. 3.5. The typical two-dimension AE(E)-
spectrum of 'Li(''B,X) reaction products for
E 5(''B) = 44 MeV energy [13], measured
with AE-E;-E,-spectrometer with ionization
chamber as the AE-detector.

It is visible, that this experimental method
gives the possibility of indentification of heavy
products from lithium to nitrogen along the
charges only (Fig. 3.5) and light products along
charges and masses (Fig. 3.6). The yield of *He
from '*O compound-nucleus decay '*O and from
'Li("'B, "°C)’He reaction was small and the
corresponding line in Fig. 3.6 has a small
intensity.

The loci of the lithium and boron isotopes
are chosen and shown in Fig. 3.5. The energy
spectra N(E))

max
AE;

N(E;) = an(El) (3.1

J=AE™
for the boron and lithium isotopes were
calculated by the projection and summing of
loci. The analysis of these spectra and the
obtained differential cross sections for the

elastic and inelastic scattering of 'Li + ''B nuclei is described in Chapter 4.
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The AE-E-spectrometers with the ionization chamber were also used for
investigation of the *C(*'B, '"N)*Be reaction for E; 45(''B) = 49 MeV energy, at the

E,., Channels
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100
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OTTT T I [T T T[T T[T T[T T T[T [T T T [TTIT[TTTT[]

"Li("B,X)

Eo.("B) = 44 MeV

O,e=16

d oo, L
iy

™ rim‘\.‘m%..
D v et

sl dw el bovon boonnbopoabonralonralogn

TTTTT T T T[T I T [ TI T T[T T T T[T T T I I I T T[T I T I TT T TTTT

Cloaelovoadoevabovoabpnraloprabenn b losnilensi |3

0 25 50 75 100125150 175200 225

Fig. 3.6. The typical two-dimensional FE,(E,)-
spectrum of the "Li(*'B,X) reaction products for
E.u5("'B) = 44 MeV energy [101], measured with

AE-E-E>-spectrometer with E; silicon detector as

E, .Channels

the AE-detector.

AE, channels
f'l||||||||II|||||||I||||||II||||||I||||||II|||||||l|||||||]|||:
120 E 120(1B X) E
E E..("B) = 49 MeV 3
1005 @, = 14° _E
]
40 £ E
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Fig. 3.7. The typical two-dimensional AE(E)-
spectrum of the '“C(''B,X) reaction products for

ELAB(I

E. channels

'B) =49 MeV [11].

Warsaw cyclotron. The carbon target had
the thickness of ~ 0.200 mg/cm® and the
isotopic abundance (*C — 98.9 %).

The typical two-dimensional AE(E)-
spectrum of the '“C(''B, X) reaction
products is shown in Fig. 3.7.

It is visible that these experimental
methods give a possibility of good
identification of the reaction products along
charges from lithium to fluor. The nitrogen
isotope products of the '*C(''B, N)Be
reaction were separated and shown in Fig.
3.7. The energy resolution of the AE-E
spectrometer, with the ionization chamber as
the AE detector, was estimated from the
one- and two-dimension spectra of «
particles from the standard ***Ra source.
From the analysis of the one-dimensional
spectra of o particles, the energy resolution
of the spectrometer was equal to about 1.5%

In the experiments, the energy resolu-
tion was worse, because of 1% beam energy
spread. The worst energy resolution was for
low intensity spectra, for example in the
case of beryllium isotopes from the *Be(''B,
Be) reaction at £, 45(''B) = 45 MeV energy.
For this case, the energy resolution was ~
4.5%. The worsening of the peak splitting in
the spectrum was caused by the beam en-
ergy spread and by the kinematical spread of
the reaction products due to the solid angle
of the spectrometer. This energy resolution
allowed to study the inelastic scattering of
"B on the ’Be nuclei for transitions to dif-
ferent excited states of the ''B nucleus.
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3.2.3. The measurements using AE-E-silicon detectors.

In the 'Li("*0, X) reaction experiment for E,5('°0) = 114 MeV, the AE-E-
spectrometer with the AE-silicon detector of 67 um thickness with high energy resolution
was used. Thickness of the E-detector was 1 mm. This spectrometer gives a possibility of
good identification of reaction produts X not only along charge and also by masses. The
typical two-dimensional spectra are presented in Fig. 3.8.

250 11 e T g This is visible, that the

Li(70.X) experimental method presented
Eran(%0) here, gives a possibility of

. : . 16,17,18,19
identification of the '¢''®1°Q,
14,15,16,17%g  12,13,14~ 10,11,12 9,10

SN, oC, B, 7 Be

= 114 MeV

200

and ®"°Li isotopes as reaction
products. Then, the analysis of
reactions with stable and unstable
nuclei in the exit channel was
possible. The first stage of this
research program was
investigation of the elastic and
inelastic scattering of all studied
reactions. As an example of this
procedure, the calculations for the
'Li + 'O reaction is shown. This
} is the basis for investigation of the
i g | reactions with unstable nuclei in
the exit channels, in frame of the
present theoretical approach with
coupling of the reaction channels.
Instead of them, the experimental
: data of elastic and inelastic
0 20 100 150 200 250 gcattering are the basis for

E (channels) determination of the nucleon-
Fig.3.8. The typical two-dimensional spectra AE(E)-spectra nucleon potentials. For example,
of the "Li(**0, X) reaction products for £, ('*0) =114 MeV ~ we obtained the information about
energy [16]. the potential of interaction of the
Li + "0 nuclei and about their differences from the analogous potential of interactions
for the 'Li + '°O nuclei (so called isotopic effects).

The use of this spectrometer with the 67 pm thickness AE-silicium detector was
not possible for exact investigations of the 7Li(“B, X) reaction at ELAB(”B) = 44 MeV
energy and for the ?C(''B, "’N)*Be reaction at E; 5(''B) = 49 MeV energy, because for
these experiments the AE-silicium detector with the 20 um thickness is necessary. The
energy resolution of these silicium detectors is rather low. The energy resolution of the
AE-E spectrometer with the AF — silicium detector was estimated from experimental data.
For example, in the "Li + '*0, E,5("*0) = 114 MeV experiment, the energy resolution of
0.2 MeV was estimated. This resolution allowed for resolving the first excited (0.48
MeV) state of "Li.
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3.3. The analysis of the AE - E spectra.

As was mentioned above, the measured two-dimensional AE-E-spectra were
transformed into the one-dimensional E-spectra.

A typical example of the E-spectrum for the boron isotopes from the "Li(''B, B)Li
reaction at £, ,5(''B) = 44 MeV, obtained by projection and summing of the isotopes of
boron loci on the E-axis (Fig. 3.5), is shown in Fig. 3.9.

Number of counts One can see that in the
11000

-EHHIIIII'|||IIIIII|'|||IIIII||'|IIIIIIHI|IIIIIlIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIf|IIIIII”I|IIII”HI|IIII”III|II”IIIE. energy Spectra Of bOrOn iSOtOpes,
g NUOO g .
10000 E "Li("'B,B)Li Bt 2 except the peak of the elastic
9000 £ E,.("'B) = 44MeV °° 2 scattering of "B ions on the "Li
8000 £ 8,, = 16° = i target nuclei, also the peaks for
7000 E 3 7 elastic scattering of these ions on
E E 12 16 .
6000 E : : °C and O nuclei
5000 £ i (contaminations of the lithium
E i target — lithium oxide and the
4000 g 3
2 rest of vacuum oil) are visible.
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2000 £ i from the contaminations are
1000 ?,._-—» T A 7 large, this is not a result of a
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Fig. 3.9. The typical energy spectrum of the boron isotopes the Coulomb scattering of g
from the 'Li(''B, B)Li reaction at £, 45(''B) = 44 MeV energy jons on C and 'O nuclei is

[101], for the sgatt;rlr}g a}ngle 0,45 = 16° registered using the much more greater than on the
spectrometer with ionization chamber as the AE-detector. The 7. . .
Li nuclei. In the energy spectra

dashed line denotes the multiparticle reaction background.
for large angles, the peak

amplitude of the elastic scattering 'Li + ''B is greater than the amplitudes of the
corresponding peaks for the '*C, '°0 + ''B elastic scatterings.

It is visible from Fig. 3.9 that in the inelastic scattering area of the spectrum for the
"B ions the continuous background exists, due to the multiparticle reactions
"Li("'B,""B)xy, where x, y denote the clusters from the nucleus 'Li = x + y. This
background can be approximated by the so-called background function from the
PEAKFIT program [100]. These approximations are shown as the dashed lines in Fig.
3.9. The background line was fitted to the minima of the spectrum. Using the PEAKFIT
program, the continuous background can be substracted from the experimental spectrum.
As a result, we obtain the so called “residual, background-free spectrum”, approximated
in the PEAKFIT program by the sum of the symmetric Gauss functions

n — 2
N(E) = £ Noewp [— (Ehi)J (3.2)
where Ny;, Ey; and h; denote the amplitude, the position and the half-width of the i peak,
respectively.

Before approximation of the residual spectrum by the functions (3.2), the
calibration procedure should be done. This procedure transfer the x-axis scale of the
spectrum from channels to the absolute energy scale (MeV). The kinetic energies of the
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scattered ''B ions in the ground and most probable excited states were taken into account
as a base.

The residual (background-free) spectrum of the boron nuclei with the E-axis in
absolute energy units, obtained from the experimental spectrum, is shown in Fig. 3.10.
Energies of the excited states of ''B and 'Li nuclei were shown above the peaks.

During approximation of the background-free spectrum by the function (3.2), the
values of kinetic energies for the corresponding states of nuclei, obtained from kinetic
calculations of scattering and reactions, were used for positions of the E,; peaks. Then,
the parameters £, were not changed. Also, the peak-width parameters were fixed. This
same fixed half-width 4; value, obtained from fitting of a well isolated peak, was applied
for each peak. The E-spectrum is approximated by a sum of the Gaussian functions via
fitting of the peak amplitudes Ny; only. It makes the approximation of the experimental
spectra by the function (3.2) much more ambiguous. Also the area of peaks is a result of
the PEAKFIT program. These areas are necessary for calculation of the differential cross
sections for particular processes.

Number of counts The

T r r [ T T 11 [ 1T 1 [ 7§ 1T [ T 1 T [ 11

3000 )
give the accuracy of

the peak area from
10% to 30%,
depending on
45 overlapping of the
E.MeV  peaks.

2000

1000

10000 o '3 3 approximations  of
t=] o — 3

"Li(B, B)Li ® R 1 the E-spectrum of
LAY 700 E,.,("B) = 44 MeV B gT 3  boron isotopes by the
8000 0.5 = 16° | 4 3 function (3.2) is
3 shown in Fig. 3.10.
7000 i~ 7 The methods of
6000 | 2 expansion of the
3 3 experimental energy

5000 < 3 )
W 3 spectrum in terms of
4000 3 the components
3 described above,

Fig. 3.10. The background-free (residual) spectrum of the boron nuclei from
the Li("'B, B)Li reaction at £, ,5(''B) = 44 MeV [13] and for the scattering
angle 0,3 = 16°.

3.4. The energy dependences of the nucleus-nucleus potentials.

The conventional optical potential parameters are: {X;} = {V, ry, ay, Ws, Were, "ws
aw}. The errors AX; of the parameters were estimated using the following simple criterion

[4]:

min { [ 2(X) - 20X +AX) |, 12 (X) — X — AX)| } 12X = 1 (3.3)

’
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If the error AX; determined in such a way was smaller than 0.1xX; , then it was
assumed to be 4X; = 0.1xX; .

The sets of the OM parameters {X;} for different energies were parameterized by
the following simple functional forms [4 — 6]:

x(E)= | X (X = X )R ELEy A, ) for (X} = V0. Wy, ay.ay } 3.4
Y max Xmax_Xmin EE. AE ~ ( . )
(X i JE(EE,AE,) for {(Xt={r.r}
where
-1
E-FE
g(E,Ex,AEx):{l+exp( AEXXH (3.5)

xmin xmax g AE. - fitted parameters.

Due to the causality principle, which states that the scattered wave cannot be
emitted before the interaction has occurred. Then, the real part V(r,E) of the OM potential
is connected to the imaginary part W(r,E) by the dispersion relation [219, 75]:

V(r,E)=V,(r,E)+ AV, (r,E), where (3.6)
where
PTW(r,E")
AV, =— dE" . 3.7
g z! E'-E (3.7)

where P denotes the principal value of the integral A4V y(r,E), which was calculated at » =
0 using the method described in Refs. [4, 219]. The use of the dispersion relation can help
to minimize ambiguities in the optical potential. The dispersion relation is related to the
so called “threshold anomaly” (see Section 4.2).

For brevity, we shall use the following notation [6]:
4 V(E) =4 VW(O’E) ’ VO(E) = VO(O’E):
V(E) = V(0,E)= Vo(E)+ AV(E).

The parameters in Eqs (3) and (4), were fitted to describe the sets {X;} of the OM
potential parameters using a code PARE [220]. Then parameters predicted by the code,
were used as the starting values in the analysis of the data at next experimental energy.
The OM parameters obtained for the next energy were added to the sets {X;} and the
fitting procedure of energy dependence was repeated. Thus the energy dependence of
OM parameters was obtained with such a step-by-step fitting procedure.
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CHAPTER 4.

Nucleus-nucleus scattering

4.1. The'®MB +'Li, °Be, ***C scattering.

4.1.1. Scattering of *'B + *C nuclei, optical potential and influenceof B re-

orientation.

The angular distributions of the elastic and inelastic scattering of ''B ions by '*C
nuclei at the energy E; (' B) = 49 MeV in the angular range 0cy, ~ 24° — 156° were
measured [6]. The experimental data with their absolute errors are shown in Figures 4.1.1
— 4.1.3. The error of the cross section normalization is about 10%. The data of the ''B +
12C elastic scattering at the energies Ecy, = 5.42 — 52.17 MeV [169 — 178] and our data at
Ecy = 25.57 MeV (Eps(''B) = 49 MeV) were analyzed within OM using potential of
Woods—Saxon type with imaginary part Ws. The OM potential parameters {X;} = {V, ry,
ay, Ws, rw, ay} were fitted to describe the experimental angular distributions of the elastic
scattering in the angular range where potential scattering dominates (full angular range at
low energies and O¢); < 90° at E¢y, > 10 MeV). The radius of the Coulomb potential was
fixed at rc = 1.25 MeV. The OM potential parameters obtained for the elastic scattering
were used as starting values for the calculations of angular distributions for different
processes within CRC method. The elastic and inelastic scattering as well as transfer re-
actions corresponding to diagrams of Fig. 4.1.4 were included in the coupling scheme.
Low-energy states of the ''B and '>C nuclei were assumed to be of rotational nature.

The standard fit of parameters in CRC approach is not possible in practice. Then,
analysis was performed in a few steps. At the beginning the deformation length parame-
ters J, and J, for ''B and "°C nuclei as well as the parameter Wy were fitted to describe
the inelastic scattering data for transitions to the 2.125 MeV (1/2), 5.02 MeV (3/2") and
4.44 MeV (27) excited states of ''B and °C at E;45(''B) = 49 MeV in the angular range
where rotational transitions dominate. In this step the elastic and inelastic scattering and
reorientation of ''B were included in the coupled channel scheme. Then preliminary val-
ues Were (Ws), 0, and 0, were obtained and used in the next steps of the CRC-
calculations. Next, the CRC angular distributions of individual transfer reactions were
calculated using spectroscopic amplitudes (see Appendix). The most probable transfers
contributing to the elastic and inelastic scattering were selected and included in the cou-
pling scheme. Finally, using full coupling scheme, all OM potential parameters and de-
formation length parameter d, and d4 where corrected to describe the angular distributions
of all experimental data in full angular range. The errors 4X; of the parameters {X;} = {V,
ry, ay, Ws, Were, s, aw} were estimated using the simple criterion (see sub-Section 3.4).

To obtain the energy dependence of the optical potential parameters, we used the
procedure presented above to describe the present data and the earlier measured data [169
— 178]. As the result, the sets of optical potential parameters were determined at the ex-
perimental beam energies. The optical potential parameters obtained in the analysis of
elastic and inelastic scattering data at different energies are collected in Table 4.1.1.
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Fig. 4.1.1. Angular distribution of the ''B + '*C  Fig. 4.1.2. The same as in Fig. 4.1.1, but for the
elastic scattering at the energy E..s(''B) = 49 potential scattering (curve <pot>), the ''B reori-
MeV. The dashed curves marked by <OM> and entation (curve <reor>) and proton transfer
<reor> show the OM and reorientation cross sec- (curve <p>). The solid curve X shows the CRC
tions, respectively. Other dashed curves <p>, sum of these processes.

<pp>, <nn>, <nd>, <ta> and <d’He> represent

the CRC cross sections for the trgnsfers corre- As it can be seen in Fig. 4.1.1, the op-
sponding to diagrams shown in Fig. 4.1.4. The . . 7
solid curve 2 shows the sum of the CRC cross tical mOd,e I descrlbes, OSCIHatK,)nS of the
sections for all processes. cross section for elastic scattering only at
forward angles. The contributions of the
two-step processes to the ''B + '“C elastic scattering are very small. The contribution of
the elastic knock-on reaction (see the last diagram in Fig. 4.1.4) was shown to be small
for the similar reactions [180]. Therefore the two-step nucleon and cluster transfers were
not included in the coupled channel scheme.

The one-step processes, which give noticeable contributions to the ''B + '*C elas-
tic scattering at E; 45(''B) = 49 MeV, are shown separately in Fig. 4.1.2. The angular dis-
tributions of the potential scattering calculated in the CRC approach, proton transfer, re-
orientation of ''B and their coherent sum calculated in the CRC approach is also dis-
played here together with the experimental data. The deformation length J, = 1.2 fm ob-
tained in the analysis of inelastic scattering was used in the CRC calculation of the ''B
reorientation. One can see that the potential scattering and the proton transfer dominate at
angles Ocy, < 60° and ¢y, > 140°, respectively. All three mechanisms mentioned above
explain the angular distribution in the angular interval ¢y, = 60° — 140°. The coherent
sum of these three processes describes well the experimental data.
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Fig. 4.1.3. Angular distributions of the ''B + '>C
inelastic scattering at the energy E us(''B) = 49
MeV for the transitions to the 2.125 MeV (12"),
4.445 MeV (5/2) and 5.021 MeV (3/2") excited
states of the ''B nucleus and to the 4.439 MeV (2)
excited state of the '°C nucleus. Dashed curves <p>
and <inel> show the contributions of proton trans-
fer and rotational excitation of the ''B nucleus, re-
spectively. The CRC cross sections for the 4.439
MeV and 4.445 MeV excitation of the '°C and ''B
nuclei are shown by the curves <'C*> and
<"B*>, respectively. The solid curves X represent
the sums of CRC cross sections for all processes.

Different other processes like the
compound-nucleus formation or the forma-
tion of isolated resonances of the molecular
character can also contribute to the ''B +
2C cross section at low energies. These
processes were ignored in the present
analysis.

One can see that the mentioned
above processes describe the inelastic scat-
tering well. The curves <inel> shown in
Fig. 4.1.3, were obtained for d, = 1.2 fm
and 04 = 1.0 fm. These deformation pa-
rameters are shown in Table 4.1.4. The de-
formation length 6, = — 1.0 fm [181] was
used for the '°C nucleus. It is visible from
Fig. 4.1.3 that the nuclear excitation
(curves <inel>) and the proton transfer
(curves <p>) dominate at angles Ocy <
110° and ¢y > 110°, respectively, for tran-
sitions to the 2.125 MeV and 5.021 MeV
excited states of the ''B nucleus. The same
is also observed for the transitions to the
4.445 MeV + 4.439 MeV excited states of
the ''B and '*C nuclei, respectively. The
coherent sums (curves 2) of these proc-
esses well describe the data in the whole
angular range for the transitions to both the
2.125 MeV and 5.021 MeV excited states
of the ''B nucleus.

The optical potential parameters
from Table 4.1.1 versus the center-of-mass
energy Ecy are shown in Fig. 4.1.5. They

have been described by the functional forms by fitting the parameters X" , X", Ey;
and AEy;. These values, obtained in the fitting procedure are listed in Table 4.1.2.

Table 4.1.1 Parameters of Woods—Saxon OM potentials for the ''B + '*C elastic scattering.

(R=r(A"r+A4"p),i=V.W.C)

ECM 14 Iy ay WS WCRC I'w (23774 rc Ref. (data)
MeV) | (MeV) | (fm) (fm) | (MeV) | (MeV) | (fm) (fm)

5.43 76.0 0.940 | 0.600 34 34 1.500 | 0.600 | 1.25 | [175]
6.47 77.0 | 0.890 | 0.640 3.7 3.4 1.500 | 0.640 | 1.25 | [175]
7.17 81.0 | 0.850 | 0.660 4.0 3.5 1.440 | 0.660 | 1.25 | [171]
7.62 82.0 | 0.850 | 0.660 4.1 3.7 1.360 | 0.660 | 1.25 | [175]
7.65 83.0 | 0.850 | 0.660 4.1 3.6 1.360 | 0.660 | 1.25 | [172]

8.13 84.0 | 0.850 | 0.660 43 3.7 1.330 | 0.660 | 1.25 | [171]

8.61 103.0 | 0.860 | 0.670 4.6 4.0 1.330 | 0.670 | 1.25 | [172]
9.57 115.0 | 0.810 | 0.670 5.0 4.4 1.320 | 0.670 | 1.25 | [171]
10.52 128.0 | 0.788 | 0.670 5.4 4.5 1.300 | 0.670 | 1.25 | [172]
11.48 142.0 | 0.788 | 0.670 5.9 5.0 1.270 | 0.670 | 1.25 | [171,172]
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13.04 | 169.3 | 0.788 | 0.670 [ 6.5 52 ] 1.260 | 0.670 | 1.25 | [173]
1459 [ 215.0 | 0.788 | 0.670 | 7.0 6.1 | 1.250 | 0.670 | 1.25 | [178]
14.61 | 2150 | 0.788 | 0.670 | 7.0 6.1 | 1.250 | 0.670 | 1.25 | [171,174]
1826 | 240.0 | 0.788 | 0.670 | 9.0 7.0 [ 1.250 | 0.670 | 1.25 | [178]
20.87 | 252.0 | 0.788 | 0.670 | 10.0 7.4 | 1.250 | 0.670 | 1.25 | [173,178]
22.17 | 251.0 | 0.788 | 0.670 | 10.3 80 [ 1.250 | 0.670 | 1.25 | [176]
23.48 | 252.0 | 0.788 | 0.670 | 10.7 81 [ 1250 | 0670 | 1.25 | [178]
25.04 | 241.8 | 0.788 | 0.670 | 11.0 85 [ 1250 ] 0670 | 1.25 |[177]
25.57 | 241.6 | 0.788 | 0.670 | 11.1 9.0 | 1.250 | 0.670 | 1.25 | this work [6]
26.09 | 242.0 | 0.788 | 0.670 | 11.2 9.0 | 1.250 | 0.670 | 1.25 | [173,178]
26.78 | 242.0 | 0.788 | 0.670 | 11.3 89 [ 1.250 [ 0.670 | 1.25 | [178]
29.22 | 240.0 | 0.788 | 0.670 | 11.6 9.0 [ 1.250 | 0.670 | 1.25 | [178]
3130 | 244.0 [ 0.788 | 0.670 | 11.8 9.4 1250 | 0.670 | 1.25 | [178]
3348 | 237.0 | 0.788 | 0.670 | 12.0 9.5 | 1.250 | 0.670 | 1.25 | [178]
33.91 | 2367 [ 0.788 | 0.670 | 12.1 9.9 1250 | 0.670 | 1.25 | [178]
3652 | 2350 | 0.788 | 0.670 | 12.1 102 | 1.250 | 0.670 | 1.25 [ [178]
39.13 | 2335 | 0.788 | 0.670 | 12.2 10.3 | 1.250 | 0.670 [ 1.25 [ [178]
41.61 | 232.0 | 0.788 | 0.670 | 122 10.3 | 1.250 | 0.670 | 1.25 [ [170]
41.74 | 232.0 | 0.788 | 0.670 | 122 10.3 | 1.250 | 0.670 | 1.25 [ [178]
52.17 | 2272 [ 0.788 | 0.670 | 12.2 10.3 | 1.250 | 0.670 [ 1.25 [ [176]
The energy dependence of
IZC llB IZC 13C 120 120 llc IZC IZC 13N IZC . .
- — N N > > , the optical potential parameters
A B e (0 AP N (U was also studied for the *Be + '*C
11 12 llp 0o llp g 12p 1t iy l0g. 11T : 8 13
B l2¢ B B !B B 2p !B B '°Be !'B (sub-Section 4.2.2), "Be + °C
(sub-Section 5.2.1) and '°B + ''B
s Ol I e s ST e S (sub-Section 5.2.2) interactions. It
R AR L D A O O B 1s interesting to compare those re-
g 12¢ lig  upg g 1zp Up B¢ 12¢ B 19Be !*¢ sults with the present ones for the
"B + '>C interaction. Such a
g Wge 'p  lc My "B Mcog, "B B¢ PN UB comparison is made in Fig. 4.1.6,
2py 4p + d4 yH + CHy 4d + t4 Ya o+ where the fitted curves of the en-
g by e g pe Ze  Up N 2g g ®Be 12p ergy dependence of the ''B + °C
and *Be + °C, ®Be + "°C interac-
12 3B, 1B Zg p ¢ tions are presented together. Par-
2] bt . B 4UB ticularly large differences are ob-
T I served in the low-energy range

Fig. 4.1.4. Diagrams of the one- and two-step processes for

the *C("'B, "*C)''B reaction.

(Ecy < 10 MeV) for the parame-
ters ay = ay, ry and rp. Why at
low energies are these parameters

so different, whereas they are rather equal at larger energies? It seems that a common be-
havior of 7, and 7y in the low-energy range can be explained by the dominance of the
Coulomb repulsion between the interacting nuclei at low energies. This leads to an in-
crease of the minimal distance between the nuclei (so, the parameters 7, and 7 increase)
and to a decrease of the nuclear overlap (consequently, parameters ¥V, W, ay and ay de-
crease). Different values of Wy for the different systems ''B + '2C, °Be + '*C and *Be +
C are due to their different structure.
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Table 4.1.2 Parameters of energy dependence of the ''B + *C interaction.

Xi Vo Ws Werce ry Iy ay ay

MeV) | (MeV) (MeV) (fm) (fm) (fm) | (fm)

X 83.1 1.2 2.6 0.788 | 1.25 | 0.48 | 0.48
X" 272.4 12.3 10.3 1.152 1.63 0.67 0.67
Ey; (MeV) 13.0 13.6 17.6 4.821 6.70 4.80 | 4.80
AEy; (MeV) 2.5 5.8 5.1 1.820 1.50 1.00 1.00
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Fig. 4.1.5. Energy dependence of the OM potential Fig. 4.1.6. A comparison of the energy depend-
parameters for the ''B + ">C interactions. ence of the OM potential parameters for the ''B
+ 2C and *Be + "*C [4], ®Be + "°C [3] interac-
tions.

4.1.2. Scattering of *'B + *C nuclei, optical potential, the ''B reorientation

and B, °C defor mation parametersand the ALAS phenomenon.

The analysis of the isotopic effects in the ''B + °C and ''B + "*C elastic and ine-
lastic scattering [9] is presented. This analysis includes the study of differences between
the OM parameters for the two scattering systems, the change of deformation parameter
with the number of neutrons as well as the study of the ALAS (anomalous large angle
scattering) mechanisms of the ''B + '* °C scattering. The ALAS phenomenon is also
considered in this work for scattering of "B + ?Be [8] in the sub-Section 4.1.4 and for "*N
+ "Li [7] scattering in the sub-Section 4.3.1. Although the oblate deformation of the '*C
ground state is well established [181], the sign of the ">C quadrupole deformation is still
not determined convincingly. It was found to be positive in the analysis of the inelastic
scattering of *He + °C [182], p + ">C [184] and #* + ">C [185], while from the analysis of
the inelastic scattering of o + >C [183] and t + ">C [186] it was deduced to be negative.
This discrepancy can be partly explained by the fact that only the forward angle scatter-
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ing data of the inelastic scattering were used in the analysis in above mentioned papers. It
is known that the forward angle distribution of inelastic scattering is weakly sensitive to
the sign of nuclear deformation. In the present sub-Section, the measured ''B + °C elas-
tic and inelastic scattering in the full angular range are presented.

The angular distributions of the C + ''B elastic and inelastic scattering at
E;45(''B) = 45 MeV are shown in Figs. 4.1.7 — 4.1.13. together with results of theoretical
calculations [9]. The error of the cross section normalization is about 10%. One can ob-
serve in these Figures an anomalously large enhancement of the cross section at large an-
gles. The angular distribution of the °C + ''B elastic scattering was analyzed within the
optical model. The simultaneous analysis of the °C + ''B elastic and inelastic scattering
data was performed using the method of coupled-reaction-channels. The elastic and ine-
lastic scattering as well as the reorientation of ''B and the most probable transfer reac-
tions corresponding to the diagrams in Figures 4.1.14 — 4.1.16, were included in the cou-
pling scheme. The optical potential parameters, obtained in the fitting procedures are
listed in Table 4.1.3. The optical potential parameters for ''B + '*C nuclei for Ecy =
23.48 MeV and E¢y, = 25.57 MeV were taken from Table 4.1.1. The rotational model was
applied to calculation of the transitions to the excited states of '°C and ''B. The deforma-
tion parameters of °C and ''B estimated from the fitting of inelastic scattering data, are
listed in Table 4.1.4.

Table 4.1.3 Parameters of Woods—Saxon OM potentials for the ''B + *C elastic
scattering. (R =ri(4"r+A"p), i=V,W,C)

P+T Ecy V ry ay Ws 'y awy rc
MeV) (MeV) | (fm) (fm) MeV) (fm) (fm) (fm)
B +13¢ | 24.38 256.7 0.788 0.740 | 8.0 1.250 0.740 | 1.250

The OM cross section (curve <OM> in Figs. 4.1.7 and 4.1.8) fitted to the forward-
angle data of the ''B + °C elastic scattering cannot describe the data at large angles. To
explain the observed ALAS in the ''B + C elastic scattering, we performed the CRC
calculations for many one-step and two-step processes corresponding to the diagrams
shown in Fig. 4.1.14. One can see that only the potential scattering (curve <OM>) and the
"B reorientation (curve <reor>) dominate at large angles. The coherent sum of these two
processes cross section (curves 2) describes satisfactorily the data in the full angular
range.

The ''B + "2C versus the ''B + °C elastic scattering are shown in Fig. 4.1.8 in or-
der to demonstrate the isotopic effects. Except the usual difference of the diffraction pic-
ture at small angles, which originates from the difference of the '*C and "°C radii as well
as from the difference of E¢y,, a strong difference in ALAS is observed for these scatter-
ings. The ''B + '2C ALAS is much stronger than for ''B + *C. It is presented in [6] that
the''B + '>C ALAS is satisfactorily described by the CRC cross section sum (dotted
curves <23.48> and <25.57>) of the potential scattering, the ''B reorientation and the
proton transfer (dashed curves <p> in Fig. 4.1.8). Due to the ''B + °C ALAS is caused
by only two first ones of these mechanisms, the proton transfer in the ''B + '2C elastic
%catterinl% leads to the observed difference between the large angle scattering of ''B on

Cand “C.
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Table 4.1.4 The ''B and "°C transition multi-polarities 4 and The angular distributions

deformation parameters o, (5, = d,/R for R = 1.254"* fm). of the ''B + 3C inelastic scatter-
Nuclei | E, J 0, Ref. . oy _
B 2125 |12 |2 [1.20 0.43 [6] 24.38 MeV) for the transitions to
4445 |52 |2 | 120 0.43 [6] the excited states of ''B are
s |am 1y o 03¢ {2} shown in Figs. 4.1.9 — 4.1.11.

. . . 11 12~ - . .
<13 17 12 120 0.43 [6] The B + “C inelastic scattering
4 | 1.00 036 [6] data at Ecy, = 25.57 MeV [6] are
6792 |12+ [1 [1.00 0.36 also shown in Fig. 4.1.9. As in
7.286 |52+ |1 | 1.00 0.36 the case of the ''B + "°C elastic

3 1.20 0.43 tteri the t f ti
=575 137 11 T100 0.36 scattering, the transfer reactions
3 | 1.20 0.43 are negligible in the B + °C
13 8560 |32 [2 [1.80 0.65 inelastic scattering (see, for ex-
C ;-gzj é//g_ ; (1)-(9’2 83‘2‘ — ample, curve <d> in Fig. 4.1.9).
' ' ' kc +lH . | The "B + '2C inelastic ALAS is
111 037 [183] stronger than for the g + B¢
(0.19 | "C+a | inelastic scattering, due to the
1.44 0.49 ng] proton transfer dominating in
13 042 [185f the''B + "2C inelastic scatteriﬁg.
Bc+n® | The deformation parameter of "B
126 -0.428 | [186] deduced from the analysis of the
(()'19'31 ) 031 [9?+t "B + °C inelastic scattering data
3854 |52+ 13 1050 0.17 is the same as in [6], where this
6.864 |52+ |3 [050 0.17 parameter was obtained from the
7490 |72+ |3 ]050 0.17 analysis of the ''B + '°C inelastic
1547 |52~ |2 ?'g;‘ 8‘25 Hgﬂ scattering data (see Table 4.1.4).
1:23 0:42 [185] The SX values for 11B and 13C, .de-
-1.26 duced from fitting of theoretical

o | —0.428 | [186] :
(()‘91(-)11) = o cross sections to the back angle
—e80 T3 11T T100 034 data of the transitions to excited
8200 132+ 11 1100 034 state of these nuclei are presented
* 6, from Ref. [186]. also in Table 4.1 4.

® B, from Ref. [183]. The angular distributions

of the ''B + "°C inelastic scattering are also shown in Figs. 4.1.12 and 4.1.13. The curves
represent the CRC cross sections calculated within the rotational model using deforma-
tion parameters of °C listed in Table 4.1.4. A special attention was given to determine
the sign of the °C quadrupole deformation length .. This parameter for '>C is negative
[6]. It is apparent from the analysis of the data for the transitions to the 3.684 MeV (3/2)
+ 3.854 MeV (5/2") excited states of °C (see the two lower panels of Fig. 4.1.12), that
only the CRC angular distribution for the transition to the 3.684 MeV (3/2") state of °C
describes satisfactorily the oscillations of the data at forward angles (see curve <3.68> in
Fig. 4.1.12). The CRC cross section for the transition to the 3.854 MeV (5/2") state of °C
has oscillations of opposite phase (see curve <3.85> in Fig. 4.1.12). The CRC cross sec-
tions for positive and negative d, differ slightly at forward angles. This helps us to deter-
mine the *C deformation length |6,] = 0.9 fm using the CRC cross section for the transi-
tion to the 3.684 MeV (3/2) excited state of °C at forward angles. The deformation
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length 6; = 0.5 fm fitting the CRC cross section for the transition to the 3.854 MeV (5/2")
state of °C to the data in full angular range was determined. Finally, the incoherent sums
of CRC cross sections of both the transitions were obtained for the positive and negative
5, of °C. The lower panel of Fig. 4.1.12 shows these sums using the solid and dotted
curves, respectively. Positive d, gives better description of the experimental data in the
full angular range. One can see in Fig. 4.1.13 that the difference between these incoherent
sums is small in the angular range 0¢y, < 90°. The same is also observed for the transition
to the 8.2 MeV (3/2") excited states of ">C (see lower panel of Fig. 4.1.13). The solid and
dotted curves show the CRC cross sections for the positive and negative d,, respectively.
This analysis suggests that the sign of the °C deformation parameter J, is positive.
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Fig. 4.1.7. Angular distribution of the “C(''B, ''B)
elastic scattering at the energy E,.s(''B) = 45
MeV. The dashed curves marked by <OM> and
<reor> show the OM and CRC cross sections for
the potential scattering and reorientation of ''B, re-
spectively. Other dashed curves <d>, <p<p>,
<neon>, <np + pn>, <nt + tn>, <ad + do> and
<p’He+Hep> represent the CRC cross sections for
the transfer reactions corresponding to diagrams
shown in Fig. 4.1.14. The solid curve X shows the
sum of CRC cross sections for all processes.
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Fig. 4.1.8.. Angular distribution of the “C("'B,
"B) elastic scattering at the energy E,(''B) = 45
MeV (Ecy = 24.38 MeV) versus the angular distri-
butions of the "*C("'B, ''B) elastic scattering at
Ecy = 23.48 MeV [178] (open points) and Ecy =
25.57 MeV [6] (open points). The solid curves X
and <24.38> show the CRC sum of the potential
scattering (dashed curve <OM>) and reorientation
of "B (dashed curve <reor>) in the °C + ''B elas-
tic scattering at Ecy = 24.38 MeV. Other curves
for this scattering are the same as in Fig. 4.1.7. The
dotted curves <23.48> and <25.57> represent the
CRC sums of the ''B reorientation and proton
transfer (dashed curves <p>) [6] for the '*C + ''B
elastic scattering at Ecy = 23.48 MeV and 25.57
MeV, respectively.
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Fig. 4.1.9. Angular distributions of the “C(''B,
"B*)C inelastic scattering at the energy
Ers(''B) = 45 MeV (Ecy = 24.38 MeV) for the
transitions to the 2.125 MeV (1/27), 4.445 MeV
(5/27) and 5.020 MeV (3/2") excited states of the
"B (full points) versus the *C("'B, ""B*)"*C ine-
lastic scattering at Ecy = 25.57 MeV [6] (open
points). The solid and dotted curves represent the
CRC cross sections of the ''B scattering on *C
and "°C, respectively, for the rotational model with
the transition multipole and deformation parame-
ters of ''B listed in Table 4.1.4. The dashed curves
<d> and <p> show the CRC cross sections of the
deuteron and proton transfer reactions for the ''B
+ C and "B + "*C inelastic scattering, respec-
tively.
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Fig. 4.1.10. The same as in Fig. 4.1.9 but for the
transitions to the 6.743 MeV (7/27) + 6.792 MeV
(1/2%) excited states of ''B (open points and solid
curve <6.74> at large angles) and for the transitions
to the 6.743 MeV (7/27) + 6.792 MeV (1/2") + 6.864
MeV (5/27) (*C) excited states of ''B and "*C (full
points and solid curve X) (upper panel) and for the
transition to the 7.286 MeV (5/2) excited state of
"B (lower panel). The dashed curves <6.74>,
<6.79> and <6.76> show the CRC cross sections for
the individual transitions. The solid curve 2 is inco-
herent sum of these individual transitions at forward
angles. The solid curve in lower panel is the CRC
cross section for the coherent sum of the rotational
model transition to the 7.286 MeV (5/227) excited
state of ''B and reorientation of ''B in this state.
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Fig. 4.1.11. The same as in Fig. 4.1.9 but for the
transitions to the 7.976 MeV (3/2") excited state of
"B (upper panel) and for the transition to the
8.560 MeV (3/27) excited state of ''B. The solid
curves are the CRC cross sections of these transi-
tions. The dashed curve marked by <d> represents
the CRC cross section for the deuteron transfer re-
action. The dotted curve (lower panel) shows the
CRC cross section for the transition to the 8.560
MeV (7/27) state of ''B.
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Fig. 4.1.12. Angular distributions of the "“C(''B,
"B)"C* inelastic scattering at the energy E,.(''B)
=45 MeV (Ecy = 24.38 MeV) for the transitions to
the 3.088 MeV (1/2") (upper panel) and 3.684 MeV
(3/2)+3.854 MeV (5/2") (lower panel) excited
states of "°C, respectively. The solid and dotted
curves show the CRC cross sections for the positive
and negative deformation parameter J, of *C. The
dashed curves <3.68> and <3.85> represent the
CRC cross sections for the individual transitions.

Fig. 4.1.13. The same as in Fig. 4.1.12 but for the
transitions to the 7.490 MeV (7/2") + 7.547 MeV
(5/27) + 7.680 MeV (3/2") (upper panel) and 8.2
MeV (3/27) (lower panel) excited states of °C, re-
spectively. The solid and dotted curves show the
CRC cross sections for the positive and negative
deformation parameter d, of BC. The dashed
curves <7.49>, <7.55> and <7.68> represent the
CRC cross sections for the individual transitions.
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Fig. 4.1.15. Transitions to the excited states of Fig. 4.1.16. Transitions to the excited states of
"B, The transitions of the !'B reorientations are '>C. The transitions of the *C reorientations are
marked with arc arrows. marked with arc arrows.

The differences between the angular distributions of the ''B + °C and ''B + "*C
elastic and inelastic scattering at the close energies Ecy = 24.38 MeV (°C), 23.48 MeV
[178] and 25.57 MeV [6] (**C) were illustrated above in Figs. 4.1.8 and 4.1.9. To analyze
these differences (isotopic effects) in detail, it is useful to apply the following function
describing the asymmetry

D(6) = O13c —O1ac
- >
O3c T O0he
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where o13¢(0 ) and o1,¢(0 ) are equal to o(6)/ox(@ ) for the ''B + °C and''B + '*C elastic
scattering, respectively. For the inelastic scattering o;(0 ) = do; /dQ.

3.0 pror TTTTT T T TTTTT T T T T T T TTT i TITITT T,

2OE e t‘:*nz’ s#@ My 3 Fig 4.1.17. Isotopic asymmetries D(6 ) = (o13¢(6) —
Lo £ ) (OB = BABNY 2 6120(0))/(0130(8) + 612¢(8)) for the elastic and inelas-
00 ' PN 1 tic scattering ''B + "C versus the °C + ''B at
10% e - 2038 wer 3 Epip(''B) = 45 MeV and 49 MeV (Ecy = 24.38
20 F astic B %+ 1'B) = 26.67 MeV 3 MeV apd 25.57 MeV), respectively. The dashed
10 E 3 and solid curves show the D(6)-asymmetries for the

corresponding CRC cross sections (a(6)/og(6) for

0.0
the elastic scattering) calculated for the ''B + *C
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ual OM parameters, respectively. The dotted curves
0.0 F represent the isotopic asymmetries D(8 ) when only
05 F proton and deuteron transfers in the *C(''B,
-1.0F 2C)"'B and C("'B, °C)"'B reactions, respectively,
05 E are included.
0.0 F=-t
05 £ The isotopic asymmetries D(6) for
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Lo g s and the inelastic scattering for the transitions

Oen (deg) to the 2.124 MeV (1/2°) and 5.021 MeV
(3/27) excited states of ''B are shown in Fig. 4.1.15. The points and the curves represent
D(0) for the data and for the CRC cross sections, respectively. Two sets of the asymme-
tries D(0) for the ''B + "°C elastic scattering at Ecy; = 24.38 MeV versus the ''B + “C
elastic scattering at Ecy, = 23.48 MeV [178] and 25.57 MeV [6] are illustrated in Fig.
4.1.17. This is done to compensate the lack of the ''B + '*C elastic scattering data at E¢y,
= 24.38 MeV. The asymmetries D(6) have the diffraction structure, which is evidently
caused by the angular shifts between the ''B + "°C and ''B + '*C angular distributions.
The CRC asymmetries D(6) describe the observed oscillations satisfactorily only if the
individual OM potentials (see Table 4.1.3) were used for the ''B + °C and ''B + '*C scat-
tering (solid curves). If the same potential parameters are used for the both scattering, the
CRC asymmetries D(6) fail in description of the most data (dashed curves). Thus, a con-
clusion can be done that the OM potentials for the ''B + °C and ''B + "°C scattering are
different. However, as it is seen from Tables 4.1.1 and 4.1.3, the OM potentials differ
only by the values of the parameters ay = ay (day = Aday = 0.07 fm). Other OM parame-
ters are the same or differences between them are rather small.

For the large angles (O¢cy > 130°) the asymmetries D(6) < 0. It means that the
cross sections for the “C(*'B, “C)"'B and "*C(''B, '*C)''B* reactions (proton transfer)
are greater than for the C(''B, °C)"'B and C(''B, "*C)"'B* reactions (deuteron trans-
fer).

4.1.3. Scattering of 'B + **C nuclei and quadrupole deformation of *C.

Angular distributions of the ''B + '*C elastic scattering and inelastic scattering for
transitions to a few excited states of '*C were measured at £ LAB(“B) = 45 MeV over the
full angular range [12]. The data were analyzed within the coupled-reaction-channels
method. The features of neutron-rich carbon isotopes was recently widely discussed [187
— 190]. A sign of the quadrupole deformation of the carbon isotopes is determined by the
summary configuration of the proton and neutron distributions. The oblate + oblate, ob-
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late + prolate and oblate + spherical proton and neutron distributions would lead, proba-
bly, to the negative (‘*C, '*C, 2°C, **C), positive or negative ('°C, '°C) and negative ('*C)
quadrupole deformations, respectively. However, a positive quadrupole deformation of
C was found from d(pol) + "*C [191], a + '*C [192] and *He + "*C [193] inelastic scat-
tering.

The angular distributions corresponding to the ''B + *C elastic and inelastic scat-
tering are shown in Figs. 4.1.18., 4.1.20. — 4.1.22. The errors for the poorly resolved
peaks in the experimental energy spectra were less than 20%. The similar errors for the
well resolved peaks were of about 10%.

T T S T T T T S T

E The elastic scattering data were fit-

“d("'s."'B)"c 7 ted by the optical model calculations with
Eus("'B) = 45 MeV 1 four free parameters: N, the normalization
Bem = 262 MeV factor of the real part 7 and the three pa-
rameters of the imaginary part: W, ry and
aw. The following values of the parameters
N were found: N = 0.88, W = 5.8 MeV, ry =

_s#3 1.450 fm and ay = 0.67 fm. The results of
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0 B A0 80 B0 e %0 M0 180 180 the "B ground state (see Fig. 4.1.19.) were

Fig. 4.1.18. Angular distribution of the ''B + *C  included. The coupling scheme shown in
elastic scattering at E.4s(''B) = 45 MeV (Ecy = Fig. 4.1.19. was limited to the states ob-
25.2 MeV). The curves show the OM cross section  gaprved experimentally plus the (37) state,

for potential scattering (short-dashed) as well as . . 3
contributions from the reorientation of ''B (gs.) which was strongly populated in the "He

. 14 .
(<reor>) and the triton transfer (<t>). The solid [193 ]_and a [192] scattering from ~C. Since
curve represents the coherent sum of all the proc- the direct transitions from the ground state

esses in the elastic channel. to the 6.903 MeV (0 ) and 7.341 MeV (2)
states are forbidden, these states were not included in the coupling scheme. In order to
simplify the calculations, we also omitted the transitions between the ground and excited
states of ''B, since in previous investigations sub-Sections 4.1.1 and 4.1.2 only the ''B
ground state reorientation was found to play a significant role in the elastic channel. The
values of the deformation lengths for transitions to different excited states observed ex-
perimentally were extracted from the fit to the experimental data at forward angles.

The contribution from t-exchange, which could play a significant role for the elas-
tic channel for the backward scattering angles, was found to be negligible. In Figure
4.1.16, the curve labeled by <t> shows the calculated cross section for the triton transfer
process in the “C(*'B, '*C)!'B reaction. The process of ''B reorientation (curve labeled
<reor>), was found to be important at large angles. The solid curve shows the result of
the coupled reaction channel calculation for the elastic channel. In this calculation, the
depth of the imaginary part of the OM potential was reduced to 5.3 MeV.

The results of the coupled reaction channels calculation for the transition to the
7.012 MeV (2") state are shown in Fig. 4.1.20. According to Refs [191 — 193], this state
was assumed to be rotational with the positive quadrupole deformation 5, = 0.25 (see Ta-
ble 4.1.5) that corresponds to d, = R ~ 0.8 fm for R = 1.254"* (dotted curve in Fig.

10
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4.1.20). For quadrupole deformation f, = 0.25 value a phase mismatch is observed be-
tween the CRC angular distribution and the experimental data in the angular range 30° —
80°. In the present CRC calculations, when the sign of the quadrupole deformation was
changed to negative the phase agreement was significantly improved. The best fit to the
experimental data for the transition to the 7.012 MeV (2") state was obtained with &, =
—0.6 = 0.09 fm, e.g., f, = —0.2 = 0.03 (Table 4.1.5). The results are plotted in Fig. 4.1.20
using the solid curve. A good agreement was obtained in the forward angle hemisphere.
The results of CRC calculations with the positive quadrupole deformation (d, = 0.8 fm)
for the transition to the 8.318 MeV (2) state are represented in Fig. 4.1.21 by the dotted
curve. In this case, the calculated curve also does not reproduce the experimental data.
However, in papers [189 — 190] the 8.318 MeV (2°) state was predicted to have the oblate
configuration. The calculations with d, = —0.6 = 0.09 fm gave good agreement with the
experimental data, as it is shown in Fig. 4.1.21 using the solid curve.

The quadrupole deformation of the '*C ground state was deduced to be negative
(0, = — 0.60 = 0.09 fm), which is in a good agreement with the theoretical predictions
[187], but in contradiction to the results of the previous analyses [191 - 193] of inelastic
scattering, where the sign of the '*C quadrupole deformation was found to be positive.

The CRC calculations with the assumption that the 6.094 MeV (1 ) state is of col-
lective nature did not lead to as good description of the measured angular distribution.
The results of the calculations with the dipole deformation length 6, = 0.4 fm are pre-
sented in Fig. 4.1.22. using the solid curve. This value was extracted from the fit to the
experimental data at the forward scattering angles. The estimated error is of the order of
15% (Table 4.1.5). Assuming the standard radius of the '*C nucleus, R = 1.254'?, the
calculated value of the parameter £, is smaller than the values found in the deuteron and
a scattering experiments [191, 192] (Table 4.1.5). However, taking into account the un-
certainty of the order of 15% and assuming a similar error for f; extracted from the deu-
teron scattering [191], the two values are in good agreement.

Table 4.1.5 Parameters J, and f3, for '*C.

Uil A | & (fm) Br (a) B [191] Br[192] | By [193]
0'—>1 1 [040+0.06 |0.13+0.02 | 0.18 0.22

0'>3" 3 1<055 <0.18 0.32 0.40 0.27,0.20
0'>2"7.012MeV__ |2 | -0.60+0.09 | -0.20+0.03 | 0.27 0.29 0.25,0.19
0'>2"8318MeV |2 | -0.60+£0.09 | -0.20+0.03 | 0.26 0.22 0.15,0.09

(a) B, = 0,/R (for R = 1.254"7, this work).

It was found that reorientation of the ''B ground state plays an important role in
the excitation of the (1) state. If this process is omitted, the calculated angular distribu-
tion becomes very oscillatory at backward angles (short-dashed curve in Fig. 4.1.22.).

The excited state 6.728 MeV (37) of '“C could not be resolved experimentally
from the two excited states of ''B, 6.743 MeV (7/2°) and 6.792 MeV (1/27). The calcula-
tions with J; = 0.7 fm (assuming the ratio d;/0, = 1.8 as in [191 - 192]) has been done.
This very strong octupole coupling had, of course, strong influence on the results for all
the other channels. The most clearly visible effect was observed for the transition to the
8.318 MeV (2") state. Increasing J; strongly damps the oscillations of the calculated
curve and leads to values of the differential cross section that are too large. The best
agreement was obtained with the octupole deformation length reduced to 0.2 fm.
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A good review of the
experimental and theoretical
results concerning the struc-
ture of '*C is given in the re-
cent publication by von
Oertzen et al. [190]. Most of
the states of '*C are pre-
dicted to be of the single
particle nature, and their
structure can be described

by coupling of the two neu-

32 A 0.000

14 ..
<

trons to the ground or the

e
first excited states of the '>C

Fig. 4.1.19. Coupling scheme used in the CRC calculations.
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Fig. 4.1.20. Angular distribution of the
“c('B, 'B)""C* inelastic scattering at
ELAB(”B) = 45 MeV for the transition to the
7.012 MeV (27) excited state of '“C. The
curves show the CRC-calculations with d, =
0.8 fm (dotted) and &, = —0.6 fm (solid). The
long dashed curve corresponds to the '*C = *C
(g.s.) + 2n model calculations.

o 20 40

core.

The results of calculations for the transi-
tion to the 6.094 MeV (1) state are plotted in
Fig. 4.1.23. using the dashed curve. The depth
of the imaginary part of the projectile — core
(''B + °C) potential, W = 1.7 MeV, was de-
duced from the fit to the experimental data at
backward angles. The dashed curve oscillates
in the backward region, while the experimental
data show rather smooth dependence on the
scattering angle, within the error bars. Inclu-
sion of the ''B (g.s.) reorientation in the cou-
pling scheme damped the oscillations and led
to considerable improvement of the fit to the
experimental data (dotted curve in Fig.
4.1.23.).

In order to account deformation of the
BC core, we followed the procedure proposed
in the paper by Keeley et al. [194], where for
the °C (12%) = '>C + n system the effect of

12C core deformation was simulated by a considerable enhancement of the binding poten-
tial radius. It was found from the best fit to the experimental data at backward angles that
the binding potential radius for the '*C (17) = "°C (g.s.) + n system has to be increased to
Ry=1.7 x 13" fm. The well depth of the binding potential was adjusted so that to obtain
a correct binding energy of the '*C (17) = °C (g.s.) +n system. The results are plotted in
Fig. 4.1.21 using the solid curve. With this large value of the binding potential radius the
rms radius of the valence neutron was found to be 5.157 fm. This suggests that the 6.094
MeV (17) state of "*C can be a good candidate for the neutron halo state [195].
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S A o T The 3.089 MeV (1/2) state of °C has
ol “o("a."B)"c" | long been described by a weak coupling of

3 Eu(''B) = 46 Mev 1 the sd shell nucleon to the ground and to the
e, “g' - 8318 Mev (2°) 1 first excited states of the *C core, see €.g.,
[196]. The ground state of °C (1/27) has a
dominant structure of the P,, neutron cou-
pled to the ground state of 'C. The wave
functions for the ground and first excited
states of °C, calculated in the weak coupling
basis in Ref. [197], were used in the analy-
, .1 sis. The spectroscopic amplitudes are given
o e 80 in Appendix. The potential for the projectile
Fig. 4.1.21. As in Fig. 4.1.20 but for the transi- — core (' B + *C) interaction was taken from
tion to the 8.318 MeV (2") excited state of Hc. [198]. The depth of its imaginary part W =
5.0 MeV was deduced from the fit to the experimental data at backward angles. The po-
tential for the projectile — particle ''B + n interaction was taken from the global systemat-
ics [199]. The potential parameters were kept fixed. Finally, the potential binding the
neutron to the '*C core was taken to be of the Woods — Saxon form with the conventional
radius Ry = 1.25 x 12'” fim and the diffuseness parameter a;, = 0.65 fm adopted from the
paper of Keeley et al. [194]. The depth of this potential was adjusted to give the correct
binding energies of the respective °C (g.s., exc.) = *C + n systems.

do/dll (mb/&r)

10 pr—rr e
(g Mgy ] Fig. 4.1.22. Angular distribution of the “c(''B,
! Eun(''B) = 46 MeV ) B) "C* inelastic scattering at E;43( B) = 45
! 1 MeV for the transition to the 6.094 MeV (1) ex-
T RS 0" - 6.084 Mev (17) ] cited state of '*C. The solid and dashed curves
Eion -‘ correspond to the CRC-calculations using the de-
e Fl, formation length J; = 0.4 fm with and without
S FUt % "B (g.s.) reorientation included in the coupling
“m_,_'t: i i VAR AL | sc‘;lzleme, respectively. The curves labeled
lr L \. <'“Bggs> and <13Bg,s.> show the calculated con-
T 'i‘ I,*‘-. ‘.‘d"?:: ¥ ] Eibultlion% frlg)m the "C("'B, '“Byos)°C and
| IRV | C(''B, “B) “C transfer reactions, respectively.
Eoo N
g *¥ e The results of the calculations for the

transition to the 3.089 MeV (1/2") state of "°C are plotted in Fig. 4.1.24 using the dashed
curve. Similarly, as in the previous case, the dashed curve oscillates at backward angles,
while the experimental data do not show such structure, despite the large error bars. In-
clusion of the ''B (g.s.) reorientation in the coupling scheme damps the oscillations in the
backward angle region (dotted curve in Fig. 4.1.24). Keeley et al. [194] has shown that
the wave function of the 2S;, neutron, calculated in a spherical 2C+n potential with an
enlarged radius (R = 2.0 x 122 fm), will be equivalent to the wave function calculated in
a deformed '°C + n potential with the conventional radius (R, = 1.25 x 12 fm). When,
following this method, the binding-potential radius of the °C (1/2") = *C + n system in-
creases to Ry = 2.0 x 12'? fm, the best agreement with the backward-region data (solid
curve in Fig. 4.1.24) was obtained. Thus, taking into account the reorientation of the ''B
nucleus in its ground state and a large quadrupole oblate deformation of the “C core
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[194], one can obtain the improvement of the fit to the experimental data in the backward
angle region. In this case, the rms radius of the valence neutron wave function in the
3.088 MeV (1/2") state has turned out to be 5.453 fm, which is in a good agreement with
the value of 5.04+0.75 fm obtained in Ref. [200]. Thus, this result supports the prediction

of Liu et al. [195] that this state is the candidate for the nuclear halo state.

10 P T T T T
HG(HBHB}HU"
ol Ews(''B) = 456 MeV i
T Mg - B.084 Mev (17)
~
8
EIU_'.-
- £
2
A L
=
10 g
0L 4
E i I i i i i i i il il i i
0 20

a0 i00 120 140 160 180
B (deg)

Fig. 4.1.23. Angular distribution of the “C(''B,
"B)"*C* inelastic scattering at E,45(''B) = 45 MeV
for the transition to the 6.094 MeV (1) excited
state of '*C. The dashed curve shows the '‘C =
13Cg,s, + n model calculations with the conventional
radius of the binding potential and without “Bgs}
reorientation included in the coupling scheme, the
dotted curve corresponds to the same calculations
but with the “Bg_sA reorientation included. The solid
curve shows the results with the enlarged radius of
the binding potential and with the ”Bg,s‘ reorienta-
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Fig. 4.1.24. As in Fig. 4.1.23. but for the *C(''B,
"B)C* inelastic scattering at E;(''B) = 45

MeV leading to the 3.089 MeV (1/2") excited
state of "°C.

The results of CRC calculations for
the transition to the 7.012 MeV (2") state
of '*C are plotted in Fig. 4.1.20. as the
long-dashed curve. This curve underesti-
mates the data in the angular range 30° —

tion included.

80°. The depth W = 3.0 MeV of the imagi-
nary part of the projectile — core (''B + '2C) potential was obtained from the fit to the ex-
perimental data at backward angles. In Figure 4.1.20, the results of the lng_S, + 2n model
calculations for the transition to the 8.318 MeV (2°) state are plotted using the long-
dashed curve. In this case the depth of the projectile—core imaginary potential was re-
duced to zero. The long-dashed curve does not reproduce the experimental data. These
calculations suggest that both the 7.012 MeV (27) and 8.318 MeV (2") states of '*C have
a predominantly the collective nature. However, it seems that the model used in the pre-
sent calculations may be inappropriate for the 7.012 MeV and 8.318 MeV (2°) states of
"C, since in the paper of von Oertzen et al. [190] it was suggested that these states are
based rather on the 4.439 MeV (27 excited state of the "*C core.

The quadrupole deformation of the "*C ground state was deduced to be negative
(6, = —0.60 £ 0.09 fm), which is in a good agreement with the theoretical predictions
[187], but in contradiction to the results of the previous analyses [191, 192, 193] inelastic
scattering, where the sign of the '*C quadrupole deformation was found to be positive.
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4.1.4. Scattering of 'B + °Be nuclei optical potential, the ALAS phenomenon

and *Be and "B reorientation.

The results of the study of the ''B + ’Be elastic and inelastic scattering measured
in the full angular range at the energy E; (' B) = 45 MeV (Ecy = 20.25 MeV) are pre-
sented in this sub-Section [8]. The experimental data with their absolute errors and results
of theoretical calculations are shown in Figures 4.1.25 — 4.1.30. The error of the cross
section normalization is about 10%. In these figures one can observe an anomalously
large enhancement of the cross-section at the backward angles (ALAS). The ALAS phe-
nomenon is also considered in this work for scattering of ''B + *C [9] in the sub-Section
4.1.2 and for "N + Li [7] scattering in the sub-Section 4.3.1. In the past, ALAS was
studied, for example, in the scattering of '*C + **Mg [110], '°O + *Si [111], "Li + "*C
[112 — 114], °Li + "*C [115 — 120], a particles by '°O and *°Ca [121], **Mg and ***°Si
[122]. A review of the theoretical approach to the ALAS problem is presented in e.g.
[121]. It was found that in each case the ALAS has specific mechanism, different for dif-
ferent reaction. The data for energies Ecy = 9 — 22 MeV [149, 150], known from the lit-
erature, were also included in the CRC analysis.

10. =| TTTTTTTTTT T T T T TT T T T T TTTTTT T TTTTITT |=

0L 1 Fig. 4.1.25. Angular distribution of the "Be(''B,
*Be("'B."B)'Be "B) elastic scattering at the energy E 4(''B) =

o'g Ew("'B) = 46 MeV E 45 MeV (Ecy = 20.25 MeV). The dashed curves

10t i Een = 20.25 MeV . marked by <OM> and <Rjp..z> show the OM

cross section and a coherent sum of the *Be+''B
reorientations, respectively. The other dashed
curves <d>, <''B* +d>, <’Be* +d>, <np + pn>,

0 : - 1 <nt + tn>, <ad + da>, <p He + *He p>, <n <>n>
10t F 5 and <p«> p> represent the CRC cross sections for
£ K 3 the transfers corresponding to diagrams shown in
g 0 : E Fig. 4.1.31. The curves marked by <''B* + d>
E - =- and <’Be* + d> correspond to the 2.125 MeV

=
. @
TTTT

W ITTy
[ [

(1/27) state of ''B and 2.429 MeV (5/2) state of
’Be, respectively. The solid curve X shows the
sum of CRC cross sections for all processes.

kil 3wyl s s

“ (ntta) e The data for the ''B + “Be elastic
107, et T BRTMST9 scattering were analyzed within the optical
0" el 1 model using potential of Woods—Saxon
o b e, type with imaginary part Wi The CRC

0 s 6 80 120 160 180 crogs section was fitted to the data of the

Qe (deg) . .
* "B + ?Be elastic scattering at large angles

by varying only the parameter Ws. Transitions and transfers corresponding to diagrams in
Fig. 4.1.31 were included in calculations. The sets of the optical potential parameters, ob-
tained in the fitting procedures within the OM and CRC method, are listed in Table 4.1.6.
The multipole deformation lengths J, obtained in the analysis of the data are listed in Ta-
ble 4.1.7.
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- *Be("'B,"B)"Be
Ew{''B)=45 MeV

Fig. 4.1.26. Angular distribution of the *Be(''B,
"B) elastic scattering in units of the Rutherford
cross section at the energy E;(''B) = 45 MeV.
The dashed curves <R—Be>, <R—''B>, <d> and
<sm—def> show the ratio o(6)/ox(6) for the reorien-
tations of *Be, ''B, deuteron transfer reaction and
(weakly-deformed) potential elastic scattering, re-
spectively. The solid curve 2 shows the CRC co-
herent sum of the reorientations and deuteron
transfer for a deformed potential with the deforma-
tion lengths listed in Table 4.1.7.
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Table 4.1.6. Parameters of Woods—Saxon OM potentials for the P + T scattering
(R=rf(d"+A4"),i=V.W,C)

P+T ECM V Iy dy WS 'y (25774 re
MeV) | MeV) | (fm) (fm) (MeV) | (fm) (fm) (fm)
""B+°Be | 8.80 81.0 1.150 0.690 7.0 1.350 0.690 1.250
"B+°Be | 14.85 153.8 0.860 0.716 9.2 1.250 0.716 1.250
"B +°Be | 20.25 187.3 0.788 0.730 10.4 1.236 0.730 1.250
"B +°Be | 2035 180.0 0.788 0.750 11.4 1.236 0.750 1.250
"B+%Be | 22.00 202.0 0.788 0.760 12.7 1.236 0.760 1.250

The reorientation mechanism was applied in both elastic and inelastic scattering
channels It was found that the cross section for the reorientation equals about 10 — 20%
of the integrated cross section, for a given channel. The reorientation mechanism is ex-
pected to be rather small for the inelastic scattering. Previously we have already found
that reorientation plays a crucial role for the elastic scattering of '>C + *Be [4] and "*N +
"Li [7] at backward angles. The contribution of the reorientations to the forward hemi-
sphere is rather small, due to the dominance of the Coulomb scattering in this angular
range. Transitions in the reverse direction (not shown in Fig. 4.1.31) were also included
in the coupling scheme.

The CRC analysis was performed in the following steps. At the beginning, the ''B
+ ?Be elastic and inelastic channels for the transitions to the excited states of ''B only
were included in the coupling scheme to fit W and the deformation lengths 6, for ''B. In
the second step, the elastic and inelastic channels for the transitions to the excited states
of *Be were included in the coupling scheme to correct Ws and fit the deformation lengths
9, for *Be. In the next step, the CRC cross section of each transfer reaction corresponding
to the diagrams of Fig. 4.1.31, was calculated. The optical potential parameters for the in-
termediate channels were used the same as for the ''B + °Be elastic scattering (see Table
4.1.6).

Our data of angular distribution of the ''B + °Be elastic scattering are shown in
Figs. 4.1.25 and 4.1.26. As one can see in Fig. 4.1.26, the OM cross section (curve
<OM>) fitted to the forward angle data cannot describe the data at large angles. To ex-
plain the observed ALAS, we have investigated many one-step and two-step processes
corresponding to diagrams of Fig. 4.1.31 and 4.1.32.
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Table 4.1.7. Transition multipolarity and de- All the transfer reactions, especially the

iog;ljf%‘)‘fl parameters of nuclei (f; for R = three and four-nucleon cluster transfers, con-
I gi) i T Ta 7 tribute rather weakly to the elastic channel.
(MeV) (fim) Only the direct deuteron transfer plays a certain
’Be 1684 12" |1 ]20 0.77_| role in the large-angle elastic scattering. The
2429 |52 |2 |24 |092 | two-step deuteron transfers were calculated for
7, T g g:i 8:;; 3111 the interme?diate exc.ited states of "B and
7.94 Be presented in level diagrams of Fig. 4.1.31.
3049 [52° 1 |20 0.77_| The corresponding CRC cross sections were
13 110 1038 | found to be small as in the cases shown in Fig.
LI 2 L 28 07T 4.1.25 (curves <''B* + d>) and <’Be* + d>).
6760 |72 12 |24 092 As one can see in Figs. 4.1.25 and
o 2125 Ty g (1):; 8:;{2 4.1.26, the reorientations of *Be and ''B are the
4.445 50 |2 12 043 | dominant processes at large angles. To illus-
4 1.0 0.36 | trate in detail the nuclear interaction processes,
5.020 |32 12 |12 1043 | iy Fig. 4.1.26 we present the experimental data
6.743 |72 i ig 8:;'2 of the "B + Be ’Be + ''B elastic scattering
6792 112" |11 1.0 036 | and the CRC angular distributions in the units
7286 |52 |1 1.0 036 | of the Rutherford cross section, a(6)/oz(6). The
_[3 |12 1043 | dashed curves <R-’Be>, <R—''B> and <d>
7978 1372 ; }g 8:22 show the angular distributions for the *Be, ''B
8560 132 12 118 o065 | reorientations and for the direct deuteron trans-

fer, respectively. To illustrate the importance of
the nuclear-potential deformation in elastic scattering, the CRC angular distribution was
calculated with the small deformation lengths J, = 0.001 fm for g (see dashed curve
<sm—def>). In this case the optical potential form is very close to the spherically symmet-
ric one and the CRC and OM angular distributions are practically identical. As one sees
in Fig. 4.1.26, the data for the large-angle elastic scattering cannot be described using a
weakly-deformed OM potential. Fig. 4.1.25 shows that the reorientations of *Be and ''B
dominate at large angles O¢y, > 130°.

The angular distributions of the "B + %Be inelastic scattering at ELAB(“B) =45
MeV are shown in Figs. 4.1.27 for different excited states of *Be and ''B. Figure 4.1.27
shows the angular distributions of the ''B + °Be inelastic scattering for the transitions to
the excited states of “Be. The CRC angular distributions satisfactorily describe the ''B +
’Be inelastic scattering data in the angular range 0y, ~ 20°—80°.

Figure 4.1.28 shows the angular distributions of the ''B + *Be inelastic scattering
for the transitions to the excited states of ''B. Only the direct deuteron transfer gives a
considerable contribution at the backward angles (see dashed curves <d>). The indirect
deuteron transfers are rather negligible. The difference between the solid and dotted
curves at large angles shows that the direct deuteron transfer contributes only at 6, >
130°.
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Fig. 4.1.27. Angular distributions of the

10 ’Be(''B, ''B)’Be* inelastic scattering at
10 1 E 3 the energy Eu5(''B) = 45 MeV for the
g - transitions to the 1.684 MeV (1/2"),
E 2420 MeV (5/2) i 1 2429 MeV (5/2), 2718 MeV (1/2),
g ! 3 3 3.049 MeV (5/2") and 4.704 MeV
) C 1 (3/2") excited states of *Be. The solid

e i 1 curves represent the CRC cross sec-
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Fig. 4.1.28. The same as in Fig. 4.1.27 but for the
transitions to the 2.125 MeV (1/27), 4.445 MeV

g - 2126 MeV (1/27)

10 _ (5/27) and 5.020 MeV (3/2") excited states of the
" —x‘g'g...}i{;“la"‘ "B nucleus. The dashed curves marked by <d>,
“-;'; N e s e B <UB¥*, 1, + d>, <''B*y45 + d>, <''B*s50, + d> and

<’Be*,4; + d> represent the cross sections for the
one-step deuteron transfer and two-step deuteron
transfers through the intermediate 2.125 MeV
(1/27), 4.445 MeV (5/27), 5.02MeV (3/2") states
of ''B and 2.429 MeV (5/2) state of ’Be, respec-
tively. The dotted curves represent the CRC cross
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The role of reorientations in the excited nuclear states was studied for the transi-
tions to the 7.286 MeV (5/27) state of ''B (see Fig. 4.1.29). It is rather small for this ex-
cited state of ''B, as well as for the other excited states. In this case, the direct deuteron
transfer is forbidden and the two-step processes are negligible. The solid curve for this
transition shows the CRC cross section of the rotational model, which in this case pre-
dicts an enhancement of the large angle inelastic scattering.
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Fig. 4.1.29. The same as in Fig. 4.1.27 but for the
transitions to the 6.743 MeV (7/27) + 6.792 MeV
(1/2%) excited states of ''B (open points and curve
21+ ) and for the transitions to the 6.743 MeV
(7/27) + 6.792 MeV (1/2") + 6.760 MeV (7/2")
(°Be) excited states of ''B and ’Be (the full points
and the curve 2 p+1op.+) and for the transition to
the 7.286 MeV (5/27) excited state of ''B. The
dashed curves <6.74>, <6.79> and <6.76> show
the CRC cross sections for the individual transi-
tions. The solid curves 2y 1g+s9pe+) and g+ are in-
coherent sums of these individual transitions (unre-
solved in the experiment) for forward and back-
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Figure 4.1.29 shows also the angular distribution of the ''B + *Be inelastic scatter-
ing. The description of the transition to the 6.792 MeV (1/2") excited state of ''B is rather
poor in the full angular range. The incoherent sum of the CRC cross sections for all the
transitions (solid curve <X g+i9pex>) gives a good description of the data at the forward
angles. The transition to the 6.743 MeV (7/27) excited state of ''B is dominant at the
backward angles. The dashed curve <6.74> shows the coherent sum of the CRC cross
sections of the direct transition, reorientation of ''B in the 6.743 MeV (7/2") excited state
and in the deuteron transfer. The solid curve <X, g+>, which represents the incoherent
sum of the CRC cross sections for the transitions to the 6.743 MeV (7/2) + 6.792 MeV
(1/2+) excited states of ”B, well describes the data at 8, > 90°.

Figure 4.1.30 shows the angular distributions of the ''B + *Be inelastic scattering
for the transitions to the 7.978 MeV (3/27) + 7.940 MeV (1/27) (*Be) excited states of *Be
and ''B, unresolved in the experiment at forward angles. The dashed curves <7.94>,
<7.98> and <X(;p*19pe+> show the CRC cross sections for the individual transitions and
their incoherent sum, respectively, at 8¢, < 90°. The open points and the solid curve
<7.98> at backward angles represent the data and the CRC cross section for the transition
to the 7.978 MeV (3/2") excited states of "B. The solid curves <Z(11B*+9Bexy> and <7.98>
well describe the data for the above mentioned transitions.

The angular distributions for the transition to the 8.56 MeV (3/2 ) excited state of
"B are presented in Fig. 4.1.30. The dashed curve <d> shows the direct deuteron transfer,
which gives a non-negligible contribution only at Oy, > 150° (see the difference between
the solid and dotted curves). The coherent sum (solid curve) of the CRC cross sections
for direct transition, the reorientation of ''B in the excited state and the deuteron transfer
well describe the data. The direct transition dominates and provides the observed ALAS
for this transition.
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Fig. 4.1.30. The same as in Fig. 4.1.27 but for the
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(1/27) (’Be) excited states of ''B and °*Be (the full
points and the curve 2 p+:9p.+)) and for the transi-
tions to the 7.976 MeV (3/2") excited state of ''B
(the open squares at large angles and the solid
curve <7.98>) and for the transition to the 8.560
MeV (3/27) excited state of ''B. The dashed
curves <7.94> and <7.98> show the CRC cross
sections for the individual transitions. The solid
curves 2 p++9pe+) are incoherent sums of these in-
dividual transitions. The dashed curve marked by

3 <d> represents the CRC cross section for the deu-
B teron transfer.
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Fig. 4.1.32. Transitions to the excited states of *Be. Fig. 4.1.33. Energy dependence of the OM poten-
The transitions of the *Be reorientations are marked tial parameters for the ''B + °Be interactions.
with arc arrows. Transitions to the excited states of

"B are shown in Fig. 4.1.15.

Table 4.1.8. Parameters of the energy dependence for the OM potential
of the ''B + *Be elastic scattering.

X Vo Wy ry rw ay Ay
MeV) MeV) (fm) (fm) (fm) (fm)
xmn 9.1 4.0 0.788 1.236 0.680 0.680
X 270.9 12.5 1.146 1.360 0.770 0.770
Ex(MeV) 13.1 12.0 13.175 12.000 16.200 16.200
Ex(MeV) 5.9 4.0 1.100 1.600 3.200 3.200

The energy dependence parameters Ey;, AEy;, X; and X;"" of the optical poten-
tial of the *Be + ''B nuclei are listed in Table 4.1.8. The energy dependence of OM pa-
rameters for these nuclei are shown in Fig. 4.1.33.

Different explanations of the ALAS phenomenon in the elastic scattering had been
proposed in the literature, e.g., a weak absorption in the collision process (a small imagi-
nary part of the optical potential), direct cluster transfer or compound nucleus process. In
the reaction under consideration we have found that the *Be and ''B reorientations in the
ground states combined with the weak absorption dominate in the large angle elastic scat-
tering. On the contrary, the reorientations of these nuclei in the excited states is rather
marginal as being a higher order process.
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4.15. Theelastic and inelastic scattering of *'B + ‘Li nuclei, optical potential

and 'Li deformation parameters.

The angular distributions of the ''B + 'Li elastic and inelastic scattering [13] were
measured at E; AB(“B) =44 MeV for the transitions to the ground and excited states of Li
and "'B. The present data and data taken from the literature at ELAB(7Li) =34 MeV [108,
109] were analyzed within the optical model and the coupled-reaction-channels methods.

The measured angular distributions of the elastic and inelastic scattering of 'Li +
"B together with results of theoretical calculations [9] are shown in Figs. 4.1.34 —4.1.35.
The error of the cross section normalization is about 15%.
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Fig. 4.1.34. Angular distributions of ''B + 'Li
elastic scattering at ELAB(”B) = 44 MeV. The
curves show the OM and CRC angular distribu-
tions of the potential scattering (curves <OM>),
reorientations of 'Li and ''B (curves <reor>) and
transfers (other curves). The solid curves repre-
sent the coherent sums of these processes.
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Fig. 4.1.35. Angular distributions of ''B + Li ine-
lastic scattering at ELAB(”B) = 44 MeV for the tran-
sition to the 0.478 MeV (1/2") state of "Li and 2.125
MeV (1/27) and 5.02 MeV (3/2") excited states of
"B. The curves show the CRC angular distributions
of collective nature excitations (dotted curves) and
o-cluster transfers (curves <o>). Solid curves repre-
sent the coherent sums of these processes.

In the first step of analysis, the ''B + 'Li elastic scattering data at £, ,5(''B) = 44
MeV (Ecy = 17.11 MeV) (this work) and E; 45(’'Li) = 34 MeV (E¢y = 20.78 MeV [108,
109]) were analyzed within OM. In the second step, the obtained OM parameters {X;}
were used as the input in the CRC fit. The CRC calculations were performed including
the elastic and inelastic scattering, reorientations of 'Li and ''B, and the a-cluster and p +
p transfers in the coupling-channel scheme. The deduced OM parameters {X;} are listed

in Table 4.1.10.
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In the CRC analysis, the ''B + "Li elastic and inelastic scattering for the transitions
to the ground and excited states of 'Li and ''B (up to 9.85 MeV) as well as the most im-
portant transfer reactions were included in the coupled-channels scheme. The transitions
to the excited states of 'Li are shown in Fig. 4.1.40 and of ''B in Fig. 4.1.15. The reorien-
tations of these nuclei in the excited states were also included in the CRC calculations.
The diagrams of one-step and two-step transfers which contribute to the ''B + "Li scatter-
ing are presented in Fig. 4.1.39.

We assume that the rotations and vibrations of the deformed "Li and ''B nuclei
dominate in the low-energy excitations. The deformation parameters are listed in Table
4.1.9.

Table 4.1.9. Deformation parameters of "Liand ''B Contributions of the reorienta-

— 173 . . .
gi ﬁo,rR - 1.254 anm) — ——— tion and transfer reactions to the elastic
Heel (I(‘,[ev) (t}:m) P | scattering data were calculated. They
Li 0.0 32 |2 2.0 084 | [109] | are shown in Fig. 4.1.34 and 4.1.41 by
0478 |12 |2 |20 084 |[109] | the curves labeled process name
4.630 | 772 i %g 8'2‘2‘ (curves reor show the cross section of

. . T 11 : -
6650 s 1o 20 0.84 the ‘'Li and '~ B reorientations, the curve
4 10 0.42 pt corresponds to the coherent sum of p
7460  [52 [2 |20 0.84 + t and ¢ + p transfers, and so on). One
s ‘2‘ ;'g 8;“2‘ can see that the contribution of most
' ) o 0.42 transfer reactions to the elastic scatter-
9850 132 12 |20 0.84 ing are negligible. Only the a-cluster
"B 2.125 12 |2 |12 043 | [8] and sequential p + p transfers (curves o
4445 | 5/2 i 13 8"3‘2 {2} and pp, respectively) give small contri-
o0 T3 T2 12 043 | [s] butions to the data at large angles. Fig-
6.743 72 2 12 043 | [8] ure 4.1.34 and 4.17.41 showsllthat the re-
4 110 0.36 | [8] orientations of 'Li and B (curves
6792 |12 |1 110 1036 |I[8] reor) cause mostly the large-angle en-
7286 | 512 ; ig 8'22 % hancement of the elastic scattering. The
7978 |32 |1 |10 036 |[8] coherent sums of the potential scatter-
3 1.2 0.43 | [8] ing, reorientations, and the transfers of
8560 |32 |2 |18 1065 |[8] a and p + p (solid curves) describe the
8920 1572 i 13 8';‘2 "B + Li elastic-scattering data quite
' ) satisfactorily.

The angular distributions of the "B + "Li inelastic scattering at ELAB(“B) =44
MeV are shown in Figs. 4.1.34 — 4.1.38 and Figs. 4.1.41 and 4.1.42. The curves represent
the CRC cross sections calculated with the deformation and OM parameters listed in Ta-
bles 4.1.9 and 4.1.10, respectively. The OM parameters for the ''B + "Li* and ''B* + "Li
exit channels were fitted to the inelastic-scattering data. As in the previous case, the con-
tributions of the transfer reactions to the data were estimated. It was found that they are
negligible (curves a and pp in Figs. 4.1.34 — 4.1.38, 4.1.41 and 4.1.42). The reorienta-
tions of 'Li and ''B in excited states were found to give small contributions to the data.
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Table 4.1.10. Parameters of the Woods-Saxon OM potentials.

Channels Ecu(MeV) | Vo(MeV) ry(fim) ay(fm) Ws(MeV) | ry(fm) aw(fm)
Liggs+''B | 7.26 90.5 0.874 0.580 7.1 1.370 0.533
10.93 138.5 0.815 0.614 7.7 1.288 0.574
Lige+''B | 7.44 92.3 0.872 0.581 7.1 1.367 0.535
11.11 140.9 0.813 0.616 7.8 1.284 0.576
'Li+'"Bgo, | 8.19 100.5 0.860 0.587 72 1.350 0.542
11.86 150.6 0.806 0.624 8.0 1.274 0.586
Li+'"Bgss | 8.55 104.7 0.854 0.590 7.2 1.342 0.546
12.22 154.9 0.803 0.628 8.2 1.270 0.590
Li+'"Byos | 9.13 111.8 0.844 0.596 7.3 1.327 0.552
12.80 161.6 0.800 0.634 8.4 1.264 0.597
Li;4+'"B | 9.64 118.4 0.835 0.601 7.3 1.315 0.558
13.31 167.1 0.798 0.639 8.7 1.261 0.603
"Li+;B72 | 9.83 120.8 0.832 0.602 6.4 1.310 0.560
13.49 168.9 0.797 0.641 5.8 1.260 0.604
"Li+;Bg7e | 10.32 127.5 0.824 0.608 7.5 1.299 0.566
13.98 173.6 0.796 0.645 9.0 1.257 0.609
"Li+Beza | 10.37 128.2 0.823 0.608 7.5 1.298 0.567
14.03 174.0 0.796 0.645 9.0 1.257 0.610
TLigeet B | 10.43 129.1 0.822 0.609 7.5 1.297 0.568
14.10 174.6 0.795 0.646 9.1 1.257 0.611
Li+'"Bsg, | 12.09 152.2 0.804 0.627 6.2 1.270 0.588
15.76 196.5 0.793 0.580 3.5 1.252 0.540
Liges+t''B | 12.48 157.5 0.802 0.631 8.8 1.266 0.593
16.15 188.3 0.793 0.660 10.0 1.252 0.627
Li+'"Bygs | 12.67 159.8 0.801 0.633 8.9 1.265 0.595
16.33 189.1 0.793 0.600 4.5 1.252 0.540
Li+''By 5 | 14.99 183.9 0.794 0.653 10.2 1.254 0.619
18.65 189.4 0.792 0.671 10.7 1.250 0.639
Ligas+''B | 16.63 188.2 0.792 0.663 11.0 1.251 0.630
A 20.30 189.2 0.792 0.674 11.5 1.250 0.644
B 20.30 189.2 0.792 0.675 13.0 1.350 0.644
Li+''B 17.11 188.0 0.792 0.665 11.0 1.251 0.633
20.78 189.2 0.792 0.675 10.2 1.250 0.644

The large-angle scattering data for the 0.478 MeV transition at 34 MeV are de-
scribed by the CRC angular distribution (see lower panel in Fig. 4.1.41). The set 4 of OM
parameters satisfactorily describes the data only to 6, = 140°. By increasing the absorp-
tion potential, it is possible to improve the description of the large-angle data (set B) but
description of the middle-angle data becomes worse.

The transitions to the excited states of "Li (Fig. 4.1.36) as well as to the excited
states of ''B (Fig. 4.1.37) were unresolved in the experiment at the forward hemisphere
angles. As one can see, transitions to the excited states of 'Li dominate in the both cases.
The solid curves 2 and 2 show the incoherent sums of the unresolved states. The CRC
angular distributions describe the data satisfactorily.

Figure 4.1.38 shows that the transition to the excited state 9.67 MeV (7/2°) of 'Li
dor7ninates the data for the unresolved excited states 9.67 MeV (7/2) + 9.85 MeV (3/2)
of 'Li.
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Fig. 4.1.36. The same as in Fig. 4.1.35 but for the
4.63 MeV (7/27) and 6.68 MeV (5/27) excited
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Fig. 4.1.38. The same as in Fig. 4.1.35 but for the
9.67 MeV (7/27) and 9.85 MeV (3/2") excited
states of 'Li and the 8.559 MeV (3/27) and 8.92
MeV (5/27) excited states of ''B.
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7.467 MeV (5/27) excited state of "Li and the 7.286
MeV (5/27), and 7.978 MeV (3/2") excited states of
11

B.

z % o : Tr: . Tr:
Li B i 81i "L Li ®°Li "Li
—— > - > -

& O + nNa wvn + ny 4n +
o ey e > > > »
g T lig lop iy 11g l2g llg

"Li ®Be "Li TLi SHe 7Li i %1 MB

PY 4p + n4 A3He +

“B IZC IIB

Pa P +

llg mBB“B llg 10 '?Li

’?Li 10g g ’?Li BBE llB ’?Li mBe IlB

14 a4ap +

3He.n an + Pse & t +

-

g 815 714 g 10, 74 g 8g, 714

"Li ?Be !B

da a4d

HUp 9Be 714
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Fig. 4.1.40. The coupling schemes for the transi- Fig. 4.1.41. Angular distributions of 'Li + ''B

tions to the excited states of 'Li. Coupling scattering at the energy Eias('Li) = 34 MeV [108,

schemes for the transitions to the excited states of 109] for the transitions to the ground states of

"B are shown in Fig. 4.1.15. these nuclei (upper panel) and 0.478 MeV (1/27)
state of 'Li (lower panel). The curves are the same
as those in Fig. 4.1.34 but for the energy
Eiap('Li)=34 MeV.

The obtained OM parameter sets {X;} = {V, W, ry, rw, ay, ay} for the excited Li
and ''B are given in Table 4.1.10.

The energy dependence of the ''B + "Li optical potential parameters is described
in the next sub-Section 4.1.6 together with the energy dependence of the '°B + "Li optical
potential parameters

In the''B + "Li elastic channel, the potential scattering and the reorientations of "Li
and ''B dominate at the forward and backward angles, respectively. The rotational transi-
tions to the excited states of 'Li and ''B dominate the inelastic channels. The contribu-
tions of the one-step and two-step transfers to the elastic and inelastic channels are small.
The a-cluster and the sequential proton + proton transfers dominate the transfer channels.

As the result, the ''B + "Li OM parameters for the ground and excited states of "Li
and ''B, as well as the deformation parameters of these nuclei were deduced. It was also
found that the OM parameter Ws for the ''B* + "Li channels with the 4.445 MeV (5/2"),
5.021 MeV (3/27), and 7.286 MeV (5/2°) states of ''B is smaller (weaker absorption)
when compared to the other states of these nuclei. The energy dependence of the ''B +
"Li OM parameters for the ground and excited states of 'Li and ''B was obtained at ener-
gies Ecyy=7—21 MeV.
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Fig. 4.1.42. The same as in Fig. 4.1.35 but for the excited
states of ''B at energy E,z('Li) = 34 MeV [108, 109].

8.920 MeV (5/27)

4.1.6. Theelastic and inelastic scattering of *°B + ‘Li nuclei, optical potential

and °B deformation parameters.

The angular distributions of the '°B + ’Li elastic and inelastic scattering were
measured at the energy E;5('°B) = 51 MeV (Ecy('°B) = 21 MeV) [15]. The present data
and data taken from the literature at ELAB(7Li) =24 MeV [102] and E LAB(7Li) =39 MeV
[103], were analyzed using the optical model (OM) and the coupled-reaction-channels
(CRC) method to determine the energy dependence of the parameters of the scattering
potential and to find the difference between these parameters and obtained for the ''B +
’Li scattering [13] (isotopic effect). It was found that the ''B + "Li potential parameters
fail to describe the '’B + "Li scattering data. The biggest difference is observed between
the depths of the imaginary potentials that describe these scatterings.
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The resulting angular distribution of the elastic scattering of '’B + "Li at £; s5('°B)
= 51 MeV are shown in Fig. 4.1.43 The data for the elastic scattering at £ og('Li) = 24
MeV [102] and 39 MeV [103], which were included in the analysis, are presented in Fig.
4.1.44. The data of the inelastic scattering '’B + "Li at E ap('’B) = 51 MeV, obtained in
the present work, are shown in Figs. 4.1.45 and 4.1.46. The results of theoretical calcula-
tions are also shown in these Figures. The error of the cross section normalization is

smaller than 15%.
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Fig. 4.1.43. Angular distributions of the "Li("’B,
'"B) elastic scattering at the energy E,s('°B) = 51
MeV in the absolute units (upper panel) and in
units of the Rutherford cross section (lower panel).
The curves show the OM cross section (curves
<OM>) and CRC-calculations for the reorientation
of 'Li (curve <r.Li>, B (curve <r.10B>), transfer
of *He-cluster (curve <’He>) and sequential trans-
fers of protons (curve <pp>), neutrons (curve
<nn>), p + d (curve <pd>), a + n (curve < an>)
and n + 2p (curve <n’He>). The curves <A,> and
<B,> represent the coherent sums of CRC-
calculations of all processes for A,- and B,-
parameters, respectively (see Table 4.1.12).
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Fig. 4.1.44. Angular distributions of the "Li('°B,
""B) elastic scattering at the energies £, 45('Li) =
24 MeV [102] (upper panel) and £, ,5('Li) = 39
MeV [103] (lower panel). The curves are the
same as described for Fig. 4.1.43 but for other
energies and potential parameters.
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The optical potential parameters
were fitted in the framework of the optical
model to obtain a good description of the
elastic scattering data for 6¢), < 90°. The
optimal set of these parameters was used
as the initial one in the CRC-calculations.

The '°B + "Li elastic and inelastic scattering for the transitions to the ground and
excited states of '°B + 'Li, reorientations of 'Li and '°B as well as the most important
transfer reactions were included in the channel-coupling scheme in the CRC-analysis.
The diagrams of the one-step and two-step transfers, which contribute to the '°B + "Li
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scattering calculations, are presented in Fig. 4.1.47. The transitions to the excited states of
"B are shown in Fig. 4.1.48 and to excited states of 'Li in Fig. 4.1.15.

We assume that the rotations of the deformed 'Li and '°B nuclei as well as vibra-
tions dominate in the low-energy excitations. The deformation parameters of "Li taken
from [13], were used in the present CRC-calculations. The deformation lengths of ¢, for
"B were fitted. The values of these parameters for '°B, estimated in the present work and
presented in Ref. [104-107], are listed in Table 4.1.11.
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0.478 MeV (1/27) (Ba)

10-!
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Fig. 4.1.45. Angular distributions of the '°B + 'Li  Fig. 4.1.46. Angular distributions of the 'Li + '’B
inelastic scattering at ELAB(loB) =51 MeV for the inelastic scattering at ELAB(“)B) =51 MeV for the
transition to the excited states of 'Li. The curves transition to the excited states of '’B. The curves
<A;> and <B;> (i = 4, 8, 13, 15) show the CRC are the same as described for Fig. 4.1.45 but for
cross sections for collective nature excitations of excited states of '’B and other potential parame-
"Li calculated with A- and B,-parameters, respec- ters.

tively (see Table 4.1.12).

The curves shown in Fig. 4.1.43 represent the OM- and CRC- calculations with
parameters A; (i = 1 - 15) listed in Table 4.1.12. The parameters A, (n =1 - 3) were first
obtained from the OM-fitting to the '°B + 'Li elastic-scattering data at the angles Oy <
90°. Then, they were corrected in the CRC-calculation.

The values of cy and cy, presented in Table 4.1.12, will be used for explaining the
isotopic effects.
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Table 4.1.11. Deformation parameters of '’B. One can see from Fig. 4.1.43 that the

f&ev) oA ?%m) Pr(a) | Ref. potential scattering (curves <OM>) domi-
0000 13 12 18 1067 nates at the forward angles. The large-angle
0718 [ 1" [2 0.67 (p,p’) [107] | scattering are mainly caused by reorienta-
2 0.62 | (d.d)[105] | tions of 'Li and '°B. The transfer contribu-
2 0.37 (31%2’31{6’) tions are small compared to the calculated
> 118 o067 L104] cross-section of the elastic scattering chan-
2,154 [17 |2 0.69 (mn’)[106] | nel. The curve <A,> shows the coherent
2 049 | (pp)[107] | sum of all the processes.
g g‘gé E?i%gg? It is shown in Fig. 4.1.44 that the
‘ [104] same effect i1s observed also in the descrip-
2 [ 18 067 tion of the '°B + 'Li data at E;,5('Li) = 24
4 |10 1037 MeV [102] and 39 MeV [103] with the po-
3.587 |2 g 8'3‘2 (?}’?’)31[{10,7] tential parameters A, and A;, fitted to the
' ElOZi “) | data (see Table 4.1.12). The curves <A>
2 1.8 |0.67 and <A;> are the results of the CRC calcula-
4 1.0 1037 tions of the coherent sums all the processes
i }'g 8'23 for the above parameters.
110 12> 3 1045 | (pp) [107] It is interesting to compare the ob-
2 |1 1.0 037 tained '°B + 'Li parameters with those of the
_ 13 110 1037 "B + 'Li scattering. The last parameters
5180 11 i i'g 8'23 were calculated using their energy depend-
(a) In this table B, — 5/R, R — 1.25A" = 2.69 fm. ence coefficients [13] for corresponding en-

ergies. The calculated ''B + "Li parameters
are listed in Table 4.1.12 as the B;~sets (i = 1 - 15). One can see that the '’B + "Li absorp-
tion potentials are deeper than those of the ''B + "Li scattering, at the same energies.

The CRC-calculations of the '°B + "Li scattering with the B-parameters (i = 1-3)
are shown in Figs. 4.1.43 and 4.1.44 One can see that there are substantial differences be-
tween the CRC calculations with the potential parameters A; and B;. The parameters B;
do not correctly describe the '°B + 'Li data at large angles.

From the above analysis, one can conclude that there is a remarkable difference
between the '’B + 'Li and the ''B + "Li absorption potentials.

The curves in Fig. 4.1.45 and 4.1.46 show the CRC-calculations within the rota-
tional and vibrational models with the deformation parameters J, of 198 listed in Table
4.1.11 and the same parameters for 'Li taken from ref. [13]. The parameters J, for '°B
were fitted to the inelastic scattering data.

Table 4.1.12. Parameters of Woods-Saxon potential for the '°B + "Li scattering (rc = 1.25 fm).

Nuclei Ecum Set \ Iy ay Wg I'w aw Cy Cw
MeV) MeV) | (fm) (fm) MeV) | (fm) (fm)
Li+"°B 14.12 A 150.0 0.790 0.660 11.0 1.250 0.660 9.88 10.10
B, 176.1 0.795 0.646 9.2 1.257 0.611 10.26 10.73
21.00 A, 189.9 0.790 0.660 14.5 1.250 0.660 10.11 10.38
B, 189.1 0.792 0.676 10.9 1.250 0.645 10.09 10.41
22.94 Aj 191.8 0.790 0.660 14.8 1.250 0.660 10.12 10.40
B, 187.2 0.792 0.678 10.9 1.250 0.647 10.06 10.38
"Liga7s+'°B | 20.52 Ay 191.8 0.790 0.660 11.0 1.250 0.660 10.12 10.10
B, 189.3 0.792 0.675 10.8 1.250 0.644 10.10 10.41
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7Li+1°B0‘718 20.28 As 187.0 0.790 0.650 12.3 1.230 0.650 10.17 10.21
Bs 189.4 0.792 0.674 10.8 1.250 0.643 10.11 10.42
7Li+1°B2‘154 18.84 Ag 185.5 0.790 0.649 13.0 1.250 0.649 10.17 10.40
B¢ 189.4 0.792 0.671 10.8 1.250 0.640 10.13 10.46
"Li+'"'Bysg; | 1741 | A, 1825 |0.790 |0.645 |88 1.250 | 0.645 10.19 | 10.06
B, 188.7 0.792 0.666 10.6 1.251 0.634 10.16 10.52
7Li4‘630+1°B 16.37 Ag 184 .4 0.790 0.640 11.9 1.252 0.640 10.24 10.43
Bg 190.2 0.793 0.661 10.3 1.252 0.629 10.21 10.57
7Li+1°B4‘774 16.22 Ay 173.1 0.790 0.639 8.8 1.256 0.639 10.18 10.17
By 189.9 0.793 0.661 10.3 1.252 0.628 10.21 10.58
7Li+1°B5‘“0 15.89 Ay 168.3 0.791 0.636 7.5 1.251 0.636 10.18 10.01
Bio 188.8 0.793 0.659 10.1 1.252 0.625 10.22 10.60
7Li+1°B5‘920 15.08 A 176.2 0.792 0.643 11.0 1.251 0.643 10.10 10.61
B 184 .4 0.794 0.653 9.8 1.254 0.619 10.25 10.66
7Li+1°B6‘m 14.87 A, 174.5 0.792 0.642 10.8 1.252 0.642 10.10 10.59
B, 182.8 0.794 0.652 9.7 1.254 0.618 10.25 10.67
7Li6‘680+1°B 14.32 Az 170.7 0.793 0.648 9.9 1.256 0.648 10.12 10.18
B3 178.2 0.795 0.648 9.4 1.256 0.613 10.26 10.72
"Lijaeqt'°B | 13.53 | A4 1642 0795 |0.641 |92 1.259 | 0.641 10.14 | 10.21
B 170.2 0.797 0.641 8.9 1.259 0.605 10.28 10.80
7Li9‘670+1°B 11.33 Ajs 144.2 0.809 0.619 7.7 1.281 0.619 10.29 11.46
Bis 142.0 0.811 0.619 7.7 1.281 0.579 10.38 11.19
Li 10g Li *Li "Li TLi SLi TLi K=1, K=0' K=I" K=l
AJHe + h4 wh + hy Ah ]'M 6.56 3_,,
. ~ N N ]IIB i 603 13- “QG.IS _JI._Q-
10 -'rLi 10 %5 10 10 11 10y J:Je—' T
i ®Be TLi  Li SHe 'Li  "Li ®Li 9B 3*_{'_‘*3ll4j r—| (|51 348 jr‘:‘— I
3 L 4 + L 4 FY n a th
~p P~ :' p: * » lie 2| LN 359
105 2. 10 0g 11 log g 9y TLi h
"
TLJ 9 l0g 7Lj EBE ll]]? '-"Iii 9Be IUF I-Q- 213 E o1
ZHen A M 4+ paA ad + da Ap 1+ 072
0 31; 7L 10 98, L 05 3g, 7L; T _ ¥ Wy i:: YYY ¥y 0.0

K=1;

Fig. 4.1.47. Diagrams of one- and two-step trans-
fers contributing to the '°B + "Li elastic-scattering
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g 11 7

Fig. 4.1.48. Coupling schemes for the transitions
to the excited states of '°B. The circles denote re-
orientations processes. The coupling schemes for
the transitions to the excited states of 'Li are
shown in Fig. 4.1.15.

In the conclusion one can state, that

in the '°B + 'Li elastic channel, the potential scattering and reorientations of 'Li and '°B
dominate at forward and backward angles, respectively. The contributions of one- and
two-step transfers to the elastic and inelastic channels are small. One can conclude from
the data, that absorbing part of the optical potential for '°B is stronger than for ''B at
large-momentum transfer.
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The parameters of the energy de-
pendence of the optical potential parame-
ters X; = X" X", Ey; ; AEy;, estimated
for the '’B + 'Li potential, taken from [15]
paper, are listed in Table 4.1.13 and pre-
sented by the solid curves in Fig. 4.1.49.

The energy dependence of the opti-
cal potential parameters for '’B + Li, taken
from [13] paper, are also shown in Fig.
4.1.49 using the dashed curves. The energy
dependence parameters are listed in Table
4.1.13. It is visible that only the energy de-
pendence of the imaginary potential is dis-
tinctly different for the two systems. There-
fore, the isotopic effect in the '®''B + 'Li
scattering arises from the difference in the
structure of the '°B and ''B. The observed
isotopic effect for the '!'B + "Li systems is
due to different reaction channels possible
for the two isotopes.

Table 4.1.13. Energy dependence of the '°B + 'Li OM potential parameters.

X;

Vo Wg Iy I'w ay aw
MeV) MeV) (fm) (fm) (fm) (fm)
X 110.0 6.0 0.790 1.246 0.550 0.550
X" 270.0 15.0 0.890 1.430 0.660 0.660
Eyi (MeV) 12.5 14.5 9.100 8.700 10.000 10.000
AEy; (MeV) 3.5 2.5 1.400 1.800 3.000 3.000

The energy dependence of the optical potential parameters for ''B + 'Li, taken
from [13] paper, are also shown in Fig. 4.1.50, together with energy dependence of the
“N + 'Li OM parameters for ¥ and Ws (curves '*N) taken from sub-Section 4.3.1. One
can see that the parameters for the '*N + "Li interaction achieve their maxima at higher
energies than in the case of ''B + 'Li scattering. This effect is due to the higher potential

barrier for the first system.

Table 4.1.14. Energy dependence of the ''B + 'Li OM potential parameters

X,

Vo WS ry 'y dy aw

(MeV) | (MeV) | (fm) | (fm) (fm) (fm)
xmn 113.1 7.0 0.792 1.250 0.550 0.500
X 307.0 10.9 0.899 1.412 0.680 0.650
Eyx(MeV) 11.7 13.6 9.044 8.970 11.000 11.000
Ax; (MeV) 3.1 1.6 1.490 1.633 3.000 3.000
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Fig. 4.1.50. Energy dependence of OM potential Fig. 4.1.51. Energy dependence of cy and cy for the
parameters for the interaction of 'Li and ''B in '°B + Li potential parameters versus the same for the
ground and excited states versus the same for ''B+ ’Li interaction.

the "*N + "Li interaction (curves '*N) [7]. Note

that V="V, — 4V.

0.4

The values of
In cy = In(V exp (Ry/ay)),
In cw = In(W5 exp(Rw/aw))

taken from Table 4.1.12 are shown in Fig. 4.1.51. The curves show the fits of these val-
ues by the polynomials:
In cy = 10.33 — 0.0204E + 0.0005E>  for 'Li + "B,
In cy = 10.99 — 0.0686E + 0.0012E*  for 'Li + ''B,
In cy = 12.16 — 0.2368E + 0.0070E>  for 'Li + "B,
In cy = 13.87 — 0.3307E + 0.0079E*>  for 'Li + ''B.
One can see a noticeable difference between the cy values of these potentials. It is appar-
ent in Fig. 4.1.51 that both the potentials are similar in the peripheral scattering region.

The following conclusions can be drawn out from the reaction discussed above. In
the 'Li + '°B elastic channel, the potential scattering and reorientations of 'Li and '°B
dominate at forward and backward angles, respectively. The contributions of one- and
two-step transfers to the elastic and inelastic channels are small. The data for '°B shows it
to be more strongly absorbing at large-momentum transfer than that for ''B. The energy
dependence of the 'Li + '°B potential parameters for the ground and excited states of 'Li
and '°B was obtained. It was found that this energy dependence is different from that of
the 'Li + ''B interaction [13] especially for the imaginary potential. The observed iso-
topic effect for the 'Li + '“!''B systems is indicative of the different reaction channels
possible for the two isotopes.
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4.2. The™C + °Bescattering.

Scattering of *?C + Be nuclei, optical potential and influence of *Bereorienta-

tion processes.

This sub-Section is devoted to the study of the energy dependence of the optical
model potential for the '>C + *Be interaction in a rather broad range of energy Ecy, = 5.14
—90.46 MeV [152 — 158]. In the past, many articles were devoted to the study of this de-
pendence (see [151] and references therein). Recently, the interest in the energy depend-
ence of optical model potential parameters has increased due to the observation of the
threshold anomalies in the elastic scattering of heavy ions (see Refs. [159 — 164] and ref-
erences therein).

Due to the causality principle, a scattered wave cannot be emitted before the inter-
action has occurred. Then, this principle implies the existence of a dispersion relation be-
tween the real and the imaginary parts of the optical potential (see formulas (3.6) and
(3.7) in Chapter 3). This relation gives a possibility to minimize the ambiguities in the
optical potential. In the case of nucleus-nucleus scattering, the dispersion relation predicts
that the absolute value of the V(E) real part of the optical potential in function of energy
has a bell-shaped maximum, while their AVy(E) imaginary part approaches minimum,
mainly for energies near the top of the Coulomb barrier. This phenomenon is so called
threshold anomaly [256].

The absolute value of the imaginary potential for heavy ions falls down while the
energy drops below the Coulomb barrier because the non-elastic channels are being ef-
fectively closed. More detailed studies [251] take into account the specific channels
available and the requirements of momentum and angular moments matching. In some
special cases, these may result in the decrease of absolute value of the imaginary poten-
tial occurring at energies appreciably above the top of the Coulomb barrier. The systems
0 + 8i [255] and a + *°Ca [252, 253, 254] are examples of this. It is probably due to
contributions of other channels, coupling to the elastic scattering and modifying the real
potential [255]. One can conclude from the dispersion relation that the anomalous behav-
ior of the real potential is also associated with the closing of the non-elastic channels. The
non-elastic couplings can produce changes in the real potential through virtual excitations
even below the thresholds where the corresponding channels are energetically closed and
where their contribution to the imaginary potential has to vanish.

Although this effect is well established for the scattering of tightly bound nuclei,
there are some conclusions that the breakup of weakly bound nuclei influence the thresh-
old anomaly [257]. For systems in which at least one of the participants is a weakly
bound nucleus, it has been recently shown that the breakup cross section does not dimin-
ish so fast in the vicinity of the Coulomb barrier but, rather, that it can have values much
larger than the fusion cross sections. As a consequence of this at these energies the
imaginary part of the optical potential does not necessarily decrease and the threshold
anomaly may disappear. Moreover, it has been suggested [162, 164] that the effect of
coupling of the breakup channel to the continuum may produce a repulsive polarization
potential that affects the overall dynamic polarization potential in such a way that the
usual threshold anomaly may vanish. This fact has been taken as a possible explanation
of the absence of the usual threshold anomaly for systems involving the weakly bound
nuclei °Li or 'Li such as ®'Li + **Si [258, 259].
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The coupled-reaction-channel model was used in the analysis of the data. The elas-
tic and inelastic scattering, the reorientation of *Be and the transfer reactions were in-
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Fig. 4.2.1. Angular distributions of the *Be(**C,
12C)’Be elastic and inelastic scattering at the en-
ergy E;45("*C) = 65 MeV. The solid curves X and
dashed curves <OM>, <reor>, <CRC -el.>,
<3He>, <n+o>, and <o+n> show the angular dis-
tributions corresponding to the sum of all proc-
esses, OM elastic scattering, ‘Be reorientation,
CRC elastic scattering and *He-cluster, sequential
n + o and o + n transfers, respectively. The solid
curves, presented in the two lower panels, show
the angular distributions calculated for the inelas-
tic scattering.

cluded in the coupled channel scheme. The
energy-dependent optical-model potential
for this interaction, determined in the cou-
pled-reaction-channel analysis, can be use-
ful for the study of common properties of
the nucleus—nucleus interaction and also
for the study of the *Be('*C, X) reactions.

The angular distributions of elastic
and inelastic scattering of '°C ions by the
’Be nuclei at 65 MeV for the transitions to
the 1.68 MeV (1/27) and 2.429 MeV states
of ’Be nucleus are shown in Fig. 4.2.1. Our
data [4] at Ecy = 27.86 MeV (E45("*C) =
65 MeV) are in good agreement with the
data of Ref. [156] at very close E¢qy =
28.57 MeV.

Fig. 4.2.2. Angular distributions of the *Be('*C,
2C)y’Be elastic scattering at the energies
Eru5('*C) =12, 15 and 18 MeV [151] . The solid
curves 2 and dashed curves <reor.>, <CRC-el.>,
<*He> show the angular distributions corre-
sponding to the sum of all processes, °Be reorien-
tation, CRC elastic scattering and *He-cluster
transfer, respectively.

The OM potential parameters ob-
tained from the analysis of our experimen-
tal data of the elastic scattering '°C + *Be
at ELAB(12C) = 65 MeV and others at the
energies Ecy = 5.14 — 90.46 MeV [152 —

158] are given in Table 4.2.1. The corresponding cross sections are represented in Figs.
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4.2.1 — 4.2.6 by the dashed curves <OM> . It can be seen that the angular range in which
the potential scattering is dominant became narrower with increasing energy from ¢y, =
0° — 150° at E¢y; = 5.14 MeV to Oy = 0° — 60° at Ecy, = 90.46 MeV. Therefore, any
analysis of the '°C + "Be elastic scattering data at energies larger than 5 MeV/nucleon
must take into account the contributions to the elastic channel from the multi-step transi-
tions through the intermediate inelastic channels, the *Be reorientation and the transfer
reactions.

The values of deformation parameters of the *Be nucleus parameters, obtained
from the CRC analysis of inelastic scattering, are given in Table 4.2.2. It was found that
the deformation length 6, = 2.4 fm (B, = 1.4), which is in a good agreement with the val-
ues obtained in Ref. [165] (8, = 2.448 fm), Ref. [155] (6, = 2.5 fm), Ref. [166] (6, = 2.9
and 2.5 fm), Ref. [167] (6, = 1.97 fm ), and Ref. [168] (6, = 2.5 fm). To improve the de-
scription of the data for the 2.429 MeV transition at large angles (lower panel in Fig.
4.2.1), a transition with A = 4 and deformation length 6, = 0.4 fm was added into calcula-
tions.
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Fig. 4.2.3. Angular distributions of the *Be('’C,
12C)‘)Be elastic scattering at the energies E; 4 B(IZC)
=21 MeV [151], 25.34 MeV [163] and 65 MeV.
The solid curves 2 and dashed curves <reor.>,
<CRC-el >, <*He> show the angular distributions
corresponding to the sum of all processes, *Be re-
orientation, CRC elastic scattering and *He-cluster
transfer, respectively.

Fig. 4.2.4 Angular distributions of the “C(’Be,
’Be)'’C elastic scattering at the energies
E.5(’Be) = 14, 20 and 26 MeV [159 — 161]. The
solid curves 2 and dashed curves <reor.>, <CRC-
el >, <*He> show the angular distributions corre-
sponding to the sum of all processes, *Be reorien-
tation, CRC elastic scattering and *He-cluster
transfer, respectively.

The OM potential of the entrance channel (Table 4.2.1) was also used for the in-
termediate channels in the CRC calculations of the two-step transfer reactions (Fig.
4.2.7). The OM potential parameter W5 was additionally fitted to the data of elastic scat-
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tering in order to describe the angular distributions at small angles. The corresponding
values of Wpc obtained in the analysis are given in Table 4.2.1.

The angular distributions of the '*C + *Be elastic scattering, which were calculated
within the CRC model using the above-mentioned processes in the coupled channel
scheme, are plotted in Figs. 4.2.1 — 4.2.6 using the solid curves X2 (coherent sum of all
processes) and the dashed curves labeled by the (process name) are shown for each indi-
vidual term separately. All the experimental data are well described by the CRC angular
distributions in a broad angular range. The potential scattering and the *Be reorientation
(curves labeled by <reor.>) are dominant at large angles for all energies. The next impor-
tant process contributing to the data at large angles is the *He-cluster transfer reaction.
The contributions of two-step transfer reactions are negligibly small, as it can be seen
from Fig. 4.2.1 (upper panel) for the n + a and o + n transfers.

At higher energies (Ecy = 90.46 MeV [157]), only the experimental data at for-
ward angles are available. Therefore, in this case, we could not use our fitting procedure
which requires the description of the angular distribution at backward angles. As the re-
sult, the two sets (4 and B) of optical-potential parameters were obtained (see Table
4.2.1). The both sets give a good description of the data at forward angles and slightly
different angular distributions at large angles.
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Fig. 4.2.5. Angular distributions of the '*C(°Be,
’Be)'?C elastic scattering at the energies
E.45(Be) =27 MeV [153], 39.68 MeV [162] and
40 MeV [153] open square . The solid curves X
and dashed curves <reor.>, <CRC-el>, <*He>
show the angular distributions corresponding to
the sum of all processes, ’Be reorientation, CRC
elastic scattering and *He-cluster transfer, respec-
tively.

Fig. 4.2.6. Angular distributions of the '*C(°Be,
Be)"’C elastic scattering at the energies £, 45('Be)
= 43.75 MeV [162], 50 MeV [164] and 158.3
MeV [153] . The solid curves 2 and dashed curves
<reor.>, <CRC-el.>, <*He> show the angular dis-
tributions corresponding to the sum of all proc-
esses, ‘Be reorientation, CRC elastic scattering
and *He-cluster transfer, respectively.
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Fig. 4.2.7. A scheme of the transi-
tions included in the coupled channel
scheme and diagrams of one- and
two-step transfer reactions.

The values of the OM po-
tential parameters listed in Table
4.2.1 are plotted in Fig. 4.2.8. The
values of the energy dependence
parameters X", X", Ey and
AEy; obtained in the fitting proce-
dure are listed in Table 4.2.3.

Table 4.2.1 Parameters of the Woods—Saxon optical model potentials for the '>C + °Be elastic scatter-
ing R =r(A"’1 + A"), i=V,W,C)

P Erag Ecum \Y Iy ay Wy Were I'w aw I'c
MeV MeV MeV fm fm MeV MeV fm fm fm

e 1200 | 5.14 108.0 | 0.843 |0.76 49 3.5 1.35 0.60 0.843
e 15.00 | 6.43 1150 | 0.810 | 0.79 5.5 3.8 1.34 0.60 0.810
e 18.00 | 7.71 118.0 | 0.797 | 0.80 7.0 5.3 1.31 0.57 0.797
‘Be 14.00 | 8.00 1400 | 0.794 | 0.80 7.0 6.5 1.28 0.60 0.794
e 21.00 | 9.00 1459 |0.793 | 0.76 8.0 7.0 1.27 0.60 0.793
e 25.34 10.86 161.8 | 0.793 | 0.80 8.5 6.5 1.27 0.68 0.793
‘Be 20.00 | 11.43 167.1 | 0.789 | 0.80 8.6 8.0 1.27 0.68 0.789
‘Be 26.00 | 14.86 | 1729 |0.791 | 0.80 12.0 9.9 1.25 0.60 0.791
‘Be 27.00 | 15.43 1741 | 0.791 | 0.76 12.0 9.9 1.25 0.60 0.791
‘Be 39.68 | 22.67 | 180.0 | 0.789 | 0.80 15.0 12.2 1.25 0.68 0.789
‘Be 40.00 |22.86 | 180.0 |[0.789 | 0.80 15.0 12.2 1.25 0.68 0.789
‘Be 4375 | 2500 | 181.4 [0.789 | 0.80 15.5 13.0 1.25 0.68 0.789
e 65.00 | 27.86 181.4 | 0.789 | 0.76 16.0 14.5 1.25 0.68 0.789
’Be 50.00 |28.57 | 1814 [0.789 | 0.80 16.0 14.5 1.25 0.68 0.789
’Be 158.30 | 90.46 | 132.04 | 0.789 | 0.83 20.6 18.0 1.25 0.69 0.789

181.4B | 0.789 | 0.80 21.0 19.0 1.25 0.68 0.789

Table 4.2.2 Deformation parameters d; and 3, for the Be nucleus.
E,(MeV) I A 3,(fm) N
0.000 3/2- 2 2.40 1.40
1.680 1/2+ 1 2.00 1.17
2.429 5/2- 2 2.40 1.40
4 0.40 0.23

In the past attention was paid mainly to the energy dependence of the depths V" and
W of the OM potential for the nucleus — nucleus interaction (see for instance Refs. [167,
239] and references therein). The V" and W parameters obtained in the fitting procedure
were approximated with linear energy-dependent forms in a limited energy range. Re-
cently, the interest in the energy dependence of OM potential parameters increased due to
the observation of the threshold anomalies in the interaction potentials for elastic scatter-
ing [159 — 164]. It was found that these anomalies can be explained by the relation be-
tween the real and imaginary parts of the OM potential and obey the dispersion relation
Refs [159, 160]. Recently the threshold anomalies were studied for the elastic scattering
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of °Li and "Li ions on heavy nuclei [162 — 164]. The anomaly was observed for the "Li +
3¥Ba elastic scattering and not observed for the °Li+ **Ba scattering [164]. The absence
of the anomaly for the °Li + '**Ba scattering was explained by the fact that the breakup
threshold for the °Li nucleus is lower than its first exited state [164]. The *Be nucleus has
a structure similar to the "Li nucleus and one can expect the existence of the threshold
anomaly for the *Be + '°C scattering. The results of our investigations of *Be + '*C scat-
tering are presented in this section.

It can be seen from Fig. 4.2.8 that the potential radius parameters r, and 7y have a
weak energy dependence at energies above the Coulomb barrier. The parameters a, and
ay have a tendency to increase with rising energy. Wy converges to a constant at higher
energies. The dispersion term AV(E) (see the upper panel in Fig. 4.2.8) has a shallow
broad minimum near the Coulomb barrier (~ 10% of V) and consequently a small broad
peak is observed in V(E) at the energies Ecy,; = 12 — 30 MeV. This peak can be consid-
ered as the threshold anomaly of the '>C + °Be elastic scattering, although it only slightly
exceeds the uncertainty of V. The dispersion term AV(E) increases at higher energies and
leads to a significant change of V.

Table 4.2.3 Parameters of the energy dependence of the OM potentials for '*C + *Be elastic scattering.

X Vo Ws Were Iy T'w ay aw
(MeV) (MeV) (MeV) (fm) (fm) (fm) (fm)
XM 0.00 0.00 0.00 0.78 1.25 0.71 0.50
Xima" 202.00 19.12 18.00 1.22 1.41 0.84 0.73
Ex(MeV) 1.87 12.86 15.51 1.90 4.90 9.00 9.00
AEy(MeV) | 4.50 7.33 8.93 2.30 2.10 40.00 40.00

Fig. 4.2.8. Energy dependence of the OM poten-
tial parameters for the *Be + '>C interaction. The
values of E,, Ey, E, and W,,, are for simple pa-
rametrization of V and W parameters [4]. The
Coulomb barrier height is Ec,y = 5.49 MeV
(CM).

The data were analyzed within the op-
tical and CRC models using above men-
tioned coupling scheme. The strong coupled-
channels effects were observed. A good de-
scription of the experimental data was
achieved. We have found an interesting re-
sult of dominance of the *Be reorientation
process in the cross section at large angles.
This is in good agreement with an analogous
result obtained earlier for the *Be + *Ca
elastic scattering [168]. At the same time, we

s b i, found a rather small contribution of the *He-

A e T -7 R cluster transfer in the backward hemisphere.

In the past, the latter process was commonly

believed to be the dominant process in the large angle region for the *Be + '*C elastic
scattering.
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4.3. The™N +Li, *C scattering.

4.3.1. Scattering of “*N + ‘Li nuclei, optical potential, the ALAS phenomenon

and influence of reorientation processes.

This sub-Section is devoted to the study of the backward angle enhancement in the
"N + "Li elastic scattering — the so called anomalous large-angle scattering (ALAS). The
ALAS mechanism was already considered in sub-Section 4.1.2 for ''B + "*C [9] and sub-
Section 4.1.4 for ''B + *Be [8] nuclei interaction. It seems that each individual reaction
has its own ALAS mechanism: weak absorption, quasi-molecular resonances, sequential
a-cluster transfers, reorientation etc. The mechanisms of the backward-angle enhance-
ment are strongly dependent on the structure and quantum numbers of the colliding nu-
clei.
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Fig. 4.3.1. Angular distributions of the elastic Fig. 4.3.2. Angular distributions of the inelastic
scattering YN+ Li at ELAB(MN) =110 MeV. The scattering UN + L at ELAB(MN) = 110 MeV for
dashed curves <'Be>, <nn>, <pp>, <’He + a>, the transitions to the 3.948 MeV (1) (see the up-
<p + °Li>, <n + °Be>, <d + °Li>, <t + *Li> show per panel) and to the 4.915 MeV (0) + 5.106 MeV
the CRC cross sections for individual mecha- (27) states of '*N and to the 4.63 MeV (7/2") state
nisms corresponding to diagrams shown in Fig. of 'Li (see the lower panel). The curves in the up-
4.3.4. The curves marked by <OM> and <'Li- per panel show the cross sections for the rotational
reor>, <'"*N-reor> show the OM and "Li, "N re- transition with (solid curve) and without (curve
orientation cross sections, respectively. The solid <off-CC>) channel coupling and the CRC cross
curves 2 shows the coherent sum of CRC cross section for the successive exchange of neutrons
sections for the potential elastic scattering and corresponding to the second and third diagrams
reorientation of 'Li. shown in Fig. 4.3.4 (curve <nn>). The solid curie

2463+s.11 in the lower panel represents the incoher-

ent sum of CRC cross sections for transitions to

‘{Ele 4.63 MeV state of 'Li and 5.106 MeV state of

N.
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The angular distributions of the elastic and inelastic scattering of the '*N ions on
the 'Li nuclei together with the reaction 7Li(14N, 15N)6Li at ELAB(MN) = 110 MeV were
measured [7]. The results of the analysis of this reaction is presented in sub-Section 5.3.1.
The obtained experimental results are shown in Figs. 4.3.1 — 4.3.3. The enhancement of
the elastic scattering at backward angles is clearly visible. Therefore, the measured angu-
lar distribution for the elastic scattering can be useful in search for the dominant mecha-
nism in the backward angle elastic scattering.

One can see in Figures 4.3.2 and 4.3.3 an enhancement in the backward inelastic
scattering, similar to the one observed for the elastic scattering.
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Fig. 4.3.3. Angular distributions of the inelastic
scattering "N + "Li at ELAB(MN) =110 MeV for
the transitions to the 6.204 MeV (17), 6.444 MeV
(3%) and 7.967 MeV (2") states of "*N and to the
6.68 MeV (5/27) and 7.47 MeV (5/2) states of
’Li. The curves <E,> present the CRC cross sec-
tions for the individual transitions. In the upper
panel, the solid curves Xy i+ and 2y« show the
incoherent sums of the CRC cross sections for the
transitions to the states 17("*N) + 37(*N) +
5/2°('Li) and 1" + 3" of nitrogen, respectively. In
the lower panel, the solid and dashed curve
<7.47> represent the CRC cross sections in which
the reorientation of 'Li is included in the standard
way or is artificially doubled, respectively.

10*®

included in the present calculations.

The optical model with the potentials
of the Woods-Saxon type were used in the
OM- and CRC-calculations. The elastic and
inelastic scattering for transitions to the ex-
cited states of 'Li and '*N as well as reorien-
tation of 'Li and "N were included in the
coupling channel scheme. The deformation
length parameters, d, of "Li and 8y, 05, 55 of
14N, were used to describe the deformation
of the optical potential. These parameters
and the depth Wy of the imaginary part of
the OM potential, obtained in the analysis of
elastic scattering within optical model, were
fitted to describe the elastic and inelastic
scattering 'Li + '"*N in the CRC method. The
main effect of the explicit channel coupling
relies on a reduction of the imaginary poten-
tial. Below, the depth of the imaginary opti-
cal potential used in the CRC analysis will
be denoted by Wcrce. The obtained optical
potential parameters and the deformation pa-
rameters o, (universal for all the states) are
listed in Tables 4.3.1 and 4.3.2.

In the analysis of the exit reaction
channels, the corresponding transfer chan-
nels were added to the coupling scheme. The
cross sections for the one- and two-step
processes corresponding to the diagrams
shown in Fig. 4.3.4, were calculated to esti-
mate their contributions to the elastic and
inelastic scattering. Both standard (d, t, ‘He,
) and exotic (*>°Li, *"*Be) clusters were
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Table 4.3.1 Parameters of Woods—Saxon optical potentials for the reactions 'Li('*N,X)

R=r(A"r+A4"p),i=V,W)

T+P Eras Ecm Vv ry ay Wy Were rw aw rc

(MeV) | MeV) | MeV) | (fm) | (fm) | (MeV) | MeV) | (fm) | (fm) | (fm)
SLi+"*N 19.5* | 5.85 80.0 | 0.980 |0.662 |6.5 6.5 1.161 |0.662 | 1.25
NHOL 32.0° [2240 |164.0 |0.803 |0.720 |20.0 18.0 1.100 | 0.720 | 1.25
INHLi 36.0° |24.00 |169.0 |0.798 |0.730 |21.0 19.0 1.100 |0.730 | 1.25
Li+"N 110.0 |36.67 | 2050 |0.798 | 0.740 | 22.5 20.5 1.000 | 0.740 | 1.25
SLi+1°N 28.15 [190.0 |0.793 |0.735 19.5 1.021 |0.735 | 1.25
SLi+"N 40.25 |208.0 |0.805 | 0.740 9.0 1.000 | 0.740 | 1.25
SBe+’C 46.37 | 1652 |0.793 | 0.760 7.0 1.250 |0.760 | 1.25
SHe+'°0 4778 |204.0 | 0.815 | 0.740 9.0 1.000 | 0.740 | 1.25
*He+"0 33.99 |206.5 |0.805 |0.739 9.0 1.000 | 0.739 | 1.25
"Be+'’C 43.09 | 157.0 |0.789 |0.799 | 19.4 17.5 1.250 | 0.661 | 1.25
g+ 33.72 | 1225 |0.788 |0.782 | 10.9 9.6 1.240 | 0.570 | 1.25
0ge+!C 31.18 | 1242 |0.788 | 0.782 9.5 1.240 | 0.570 | 1.25

Data from: °[124], °[125], [123].

Table 4.3.2 Deformation parameters of the nuclei 6Li, "Li and "N (B, for R= 1.254" fm).

Nucleus 01(fm) b 0,(fm) Jia 03(fm) b
°Li 1.20 0.53
Li 1.20 0.50
"N 0.40 0.13 0.10 0.03 1.00 0.33
TLi"NYN YL & TLiYNLi)MN
At present only the

‘Li"N o ULi °Li ‘Li 7Li °Li’Li  7Li *Be 'Li  'Li “He 'Li data of elastic scattering
"Bes + na ¥n + ny 4&n + p& ¥p + pe Ap -+ 14N + 7Ll fOI' ELAB(7Li) =
-1:;?;; l:l;N 131q 141]; 141-1';T 15 l:l;N lfN 136 lfN 14:1-\3( 150 lfN 36 MeV [123] exist. We

included into the com-
?El llB liN ?I_{l 1DB 14_N T]-;il BBE 14N T.:!-‘l 13C MI_F T]:-‘_l QLI 14_N

o4 4°He+°Hed Ao+ D4 ASTi + 61i4 4D + n4 45Re -
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t4 +7Li+4Lis 4
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YN fLi TLi MN 12Cc7Li YN ?BeLi
Fig. 4.3.4. Diagrams of the one- and two-step processes for the elastic
and inelastic scattering of "Li(**N, "*N)’Li and "Li(**N, "Li)"*N included
in the present analysis. Diagrams of the one- and two-step processes for

the "Li(**N, "N)°Li and "Li("*N, °Li)"°N reactions are show in Fig. 5.3.1.

mon analysis also the
elastic scattering data for
other isotopes of lithium
and nitrogen. For in-
stance, there are experi-
mental data for the elas-
tic scattering '*N + °Li at
Erp(™N) = 19.5 MeV
[124] and E, 45(°Li) = 32
MeV [125]. We have
found that the OM pa-
rameters for the elastic

scattering of °Li and "Li on '*N at close energies 32 MeV and 36 MeV, respectively, dif-
fer only slightly. This can be seen from Table 4.3.1. The corresponding OM angular dis-
tributions are shown in Fig. 4.3.5 (curves <OM>). For this reason, we have used the
above mentioned data of the elastic scattering '*N + °Li and '*N + Li to obtain the energy
dependence of the OM parameters, similarly as in [4, 6] for the elastic scattering '*C +

’Be and '’C + ''B.
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As is seen from Fig. 4.3.1, the optical model (curve <OM>) with parameters fitted
to the experimental angular distributions (see Table 4.3.1) does not describe the back-
ward-angle enhancement of the elastic scattering '*N + 'Li. We have tried to explain this
enhancement by means of several light- and heavy-cluster exchanges, the corresponding
diagrams of which are shown in Fig. 4.3.4. The OM parameters for the intermediate
channels were calculated using the corresponding energy dependences found in [3, 4, 5].
All these parameters are listed in Table 4.3.1. The corresponding CRC angular distribu-
tions are shown in the lower panel of Fig. 4.3.1. As expected, the cross sections of all
transfer reactions leading to the elastic channel are very small.

The reorientations of 'Li or "N are the alternative processes which can, at least po-
tentially, provide the backward angle enhancement of the elastic scattering. The cross
sections of these processes are determined by the quadrupole deformation of 'Li and '*N.
The deformation length parameter 6, = 0.1 fm for '*N was taken from our previous study
[1] and was successfully tested in the analysis of the present data of inelastic scattering
for the transition to the 3.95 MeV (1) state of '*N. The parameter J, for 'Li was fitted to
the data of both the elastic and inelastic scattering, i.e. for the transition to the ground and
7.467 MeV (5/27) excited states of 'Li, respectively. In both cases we have obtained &, =
1.2 fm for 'Li. The contributions of the reorientations of 'Li and '*N are presented in the
upper panel of Fig. 4.3.1. One can see that the reorientation of 'Li dominates at large an-
gles and satisfactorily describes the observed backward-angle enhancement of the elastic
scattering "N + "Li.

The reorientation of 'Li dominates in the backward elastic scattering '*N + "Li also
at energy Eyap('Li) = 36 MeV, as one can see from the lowest panel in Fig. 4.3.5 (curve
<reor>). In contrast, the elastic scattering '*N + °Li at E_xg("'N) = 19.5 MeV is com-
pletely of the potential type (the upper panel of Fig. 4.3.5). However, at Ejap(°Li) = 32
MeV the CRC calculation predicts a backward angle enhancement in the angular distribu-
tion of elastic scattering (see the middle panel of Fig. 4.3.5).

The anomalous large-angle scattering is observed also in the inelastic channels
“N* + 7Li for the transitions to the 3.95MeV (17, 5.11 MeV (2°), 6.20 MeV (1) + 6.44
MeV (3") and 7.97 MeV (27) excited states of '*N (see Figs. 4.3.2 and 4.3.3). Due to a
small quadrupole deformation of N, the reorientation of '*N* gives a small contribution
to the large-angle inelastic scattering if the quadrupole deformation of excited '*N* is the
same as in the ground state (a suggestion of rotational nature of the excited state). More-
over, the CRC cross section for the transition to the 7.47 MeV (5/27) excited state of 'Li
with the artificially doubled reorientation amplitude of 'Li* (dashed curve <7.47> in the
lower panel of Fig. 4.3.3) differs very little from the cross section of this transition with
the standard account of the reorientation of 'Li* (solid curve <7.47>). Thus, the mecha-
nism of the ALAS for inelastic scattering is different than that for elastic one.

Then, for understanding the mechanism of ALAS for the transition to the 3.95
MeV (1) state of '*N, we have calculated the CRC cross sections for the exchange proc-
esses corresponding to the diagrams shown in Fig. 4.3.4 and for the corresponding
DWBA cross sections without taking into account the channel couplings. These cross
sections are shown in the upper panel of Fig. 4.3.2. The curve <nn> presents the CRC
cross section for the sequential transfers of neutrons. The cross sections for transfers of
other clusters are much smaller. Based on Fig. 4.3.2, one can conclude that the exchange
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processes play a rather marginal role in the inelastic scattering. The curve <off-CC>
shows the DWBA cross section calculated with a code DWUCK4 [126] without channel
coupling (CC). In this case, the weak absorption (W/V = 0.1) leads to an enhancement at
backward angles which is, however, much smaller than that observed experimentally.
The solid curve in the upper panel of Fig. 4.3.2 shows a very good CRC description of
the inelastic scattering "*N + "Li at E;45("*N) = 110 MeV for the transition 1" — 17 to the
3.95 MeV (17) excited state of '*N, suggesting the rotational nature of this state. Here the
deformation length parameter 5, = 0.1 fm for '*N from [1] has been used. Now, one can
conclude that the observed ALAS is due to the strong channel coupling and weak absorp-
tion.
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Fig. 4.3.5. Angular distributions of the elastic scat-
tering °Li + "N at E3(**N) = 19.5 MeV (data from
Ref. [127]) and Epap(°Li) = 32 MeV [128] and the
elastic scattering Li + "N at ELAB(7Li) =36 MeV
[129]. The dashed curves <reor> and <OM> show
the cross sections of reorientation of 'Li and '*N or
SLi and "N and optical-model calculations, respec-
tively. The solid curves 2 represent the coherent
sums of potential elastic scattering and the relevant
reorientation.

Fig. 4.3.6. Energy dependence of the OM poten-
tial parameters for the interaction '*N+%'Li. The
lines were obtained by fitting the parameteriza-
tion to the experimentally found points.

The deformation length parameter
5, = 0.4 fm for "N, which is in the good
agreement with the value of 0.5 fm ob-
tained earlier by us in [1] was found by fit-
ting the backward-angle scattering data for
the transition 1"—2" to the data of 5.11

MeV (27) excited state of '*N (open circles and curve <5.11> in the lower panel of Fig.
4.3.2). As the lower panel of Fig. 4.3.2 shows (curve <4.92>), the transition 1" — 0 to
the 4.92 MeV (07) excited state of "*N contributes very little to the experimental data. The
transitions 1'— 2 (A=1,3, 8, =04 fm, 85=1.0fm)and 3/2° — 72 A=2,4,8,=1.2
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fm) to the 5.11 MeV state of '*N and 4.63 MeV (7/2") state of 'Li give comparable con-
tributions at forward directions (curves <5.11> and <4.63>). The deformation length pa-
rameters &, obtained in the analysis of the inelastic scattering for the transitions 17 — 1"
(reorientation of '*N and inelastic scattering), 17 — 2~ (**N excitation), 32~ — 3/2" (re-
orientation of 'Li) and 3/2” — 7/2° ('Li excitation) are listed in Table 4.3.2 where we
have als?Bcollected the corresponding deformation parameters 3, = 6,/R calculated for R
=1.25A"".

The deformation length parameters 9, from Table 4.3.2 have been used in the CRC
calculations for the transitions to several excited states of '*N and "Li. The corresponding
angular distributions are shown in the upper panel of Fig. 4.3.3 (curves <6.2>, <6.4>,
<6.68>).

The analytic parameterization of the energy dependence of the OM potential pa-
rameters for the elastic scattering '*N + ®’Li were done. As was mentioned above, except
of the '*N + "Li elastic scattering data also the elastic scattering data for other isotopes of
lithium and nitrogen were included into the common analysis. The values obtained from
the fit are listed in Table 4.3.3 and the energy dependence of the OM potential parameters
for the interaction '*N + ®'Li is shown in Fig. 4.3.6.

Table 4.3.3 Parameters of energy dependence for OM parameters for the elastic scattering “’'Li + "N,

X Vo ry ay Ws Were Iy aw
MeV) (fm) (fm) (MeV) (MeV) (fm) (fm)
xm 109.5 0.800 0.64 3.4 3.2 0.987 0.64
X 289.5 1.000 0.74 22.3 20.2 1.180 0.74
Eyxy(MeV) | 225 12.000 13.00 13.4 13.2 23.200 13.00
AEx(MeV) | 4.5 4.000 5.00 4.6 4.8 3.200 5.00

It has been found that one- and two-step transfers of the standard (d, t, *He, a) and
exotic (**°Li, "*Be) clusters, which usually lead to the enhancement of the cross section,
give rather negligible contribution to the elastic scattering '*N + 'Li. The results of the
complete analysis of the data of the elastic scattering '*N + 'Li lead to the conclusion that
the reorientation of 'Li with its large quadrupole deformation provides the observed
anomalous large-angle scattering (ALAS).

In distinction to other cases known from the literature, the deformation parameters
of 'Li and "N could be precisely deduced in the CRC analysis of both the elastic and ine-
lastic scattering '*N + 'Li. The deformation parameter of 'Li obtained from the backward-
angle elastic scattering turned out to be identical to that obtained from the analysis of ine-
lastic channels. Using different theoretical approaches in the analysis of the inelastic scat-
tering "N + 'Li at E45("*N) = 110 MeV for the transitions to the low-energy excited
states of 'Li and "N, we have found that the cluster-exchange processes play here a neg-
ligible role and that the experimental data are well described by the CRC cross sections
for the transitions to the collective (rotational) states of these nuclei. The observed
anomalous large-angle inelastic scattering can be explained by weak absorption and a
strong channel coupling.

It was found that the experimental angular distribution of the reaction "Li(**N,
15N)6Li at E;4p( 14N) = 110 MeV is dominated by the neutron transfer. The heavy-cluster
transfer of “Be and the two-step transfers were found to be completely negligible for this
reaction.
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4.3.2. Scattering of N + C nuclei, the optical potential and **C and *N de-

formation lengths.

The study of various quasi-elastic processes included in the collision of '*N ions
with '*C nuclei at £, 5("*N) = 116 MeV [1] are presented in this sub-Section. The interac-
tion of '*N ions with '>C nuclei was already investigated at energies between 9 MeV and
280 MeV [201 - 215], but some unexplored intervals exist in this energy range, e.g. 100
MeV - 145 MeV.

The obtained angular distributions are shown in Figs. 4.3.7 and 4.3.9 — 4.3.13. The
error bars presented in these figures include both the statistical errors and the uncertain-
ties due to the fitting procedure. The error of the cross section normalization does not ex-
ceed 15%.

The quasi-elastic processes in the '*N + '*C reaction at the same beam energy have
been already studied [216]. In the present sub-Section, we investigate isotopic effects for
the "*C and '*C nuclei by comparison of the corresponding elastic scattering of the "N

10ns.
10y 3
:: . EC(N,N) e The angular distribution of the '*N
10 : E(“N) = 118 Mev + 12C elastic scattering at £ 45("*N) = 116
;E L MeV is shown in Elg: 4.3_ .7 (upper ILanel)
o107k f;li’ld the angular' dlstrlbuqon of the "N +
Sio-f : i ] C [216] elastic scattering at the same
AU W S 1 beam energy is shown in Fig. 4.3.7
10 : o 3 (lower panel). The experimental data
:g i ' were analyzed using the optical model
21 (OM) and coupled reaction channels
10 Moy, UN)e ] (CRC) models. The obtained parameters
~10°) E(“N) = 116 MeV ] of the '*N + '*C OM potential are given
3 10 in Table 4.3.4. The parameters of this po-
i— 1| i tential were used as the starting point in
S0k 1 the analysis of the '*N + "2C elastic scat-
©10 7 tering. At the second step, the ay, ay and
10 g W parameters, were fitted in order to de-
= *é'x“"---x..ﬁ__\f_f}jij:g[__‘w ________ /‘"’ A scribe the "*N + '>C angular distribution.
107550 g0 g0 130" 180 " i80 The fitted parameters are close to the cor-

B.m(deg)

Fig. 4.3.7. Angular distributions of the "*N + "*C and
N + 1C elastic scattering at ELAB(MN) =116 MeV.
The curves show the cross sections by the optical
model (curves <OM>) and CRC approach for the
elastic channels (curve <CRC el.>), reorientation
process (curve <reor.>), two-step transfers of p + n
and n + p (curve <pn + np>) transfers of the d-cluster,
p +n and n + p transfer (curve <d + pn + np>) and di-
rect T - exchange (curve <m>). The curves X corre-
spond to total angular distributions including all the
processes.
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responding values of the "N + *C sys-
tem (see Table 4.3.4). The calculated OM
angular distribution is presented in Fig.
4.3.7 (upper panel). The pure OM poten-
tial cross section describes the data only
at forward angles.



Table 4.3.4. Parameters of Woods-Saxon optical model potentials

R=r(A"1+A"),i=V, W)

T+P A% Iy ay Ws I'w ay Ic Ref.
(MeV) | (fm) (fm) (MeV) (fm) (fm) (fm)
BC+N [ 150 0.812 0.708 35.40 0.958 0.789 1.200 [216]
2e+"N | 150 0.812 0.722 29.75 0.958 0.796 0.812
(35.75%
Be+BN 150 0.812 0.900 35.75 0.958 0.500 0.812
TC+BN 150 0.812 0.722 35.75 0.958 0.796 0.812

* For optical model

Figure 4.3.7 shows that the OM angular distributions describe the '*N + '°C and
"N + '"C data only in the forward hemisphere. Other direct processes are expected to
contribute at backward angles. The diagrams of the most probable one-step and two-step
transfer contributions to the "*N + '*C and "N + "C data the backward hemisphere are
shown in Fig. 4.3.8. The reorientation of the '*N nucleus may also influence the back-
ward angular region. All these processes, together with the potential scattering, were in-
cluded in the CRC calculations in order to describe the data in the whole angular range.

The elastic and inelastic

12 ~ 14

CCNX) scattering of "N + '"C nuclei
e ™ T e ™ "¢ BN Mn and the reorientation of the '*N
4 + N O n ',,‘_ 1. as well as all the transfers
’ . . , N shown in Fig. 4.3.8, were in-
N LU "N e e cluded in the coupling scheme
ac N e Wy 6y % wg of the CRC calculation. The in-
—r— ' ‘ -1 clusion of the transfer proc-
P L : ny esses into CRC calculations did
N ,,;I e .,’c T not noticeably modify the CRC
elastic and inelastic cross sec-
L4y Moyl tion. The potential determined
we 1y we mg in the CRC analysis i1s pre-

‘ ’ ‘ . sented in Table 4.3 .4.
Tt I~ *t "T 1T*r The angular distribution
~ g T ARPTIRE of the *C(**N, *C)"*N reaction

is presented in Fig. 4.3.9. Both
the p- and sequential d-+n-
transfer processes (Fig. 4.3.8)
were included in the coupled reaction channel scheme. As a starting point of the fit, the
OM parameters of the initial channel were used. Only the a, and ay parameters were fit-
ted. The resulting parameters differ significantly from the corresponding values for the
"N + '°C initial channel. The fitted parameters of the >N + '*C potential are given in Ta-
ble 4.3.4. The p-transfer (<p> curve) is dominant in the *C('*N, *C)"’N reaction. The
two-step d+n-transfer (<d+n> curve) was rather negligible.

The N + "C potential was successfully used in the CRC analysis of the "*C(**N,
PC)N reaction for the transitions to the 3.68 MeV (3/27) and 3.85 MeV (5/2") excited
states of the ">C nucleus. The both states were unresolved in the experiment due to the
beam energy spread. The “C(**N, '"N)''C reaction peak is also expected at the same en-

Fig. 4.3.8. Diagrams of possible transfer processes for the
2C(™N, X) and “C(**N, "C)"*N reactions.
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ergy position due to the kinematical conditions. It was found that 12C(14N, 13N)13 C; 65 and
2C(™N, N)''C reactions give only small contributions to the cross sections. The miss-
ing strength is expected to be due to the IZC(MN, 13N)13C3,85 process. However, the 13C3A85
state belongs to the sd-shell for which it is not possible to calculate the spectroscopic am-
plitude using the formalism of Chapter 2. Therefore, we determined S, for BCses by fit-
ting the CRC cross section (sum of the lzC(MN, 13N)13C3A68, 12C(14N, 15N)“C and 12C(14N,
13N)13C3_85 reactions) to the experimental data. The value of S, found from the fit is simi-
lar to S, of the 3.68 MeV (3/2") state (see Appendix). The cross sections including all
processes discussed above is presented in Fig. 4.3.10.
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Fig. 4.3.9.. Angular distributions of the '“C('*N, Fig. 4.3.10. Angular distribution of the *C(**N,

13C)BN reaction at the energy E(MN) =116 MeV. 13N)13C*3,68+3.85 + 12C(14N, 15N)”C reactions at

The curves show the CRC cross-sections for the p- the energy £('*N) = 116 MeV for the transitions

and d-+n transfers (curves <p> and <d+n>, respec- to the ground states of ejectiles and to the 3.68

tively). Mev (3/27) + 3.85 MeV (5/27) excited states of
the "*C nucleus. The curves present the CRC
cross-sections for the different reactions (curves
<5/2>, <3/2> and <"°N>). The curve X repre-
sents an incoherent sum of the cross sections for
these reactions.

Table 4.3.5. Deformation lengths 9, of the 12C and "N nuclei.

Nuclei E, (MeV) J A 3. (fm) Ref.
c 4.439 2" 2 ~1.07 [217]
“N 3.948 1 2 0.10
4915 0 1 0.50
5.106 2 1 0.50
3 1.10

The summed angular distribution of the lzC(MN, 14N)12C*4,44 and 12C(14N,
"N*, 95)'?C inelastic scattering to the 4.44 MeV (2") excited state of the '*C nucleus and
to the 3.95 MeV (1) excited state of the'*N nucleus, unresolved in the experiment due to
the beam energy spread, is shown in Fig. 4.3.11. These excited states were considered to
have the rotational nature. The deformation length d, for the 0" — 2" transition in the '*C
nucleus was taken from the '>C + a elastic scattering [217]. The deformation length d, for
the 17 — 17 transition in the '*N nucleus was fitted. The deformation lengths J, used in
the CRC calculations are given in Table 4.3.5. The 1" — 1" transition (long dashed curve
<1™> in Fig. 4.3.11) turned out to be of minor importance at the forward angles (fcy <
30°). The 0" — 2" transition in the'*C nucleus (short dashed curve <2">) dominates in
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this angular range. The incoherent sum of these two transitions (solid curve 2) satisfacto-
rily describes the data.

The summed angular distributions of the 12C(14N, 14N4A9+5,1)12C inelastic scattering
to the 4.915 MeV (0)) and 5.106 MeV (2°) states of "*N nucleus unresolved in the ex-
periment due to the beam energy spread, and *C(**N, *N)"*C reaction, unresolved from
the inelastic scattering due to kinematical conditions is shown in Fig. 4.3.12. We found
that the CRC angular distributions of the "*C(**N, *N)"*C reaction was not important at
small angles (Fig. 4.3.12, short dashed curve <n>). The deformation lengths for the 17 —
0 and 1" — 2 transitions were determined in the fit of the CRC cross section to the ex-
perimental data. The obtained values of ; and d; are given in Table 4.3.5. Relative con-
tributions of transitions between the 1" — 0 and 1" — 2 states are similar to those ob-
tained in the o-particle inelastic scattering on "*N target [218].
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Fig. 4.3.11. Angular distribution of the'>’C('*N, Fig. 4.3.12. Angular distribution of the'*C('*N,
14N)12C>"4_44-i-1ZC(MN, 14N>“3,95)12C inelastic scatter- 14N*4,9+5,1)12C inelastic scattering + 12C(14N,
ing at energy E(**N) = 116 MeV for the transitions "*N)"*C reaction at the energy E("*N) =116 MeV
to the ground and 4.44 MeV (2") excited state of for transitions to the 4.9 MeV (07) + 5.11 MeV
2C nucleus and 3.95 MeV (17) excited state of the (27) excited states for the '*N nucleus. The
"N nucleus. The curves represent the CRC cross- curves correspond to the CRC cross-sections for
sections for these two reactions (curves <2"™> and the different reactions (curves <2>, <0 > and
<1">). The curve X is an coherent sum of cross sec- <n>). The curve X shows an incoherent sum of
tion for both reactions. these cross sections.

The backward angles angular distributions of the *C + "N elastic scattering is
presented in Fig. 4.3.13. The potential scattering, reorientation of the '“N nucleus and
p+n, ntp as well as d-cluster transfers contribute to the °C + "*N elastic scattering. The
inelastic channels included in the coupling scheme significantly modify the angular dis-
tributions of the '*N + *C elastic scattering (see curves <OM> and <CRC el.> in Fig.
4.3.7). The CRC elastic cross section (curve <CRC el.> in Fig. 4.3.13) satisfactorily de-
scribes the data at Ocy < 140°. The deuteron transfer (curve <d>) becomes noticeable at
Ocum > 160°. The reorientation of the '*N nucleus (Fig. 4.3.13, curve <reor.>) and the se-
quential transfers p+n and n+p are rather negligible in the backward hemisphere.

In contrast to the "“C(**N, ""N)!*C process in the “c(N, 14N)MC reaction, the re-
orientation of the "*N nucleus is crucial, especially in the angular range Ocy = 60° — 140°.
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The inclusion of the reorientation leads to better description of the experimental data of
the "“"C(**N, "N)"C reaction in comparison to the earlier analysis [216].

Isotopic effects for the '*N + '*C and '*N + "*C elastic scattering were studied. No
strong dependence of the optical potential on the difference in the structure of the '*C and
"C nuclei ("*C nucleus has the close 1p neutron shell) was observed. We have already
studied quasi-elastic processes in the '*N + 'C reaction at the same beam energy [216].
The investigation of the isotopic effects for the '*C and *C nuclei by the comparison of
the corresponding elastic scattering of the '*N ions is presented in this sub-Section. For a
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Fig. 4.3.13. Angular distribution of the C + "N elastic
channel in the backward hemisphere at the energy
E("'N) = 116 MeV. The curves show the CRC cross-
sections for the elastic channel (curve <CRC el.>), re-
orientation (curve <reor.>), two-step p + n and n + p
(curve <pntnp>) transfers and the transfer of the d-
cluster (curve <d>). The curve X represent the total an-
gular distribution for all these processes.
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Fig. 4.3.14. The function P(6) for the "*N + '>C and "N
+ 'C elastic scattering at the energy E("*N) =116 MeV.
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precise determination of difference be-
tween the angular distributions of the
above mentioned scattering, the follow-
ing function: P@) = (0;5¢(0) -
014c(0))/(012c(0) + 014c(6)) was intro-
duced. 05¢(0) and o,,c(6) denote the
angular distributions of the "N + '*C
and "*N + ''C elastic scattering, respec-
tively. The P(6) value obtained from
the experimental data and from the OM
calculations is presented in Figure
4.3.14.

A quite regular diffractive struc-
ture of P(6) indicates that there is a sys-
tematic shift between the oscillations in
the "*N + '*C and "N + "*C angular dis-
tributions. The dashed curve (the same
OM potential parameters for both the
systems) satisfactorily describes all fea-
tures of the experimental differences
between the '*N + ">C and "N + '*C

angular distributions. This curve rather
weakly differs from the solid curve
(the best-fit parameters). It seems that
the observed shift of the oscillations in
P(0) 1s primarily due to the difference
between the °C and '*C nuclear radii
Risc — Ripc = 0.1 fm, to the reduced
mass [ and to the difference between
the energies Ecy, of the '*N + '2C and
N + C channels (Evac — E1pc = 4.46
MeV). The fit of the ay, ap and Wy
parameters for the '*N + '>C potential
leads only to quite small modifica-
tions. This means that the difference in
the shell structure between the '*C and

"¢ nuclei (**C nucleus has a close 1p neutron shell) does not have a significant influence

on the OM potential parameters.
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The following conclusion can be drawn out: The contributions of the different
processes to the backward '*N + '2C elastic scattering were calculated. It was found that
in the backward elastic scattering both the CRC potential scattering and the deuteron
transfer play an important role. The deformation parameters for the °C and '*N nuclei
were obtained by fitting to the '*N + '2C inelastic scattering data. The optical potential for
the radioactive "°N + "*C channel was obtained using the data of the *C(**N, *C)"*N re-
action. The optical potential was successfully tested with the "C(**N, “N)"C and
12C(14N, 13N)13C*3.68+3.85 reactions.

4.4. The’Li+ 0 and *°0 + "Li scattering.

Scattering of ‘Li + '°0 and *®0 + ‘Li nuclei, optical potentialsand **0 defor-

mation parameters.

The angular distributions of the '*O + 'Li elastic and inelastic scattering were
measured at the energy E;5('*0) = 114 MeV (Ecu('*0) = 32 MeV) in the inverse kine-
matics [16]. The data were analyzed within the optical model and within the coupled re-
action channels method to determine the potential parameters of the '*O + 'Li scattering
and the reaction channels dominating the scattering. The deformation parameters for the
"0 inelastic scattering were obtained. The extracted potentials for '*O + 'Li system were
compared to those previously obtained for the "Li + '°O elastic scattering at E;,5('Li) =
42 MeV. [20]. The structure and reaction Q-values for both the reactions are quite differ-
ent.

0 S — Fig. 4.4.1. The angular distributions of 'O + 'Li
103 ‘ et _i elastic scattering at energy E,45('°0) = 114 Mey.
io 2 i Li(™0,70)Li E The curves show the OM.and CRC gngular dis-
. Y Eus("®0) = 114 MeV E tributions of the' poten;uql scattering (curves
= E <OM>), reorientation of 'Li (curves <reor>) and
> 1 E transfers (other curves). The solid and dashed
g 107! = <B;> curves represent the coherent sum of these
;’ 1072 E N4 ,; proczssez, ;alcula}sdb;)viét‘h4t£1e potenttigl Ilz)arame-
\"S 10_2 (n k) N i e AW E ters 4 and By (see Table 4.4.2), respectively.
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pes byl iaralag IJI“lI-"JI‘IIl_"i‘-i"’-J.Ili Whlle the data Ofthe Li+ O elaStIC scat-
! "Li("®0.'%0)"Li ; tering are presented in Fig. 4.4.2.

The optical model with potentials of
the Woods-Saxon type were used in the
OM- and CRC-calculations of the 'Li + '*O
and 'Li + '°O data. The angular distribution
data of the 'Li+'°0O elastic and inelastic
scattering included in the analysis are
shown in Figures 4.4.2, 443, 44.4 and
4.4.5 represent the OM and CRC calculations performed with the conventional potential
parameters listed in Table 4.4.1 The sets A; of these parameters were obtained with both
the OM and CRC fitting procedures. The sets B; were taken from the cited references. For
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each potential, Tables 4.4.1 and 4.4.2 contain also the numbers from relations between

the potential parameters:

cy = InCy = In(V exp(Ry/ay)),

Cwy =

o("Li,"Li) %0
Ein("Li) =

42 MeV

InCy =In(Ws exp(Rw/aw )).

Fig. 4.4.2. Angular distribution of the 'Li + '°0
elastic scattering at ELAB(7Li) = 42 MeV. The
curves show the OM cross section (curves
<M>) and CRC calculations for the reorienta-
tion of 'Li (curves <reor>), *B-cluster transfer
(curve <’B>), sequential transfers of neutrons
(curve <nn>), protons (curve <pp>), clusters
d+d (curve <dd>), ¢ (curve <tt>), ata (curve
<ao>), p+*Be (curve <p°Be>), and a + °Li

(curve <a’Li>). The solid curves show the co-
herent sum of all processes.

1o—4E "

The solid curves in Figs. 4.4.2, 4.4.3
and 4.4.5 represent a coherent sum of the
CRC cross-sections of the potential scatter-
ing calculated using the 4, parameters, 'Li

108 )
LB S ™0 T (aa)
TEEEE FEEEEE RN N SEL E TS EEE

180(-']_5,1].5)180
Ews('Li) = 42 MeV

108

=107 reorientation and most important transfers
o102 ’ (n+n, p+p and °B cluster transfers). One can

pound s oderTidnl 1l 10

1073/ 1 ' R DA VAT see that the potential scattering dominates at
H - v [
10—4 i |(|r|e|0|r|)| AR NEEE N AR NN FNEE N the forward angles (CurVeS <OM>) and the
Q 30 60 20 120 150 180 Ty - . . . .
Ocm. (deg) Li reorientation is most important at the

backward angles (curves <reor>). Transfers, including the a-particle transfers (curves
<aa>, <a’Li>), are negligible at all energies (see Fig. 4.4.2). All the data are successfully
described using the A; parameters. Figures 4.4.3 and 4.4.5 show also the CRC-angular
distributions calculated with the B; parameters (curves <B; >). One can see that the <4; >
and <B, > curves shown in Figs. 4.4.3, 4.4.4 and 4.4.5 differ significantly at large angles,
where the data are absent. The CRC cross sections for the both sets are very close only at
the energies of 9 and 34 MeV (for this reason, the corresponding curves are not marked).
These similarities can be explained by a dominance the Coulomb scattering at low energy
Ecy = 6.26 MeV) and by the close values of ¢ and ¢y (see Table 4.4.1) for the 4; and B;
parameters at 34 MeV.

Table 4.4.1. Parameters of the "Li + '°0 potentials. The 4; parameters are the results of both OM and
CRC fits. The B; parameters are taken from the indicated references.

ELAB ECM- Sets V ry ay WS 1474 23774 re c c

(MeV) | (MeV) MeV) | (fm) | (fm) | MeV) | (fm) | (fm) | (fm) v w

9 6.26 Ay 59.0 0.980 | 0.651 |45 1.250 | 0.651 1.25 10.75 | 10.02

[133]

13 9.04 A, 86.2 0.980 | 0.673 | 6.0 1.220 | 0.673 | 1.25 1091 | 9.83

[133]

36(*°0)

[131] 10.96 | 4; 95.6 0.802 | 0.648 4.5 1.250 | 0.648 1.25 10.05 | 10.06
B; 10.5 0.848 | 0.658 3.4 0.848 | 0.658 0.56 8.06 | 6.94
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[131]
20 13.91 1543 | 0.970 | 0.690 | 11.3 | 1.283 |0.690 | 1.25 | 11.27 | 10.67
[130] Ay
B,[130] | 33.1 | 0980 | 0.850 | 10.3° | 1.063 [ 0.720 | 142 | 8.61 | 7.88
34 23.17° 181.0 | 0.860 | 0.730 | 154 | 1.300 | 0.730 | 1.25 | 10.42 | 10.63
[135] As
Ajs 181.0 | 0.802 | 1.000 | 154 | 1.300 | 1.000 | 125 | 875 |8.50
34 23.65 180.7 | 0.802 | 0.700 | 154 | 1.206 [ 0.700 | 1.25 | 10.28 | 10.37
[135] Ao
Bs 240.6 | 0.676 | 0.730 | 163 | 1.182 [0.710 | 0.74 | 9.59 | 10.17
[135]
36 25.04 179.6 | 0.807 | 0.700 | 15.6 | 1.203 [0.700 | 1.25 | 10.30 | 10.37
[132] A7
B, 189.5 | 0.688 | 0.743 | 21.3 | 1.137 [ 0.821 | 0.74 | 935 [9.20
[132]
42 29.22 | As 175.1 | 0.802 | 0.700 | 16.0 | 1.200 [ 0.700 | 1.25 | 10.24 | 10.37
50 34.78 170.8 | 0.802 | 0.700 | 16.5 | 1.200 [ 0.700 | 1.25 | 10.22 | 10.38
[134] A
By 1703 | 0.688 | 0.777 | 11.4 | 1.194 [ 0951 | 0.74 | 9.06 | 8.00
[134]
9, 20, Bio 55.0°
36 [133] 195.0 | 0.680 | 0.740 0.680 | 0.740 | 0.68 | 9.35 | 8.08

“The potential parameters for the 0.478 MeV excited state of 'Li.
®The surface imaginary potential.

The optical potential parameters for the 'O + "Li elastic and inelastic scattering
were obtained by fitting the elastic data with the OM and then independently through the
CRC-calculations. First, the OM-analysis was carried out and then the parameters ob-
tained were used as starting values for the CRC-calculations. These parameters are given
in Table 4.4.2 (set A). For comparison, the 'Li + '°O optical-model parameters, derived
from the energy dependent analysis of [20] (sets B;—B,), are given in Table 4.4.2. One
can see that the values In(Cy ) = 10.7 and In(Cy) = 11.3 are constant for all B; -
parameters, e.g., these parameters are almost energy independent in the given energy

range.
Table 4.4.2 Parameters of Woods—Saxon potential for Li + '*O scattering.
Eex J Ecy Sets \% Iy ay Wy I'w aw InCy InCy
(MeV) (MeV) (MeV) | (fim) (fm) (MeV) | (fm) (fm)
i+ Ke)
0.0 31.92 A 174.5 0.806 0.900 13.0 1.470 0.900 9.22 9.97
By 172.9 0.802 0.660 14.9 1.250 0.660 10.66 11.29
7L1* + 180
0.478 12" 31.44 B, 173.3 0.802 0.660 14.8 1.250 0.660 10.66 11.28
4.652 72" 27.29 B; 176.7 0.804 0.660 14.5 1.250 0.660 10.70 11.26
6.604 5/2° 25.24 By 178.3 0.807 0.660 14.2 1.250 0.660 10.73 11.24
7.454 5/2° 24.45 Bs 178.9 0.808 0.660 14.1 1.250 0.660 10.74 11.23
7L1 + 180*
1.982 2" 29.94 Bg 174.5 0.803 0.660 14.7 1.250 0.660 10.68 11.27
3.555 4" 28.36 B, 175.8 0.803 0.660 14.6 1.250 0.660 10.69 11.27
3.634 0 28.28 Bg 174.3 0.803 0.660 14.8 1.250 0.660 10.68 11.28
A, 77.0 1.050 0.950 29.6 0.878 0.810 9.35 8.30
3.920 2" 28.00 By 176.1 0.804 0.660 14.6 1.250 0.660 10.69 11.27
4.456 1 27.46 By 176.6 0.804 0.660 14.5 1.250 0.660 10.70 11.26
5.098 3 26.82 By 177.1 0.805 0.660 14.5 1.250 0.660 10.71 11.26
5.255 2" 26.66 By, 177.2 0.805 0.660 14.4 1.250 0.660 10.71 11.25
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Fig. 4.4.3 Angular distributions of the
O("Li,'Li)"°0 elastic scattering at E;z('Li) = 9
and 13 MeV [133], 20 MeV [130], 34 MeV
[135], 36 MeV [132], and 50 MeV [134]. The
dashed curves show the OM (curves <OM>) and
CRC angular distributions for the reorientation of
'Li (curves <reor>) calculated with the 4, pa-
rameters (see Table 4.4.1). The <4, > and <B; >
curves (i =2, 4, 7, 9) represent the CRC coherent
sum of potential scattering and "Li reorientation
for the 4; and B; parameters, respectively.

4.4.10 and 4.1.40.
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Fig. 4.4.4. Angular distribution of 'Li+'°0 inelas-
tic scattering for the transition to the 0.478 MeV
(1/27) state of "Li at E,45("Li)= 34 MeV [135].
The curve shows the CRC-calculations for the ro-
tational model with the A5 and 4,5 (see Tables
4.4.1 and 4.4.2) sets of potential parameters
(curves <45> and <4,5>, respectively), for the
neutron excitation in the 'Li = °Li+n system
(curve <°Li+n*>) and sequential transitions of
neutrons and protons (curves <nn> and <pp>, re-
spectively).

In the coupled-channel analysis of the
elastic and inelastic scattering the possible
reorientations of 'Li and 'O and the most
important transfers were included. The dia-
grams of the investigated transfers are
shown in Figs. 4.4.8 and 4.4.9. The elastic
and inelastic transitions are shown in Figs.

In the present calculations the deformation parameters from [136, 13] were used
for 'Li 6, = 2.0 fm, d, = 1.0 fm. The '*O deformation parameters J, obtained in the pre-
sent work and those from [137 - 145], are listed in Table 4.4.3.

The cross sections for the excited states of "Li for 'Li+'°0 were calculated within
the rotational model. The deformation parameters obtained in analysis of the "Li+''B
scattering data [13] were used in the present calculations. The energy-dependent potential
parameters estimated from the analysis of the elastic scattering at different energies were

also used in the calculations.
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; Fig. 4.4.5. Angular distribution of 'Li(‘°0,
S '®0)'Li elastic scattering at E,45('°0) = 36 MeV
' [135]. The curves are the same as described for

o
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Table 4.4.3. Deformation parameters of '*O
EX J 51 ﬁ/l Ref. EX J A 51 ﬁi Ref.
(MeV) (MeV)
¥ ¥ = :
1.982 12 2 115t o046 | T3 4456 |1 1 100 | 030 | This
work
2.43 0.74 r [137] | 5.098 3 3 1.38 0.42 n [138]
107 | 033 |n[138] 101 | 031 | p[138]
118 | 036 |p[I38] 145 | 044 | p[39]
1.04 0.32 | p[139] 0.90 0.28 p [140]
098 | 030 | p[140] 161 | 049 | p[l41]
107 | 033 |p[l41] 133 | 041 | a[142]
18
O
0.99 0.30 | a[142] 0.68 0.21 [145]
180
1.00 0.30 | [143- 1.19 0.36 | Average
145]
1251038 1 4 erage 1.00 | 030 This
work
100 | 030 | TS | 5yss | 2 052 | 0.16 | n[138]
work 2
3555 | 4 4 | 092 | 028 |p[l4]] 058 | 0.18 | p[141]
100 | 030 | This 0.35 1 017 | A verage
work
= -
3920 |2 2 052 | 0.16 |n[138] 1.00 | 0.30 This
work
043 | 0.13 | p[138]
0.81 | 025 |p[l41]
062 | 019 | «[142]
0.60 0.18 | Average
1.00 0.30 This
work

B, =0,/R,R=125A4"=3.28 fm.

At present, there is only one set of the inelastic-scattering data for the system
"Li+'°0 and it consists of cross sections for the "Li 0.478 MeV state at at E; 45('Li) = 34
MeV (Ecy = 23.65 MeV) [135]. The angular distribution of this inelastic scattering is
shown in Fig. 4.4.4. The curves represent the CRC calculations for the transitions pre-
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dicted by the rotational model using a 'Li deformation length of J, = 2.0 fm [13] and the
potential parameters A5 (see Tables 4.4.1 and 4.4.2) and 4,5 (curves <45> and <A4,5>, re-
spectively), the single-particle excitation model for neutron excitation in the system 'Li =
SLi+n (curve <°Li+n*>) and sequential transfers of neutrons (curve <nn>) and protons
(curve <pp>). The parameters 45 were used in the CRC calculations only for the rota-
tional model. In Fig. 4.4.4 one can see that the rotational transition dominates the cross
section. The parameters A5 describe the data satisfactorily, except for the first oscillation
maximum. They differ from the parameters A¢ for the ground state of 'Li because they
require larger values for the geometrical parameters 7, ry, ay , and ay. The parameters
Ays with ay = ay = 1.0 fm describe well the first oscillation, but fail in explaining the oth-
ers.

102 LI I O 102"'"I""'I'""I""'I""'I""'
10 1t ‘. TLi(Wollao)"Li" 10 1 Y. 7Li(:no‘m0.)?[.i
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BT -1 AR . 1.982 MeV (2°
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Fig. 4.4.6. The angular distributions of '*O + 'Li ~ Fig. 4.4.7. The same as in Fig. 4.4.6 but for the ex-
inelastic scattering at energy ELAB(ISO) = 114 cited states of 0. Curve X shows the incoherent
MeV for the transitions to the excited states of sum of 3.555-MeV rotational model transition and
"Li and the 4.456 MeV state of '*0. The curves 3.635-MeV 2n-cluster excitation of 'O (curve
<A>and <B; > (i = 2, 4, 5, 10) (see Tables 4.4.1 <Bs A4,,>), (see Tables 4.4.1 and 4.4.2).

and 4.4.2) show the CRC calculations for collec-

tive excitatigns using 4 and B; potential parame- Figure 4.4.6 shows the angular distri-
ters, respectively. butions of the 'O + ’Li elastic scattering
data and OM and CRC calculations for the potential scattering (curves <OM>), reorienta-
tion of 'Li (curves <reor>) and transfers. The solid and <B,> curves represent the coher-
ent sums of all the processes calculated with the potential parameters 4 and B, respec-
tively. One can see that the potential scattering dominates at forward angles. The large-
angle scattering is due to the reorientation of the "Li ground state. Transfer processes con-
tribute weakly to the elastic scattering channel. The parameters B, (curves <B;>), ob-
tained from the energy dependence of the potential parameters for the 'Li + '°O elastic
scattering [20], fail to describe the '*O + Li elastic scattering data. One can see, that the
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curve <B;> has the smaller slope than the slope of experimental angular distribution. This
curve is located above the experimental data for large angles. A good description of the
data was achieved with the fitted parameters 4, for which In(Cy ) = 9.2 and In(Cy) = 10.0.
These potential parameters are smaller than those for B (see Table 4.4.2). The fitted 4
and predicted B, potentials differ mainly in the geometry parameters. While for the set 4
the values are ry = 1.47 fm and ay = ay = 0.9 fm the corresponding values for the set B
are ryy = 1.25 fm and ay = ay = 0.66 fm. It was found that the slope of the calculated an-
gular distribution mainly depends on the imaginary part of the '*O + "Li potential. This is
presented by the dotted curve in Fig. 4.4.1 (lower panel). This dotted curve represents the
result of the calculation with the '*O + "Li potential. It consists of the real part of the po-
tential B, and of the imaginary part of the potential 4.

oy e
%0 "Li 1% Yo %0 150 Yo 150 The measured and calculated angular
T - » - - .. . 18 T . - .

+%  + nt 4n + na +n —+ distributions of the "O + 'Li inelastic scat-
L » » * * tering are shown in Figs. 4.4.6 and 4.4.
i o i °*Li TLi Li ®Li "L cring 0 gs d 7,

which show the cross-sections for the ex-
cited states in 'Li and '80. The solid <4>
p1 tp +* ps yp + dy 4+ apnd dashed <B;> curves represent the CRC-
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O T ST T T FY 1. T ters By fail to describe the data. A good de-
"Li *He "Li  "Li YBe "Li "Li o TLi scription of the data was achieved using the
16 120 160 160 2y, 16g 160 15 714 potential parameters 4 and the deformation

* * > > > P parameters J; for "Li from [146, 147] and 0,

cyY +a + a4 ¢ + pY¥Y ¥ Be + 18 . . . .

> , > » for O, which are listed in Table 4.4.1 with

L MB L "Li o« TLi 7Li Be 0 the notation of “This work”. In this table,

%0 "Be 'Li %0 Yc "Li S0 B L we give also the d; values taken from other
*Bey $p + ot $5Li +5Liy ya works which were obtained from different
T 5y 16g i Mg 18g  Tr; Pg lig arilalyses of the inelastic-scat.tering datalsof

Fig. 4.4.9. Diagrams of one- and two-step transfers 77 -mesons, nucleons, a-particles and O
contributing to the "Li + '°O elastic-scattering cal- ~ ions. One can see that in many cases the 9,
culations. values for '*O obtained in the present work,
are close to the average values taken from

other work, with the exception of the transitions to the 3.92 MeV and 5.255 MeV states

of 180.

Li 0 Li °Li "Li "Li °Li "Li The 3.555 MeV (4") and 3.635 MeV
4B+  n n 4+ ny An . (0" states of "*O were not resolved in the
19‘0 .,.Li T4 5 "o 18‘0 18, 19 18, present experiment. The angular distribution
for the sum of the transitions to these states

"Li °Be "Li Li °He "Li  "Li °Li "Li  i5 shown in Fig. 4.4.7. In this figure, the dot-
P p + vy 4p + 2nd $2n ted curve <4> represents the rotational tran-

13‘0 Ty 18’;3 TYNETTRNT N 18:3 Tog m}) %tion 0" — 4" t.o'the 3;555 MSV (4") state of
Fig. 4.4.8. Diagrams of one- and two-step trans- O. The transition 00 — 0 to the 3.635
fers contributing to the '*0 + "Li elastic- MeV (07) state of '®0 was assumed to be the
scattering calculations. 2n-cluster excitation in the system "0 = '°0
+ 2n. In the CRC-calculations for these transitions, the potentials Bg and 4,, were used
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for 'Li + '°0 and "Li + 2n interactions, respectively. The potential 4,, of the Li + 2n in-
teraction was assumed to be close to that of the 'Li + d interaction [148]. In Figure 4.4.7,
the curve <Bg,4,,> represent the CRC-calculation for the particle-excitation transition 0"
— 0" to the 3.635 MeV (0) state of '*0. The incoherent sum of both the transitions (solid

curve 2) describes the data satisfactorily.

K=0} K=0} K=1y K=1 K=0} The  optical
p 712 poteptlal parameters,

180 3~—4L2 6.40 1"—L 620 g)b.talnleéd from the
0+ —— 5.34 o ¥0 51g 2|20 526 Li+ 0 experimen-

120 446 0 tal data analysis are

0F|-|X— 3.63 shown in Fig. 4.4.11

4+—,\£ s 2L 392
2t 1.8
0+T\r W y

as the full circles
(see Table 4.4.1).
The lines represent

Y 0.00 approximations  of

Fig. 4.4.10 Coupling schemes for the transitions to the excited states of 'Li CNEIrgy d.ependences
and '®0. Coupling schemes for the transitions to the excited states of 'Li are of potential parame-

shown in Fig. 4.1.40.

ters. A similar en-

ergy dependences for the 'Li + ''B and "Li + "*N potentials are also shown for comparison
in Fig.4.4.11. Noticeable differences in the depths of the imaginary parts of these poten-
tials are visible. This fact can be explained by differences of the inelastic cross sections

for these pairs of nuclei.
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Fig. 4.4.11. Energy dependence of OM parame-
ters for the 'Li + '°O scattering versus the same
for the scattering of 'Li + ''B [13] and "Li + "N

[7].
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Fig. 4.4.12. Real V(r) and imaginary W(r)
potentials of the '*0 + Li elastic scattering for the
parameters A (curves V5 and W,) and B, (curves
Vg and Wy, )

As it was already mentioned, for the
investigation of isotopic differences of the
nuclei interaction potentials, measurements

of the elastic and inelastic scattering cross sections of the 'O + "Li nuclei were done.
There was no such experimental data in the literature before.

The 'O + Li potential parameters, obtained from the analysis of the '*O + "Li
scattering data for E¢y, = 31.92 MeV are shown in Table 4.4.4. The Li + %0 potential
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parameters, calculated from their energy dependence at the same energy, are also
presented in Table 4.4.4. The CRC cross sections calculated using the "Li + '°O potential
parameters for the '*O + "Li scattering are shown in Fig. 4.4.1 as the <B;>. One can see
that the '*O + 'Li potential with the 'Li + '°0 potential parameters cannot describe well
the experimental data. It is visible from Table 4.4.4 that the 'Li + '°O and O + "Li
potentials differ in the parameters ay, ay and ry. The real and imaginary parts of the '*O
+ "Li potential with these two parameter sets are shown in Fig. 4.4.12. One can see that
this potentials with the its “own” parameters have longer tails (V,, Wy lines) than the
potentials with the "Li + '°O parameters (V, Wy lines). It can be concluded that the tail
of the '®O + "Li potential show the halo structure of the '*O nucleus as in the case of *O
=190 + 2n system (two neutrons and closed 1p-shell).

Table 4.4.4. The nucleus-nucleus Saxon-Woods potential parameters.

Interacting Ecy Vo ry ar Wy rw aw
nuclei (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
Li+ '°0 31.92 172.9 0.802 0.660 14.9 1.250 0.660
B0 +7Li 31.92 174.5 0.806 0.900 13.0 1.470 0.900
1062. ........ B B R e R e E 13_|||\||||||||||||||||\||||||||||||||||\|_
e 7 4 1e18g ~ 11 : o (4) 3
° ] E gh . A& s fa .. -
A esene 0 4 L 114 MeV ] - 2 Y By & 1
103_- L, ssasaTLi + ™0 42 MeV 3 7_|||\||||||||||||||||\||||||||||||I|||\|_
- O L B T ]
S02] . ]l F1I0F—ewv SO
E E ry L =, A-g-m==mmTT =TT =
: is. i R
T | © ey i 6 E
-3 3 4 ; 4‘|||\||||||||||||||||\||||||||||||||||\|‘
[ [ ] 0 5 10 156 20 26 30 35 40
1 = * . o = Ec.m. (MEV)
= 4 °7, 3
k: .o .
ot ¢ .
10_2- ......... it aiueuy Lateeiuaay Lot vea iy ]
0 1 21 3 4
q (fm™)

Fig. 4.4.13. "Li + '*'®0 data plotted as a func- Fig. 4.4.14 Energy dependence of the ¢, and cy
tion of momentum transfer. The data show that relations for the 4; and B; parameters of the 'Li

the elastic scattering from '*O is more strongly + '°O scattering potential.
absorbed than that for '°O.

Further evidence which shows that the 'Li + '°O scattering requires a different po-
tential from that for the scattering by '*O can be seen from Fig. 4.4.13, where the data for
the two systems are plotted as a function of the momentum transfer [221]. This figure
shows that the '°O data does not decrease as rapidly at larger momentum transfer as does
the '*O data, which means that the imaginary potential for '°O is weaker then that for '*O.
Figure 4.4.12 shows the actual potentials. As it has been anticipated, the '*O potentials
are stronger at large distances, where the more favorable Q-values for the transfer reac-
tions decrease the chance for elastic scattering. Since the breakup threshold for both the
%0 and "0 is almost the same and large (~ 6 MeV), it would not play a major role in the
elastic scattering.
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The energy dependence of the conventional-potential parameters of the 7Li+1.6O in-
teraction, reported in Table 4.4.1 was fitted with the parameters X; (E) = X;" ", X", Exi
AEy;. These parameter sets are shown in Table 4.4.5 and the resulting fits are shown in
Fig. 4.4.11. The relations
CV = VeXp(RV/aV), CW = Wexp(RW/aW)
have been found to be useful for representing the energy dependence of the scattering po-
tential parameters. Figure 4.4.14 shows the energy dependence of the ¢y = InC) and ¢y =
InCyy values for both 4; and B; parameters which are fitted to the lines:

cy (E)=-0.022E +10.92 for A, sets,
0.010F + 8.90 for B, sets,
c(E)=0.016E + 9.98 for A4; sets,
0.038£ +7.59 for B, sets,

where £ = E,. The values of ¢, and ¢y are shown in Tables 4.4.1 and 4.4.2 and
they were used to compare the parameter sets. The solid curves in Fig. 4.11.4 show the
energy dependence fits of the 'Li+'°0 potential parameters.

Table 4.4.5. Energy dependence of the 'Li + '°0 potential parameters.

X Vo Ws ry r'w ay aw
(MeV) (MeV) (fm) (fm) (fm) (fm)
Xin 92.6 5.0 0.802 1.200 0.587 0.587
X ax 262.7 16.0 1.160 1.360 0.703 0.703
Ex(MeV) 13.0 13.0 13.400 12.400 10.100 10.100
AEy(MeV) | 3.9 3.0 2.600 0.958 2.100 2.100

A remarkable difference exists between the parameters of these interactions, espe-
cially for the values of Ws. The origin of this difference is still unknown. However, it can
be an evidence of the dependence of the nuclear interaction on either the nuclear structure
of the target or a discrete ambiguity of W, because
c('B) = 7.6, eyp("*N) = 8.8,
ep(*°0) = 10.3, and ¢y ('B) = ¢y ("*N) = ¢) (°0) = 10.4.

The difference could be resolved when more scattering data were available for CRC
analysis.

The following conclusions for this sub-Section can be done. The optical-model
analysis showed that the scattering of 'Li by '*O produces the potential very different
from that for the scattering by '°O. The fact that the 'Li + 'O scattering system is more
absorbing than the 'Li + '°0 system can be seen when comparing the elastic data for '*O
scattering with that for '°0. The radial difference in the optical-model potentials indicates
that reactions that take place at larger distances produce the observed scattering differ-
ence. The fact that the breakup threshold is similar for the two target nuclei suggests that
breakup of the target does not play a significant role in the difference in the observed
scattering of the two system.

The coupled-reaction-channel analysis showed that the greater than expected
large-angle elastic cross section arises from the ground state reorientation of 'Li. Now,
this effect has been observed for the targets of A =7 to A = 18.

The existing 'Li + '°0O scattering data at the energies of Ecy; = 6.26 — 34.78 MeV
were then analyzed to extract the energy-dependence parameters. The obtained energy-
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dependent potentials differ noticeably from those previously found for the systems 'Li +
"B and "Li + '"*N. This shows that the microscopic target structure influences the scatter-
ing. The unexpected result of the analysis is that the potential parameters are relatively
energy independent between 20 and 50 MeV (CM).
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CHAPTER 5.

Nuclear reactionswith light exotic nuclei in the exit channel

5.1. The®Be*'B, >'?B), °Be(*'B, **C) and *C(*'B, *N) reactions.

5.1.1. The®Be(*'B, °B)®Bereaction, ALAS and isotopic effects. The °B +
%Be optical potential.

The simple transfer reactions can be used as an alternative method to obtain the
optical potential parameters when the direct nucleus—nucleus scattering is impossible for
some reason (e.g., for unstable, short-living and non-existing in nature nuclei, or for other
reasons). This approach is described in this sub-Section for the '°B + '°Be interaction us-
ing the one-nucleon transfer reaction *Be(''B, '°B)'’Be [10].

The ''B + *Be elastic and inelastic scattering data at ELAB(“B) =45 MeV (Ecy =
20.25 MeV) [8] and the data known from the literature at E¢), = 8.8 — 20.35 MeV [223]
and 22.0 MeV [224] were already presented in sub-Section 4.1.4. The energy-dependent
optical potential parameters were deduced for the ''B + ’Be scattering in sub-Section
4.14.

The study of isotopic effects in the '’B + *Be, ''B + *Be and '’B +'°Be interactions
using the '’B + *Be scattering data at Ecy, = 8.42 - 19.47 MeV [223], 21.05 MeV [224],
47.37 MeV [225] and the data for the *Be(''B, '°B)'’Be reaction at Ejap(''B) = 45 MeV
for the transitions to the ground and excited states of '°B and '’Be (E¢y, = 12.02 - 15.61
MeV for the '°B + '°Be channel) are also described.

The °Be(''B, '’B)'’Be reaction is also interesting due to its specific mechanism.
The contributions to cross sections of the neutron (forward angles) and proton (backward
angles) transfers are expected to be similar. Then, the angular distribution of this reaction
will be quasi symmetric around 6¢y, = 90° and large interference phenomena at Oy, ~ 90°
can be expected. There is also interest in the relative role of one-step and two-step proc-
esses in this reaction.

The angular distributions of the *Be(''B, '°B)'’Be reaction at £, 5(''B) = 45 MeV
for the transitions to the ground and to the 0.718 MeV (1), 1.740 MeV (0"), 2.154 MeV
(17), 3.587 MeV (2") excited states of '’B and to the 3.368 MeV (27) excited state of '°Be
were obtained from the analysis of the energy spectra of '°B and '°Be. These distributions
are shown in Figs. 5.1.1 - 5.1.3. As it can be seen from the figures, all the distributions
are quasi-symmetric around 0y, = 90°, which is due to similarity of the *Be(''B, '°B)'’Be
and "Be(''B, '°Be)'’B reaction mechanisms.

The data for the *Be(''B, '’B)'°Be reaction at £, 5(''B) = 45 MeV were analyzed
within the OM and the CRC method. For the entrance reaction channel ("Be + ''B) we
used a set of the OM parameters {X;} = {V, ry, ay, Ws, ry, ay} obtained from our previ-
ous analysis of the ''B + *Be elastic scattering at Ecy, = 8.8 — 22.0 MeV [8]. The set of
parameters {X;} at Ecy = 20.25 MeV (E..5(''B) = 45 MeV) is listed in Table 5.1.1.

There are no data in the literature for the '’B + '’Be elastic scattering which can be
used to obtain the OM potential for the exit channel of the *Be(''B, '°B)'°Be reaction.
Therefore, the OM parameters for this channel were obtained from the energy-dependent
OM parameters of the ''B + *Be and '°B + "Be elastic scattering. For this purpose, the
study of energy dependence of the '’B + *Be OM parameters using the data of [223, 224]
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are included. The energy dependence of the ''B + “Be OM parameters was obtained in [8]
(see Fig. 5.1.7).

T 'Ee("lﬂ.l"‘lla)f"Be
........ Em{''B) = 45 MeV

Fig. 5.1.1. Angular distribution of the *Be(''B,
'B)!’Be reaction at the energy E;5(''B) = 45
MeV for the transitions to ground states of '’B
and '"Be (upper panel) and to the 0.718 MeV
(17) excited state of '°B (lower panel). The
dashed curves represent the CRC angular dis-
tributions of individual processes correspond-
ing to diagrams of Fig. 5.1.4. The solid and
dotted curves show the coherent sums of the
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Ocn (deg) ""B(*Be, '"B)’Be were included in the cou-
pling scheme. The sets {X;} of the '°B + Be OM parameters obtained in the fitting pro-
cedure within the OM and CRC methods are listed in Table 5.1.1. The CRC-calculations
for the *Be(''B, '°B)'’Be were also performed. One-step and two-step processes corre-
sponding to the diagrams of Fig. 5.1.4 were calculated for this reaction.

Table 5.1.1 Parameters of the Woods—Saxon potentials for a 7'+ P scattering.

T+P Ecm 14 ry Ay WS 'w Aw Ref.
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
B + °Be 20.25 187.3 0.788 | 0.730 10.4 1.236 | 0.730 [8]
B + "Be 8.80 81.0 1.150 069 | 7.0 1.350 | 0.690 [223]
14.85 153.8 0860 |0.716 |9.2 1250 | 0.716 [223]
20.35 180.0 0.788 | 0.750 11.4 1.236 | 0.750 [223]
22.00 202.0 0.788 | 0.760 12.7 1.236 | 0.760 [224]
B + °Be 8.42 87.0 0950 |0.710 |76 1.350 [ 0.710 | [223]
14.21 140.0 0.790 | 0.710 12.0 1.260 | 0.710 [223]
19.47 180.2 0.790 | 0.690 14.3 1.251 0.690 [223]
21.05 185.1 0.788 | 0.690 14.8 1.250 | 0.690 [224]
47.37 197.2 0.788 | 0.690 16.0 1.250 | 0.690 [225]
B + e 15.61 A | 1547 0.823 0.721 10.0 1.248 0.721
B | 154.0 0.800 | 0.696 12.0 1.259 | 0.696
"Be + °B,,, | 14.89 A | 1476 0.850 | 0.716 9.7 1.254 | 0.716
B | 1478 0.805 0.696 11.5 1.262 | 0.696
""Be + B, ,, | 13.87 A | 137.0 0.912 0.709 9.2 1.266 | 0.709
B | 1384 0.815 0.696 10.8 1.269 | 0.696
"Be + B, s | 13.45 A | 1326 0.944 | 0.707 9.0 1.272 | 0.707
B | 1344 0.820 | 0.696 10.5 1.273 0.696
Be, 3+ 'B | 12.24 A | 1194 1.039 | 0.700 8.4 1.293 0.700
B |1225 0.840 | 0.696 9.7 1.287 | 0.696
Be + 9By 5, | 12.02 A | 117.0 1.053 0.699 8.3 1.298 0.699
B | 1203 0.845 0.696 9.5 1.290 | 0.696
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Fig. 5.1.4. Diagrams of the one- and two-step processes for
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Fig. 5.1.3. The same as in Fig. 5.1.1 but for the
transitions to the 3.368 MeV (2") excited state of
""Be (upper panel) and 3.587 MeV (2) excited state
of '’B (lower panel).

The angular distributions of
the *Be + '°B and of the Be + ''B
elastic scattering for different en-
ergies are shown in Fig. 5.1.5. In
both cases the optical model de-
scribes the angular distributions
well only at forward angles (see
dashed curves <OM> in Fig.
5.1.5). In both cases one can ob-
serve the effect of anomalously
large angle scattering (ALAS).

In the CRC analysis of the
"B + °Be elastic scattering data, it
was found [8] that ALAS effect is
mainly caused by the reorienta-
tions of *Be and ''B (see dashed
curves <reor> in the right panel of
Fig. 5.1.5). Contributions to the
cross-sections of the deuteron
transfer and two-step processes

were found to be small (see dashed curves <d>). In order to explain ALAS effect in the
scattering of the '’B + °Be the elastic scattering data were analyzed using the CRC
method. The elastic and inelastic scattering, excitation of *Be (up to the level of 7.94
MeV), the reorientations of *Be and '’B as well as the proton transfer were included into
the coupling scheme. The deformation parameters of *Be were taken from [8]. Contribu-
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tions of the two-step transfers to the '°B + °Be elastic scattering were also analyzed. They
were found to be small.
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Fig. 5.1.5. Angular distributions of the *Be + ''B elastic scattering at the energies Ecy, = 8.42, 14.21,
19.47 MeV [223], 21.05 MeV [224], 47.37 MeV [225] (left panel) and the ''B + *Be elastic scattering
at the energies Ecy, = 8.8, 14.85, 20.35 MeV [223], 20.25 MeV [8] and 22.0 MeV (right panel). The
dashed curves <OM>, <d>, <p> and <reor> represent OM cross section, angular distributions for the
deuteron, proton transfers and reorientation of *Be, respectively. The solid curves show the coherent
sum of the cross sections of the individual processes.

In Figure 5.1.5 (left panel) one can see that the proton transfer (dashed curves
<p>) dominates at large angles. At middle angles, the *Be reorientation is the dominant
process. The '’B + °Be scattering at forward angles is of the potential type. The coherent
sums (solid curves) of the individual processes satisfactorily describe the angular distri-
butions in the full angular range.

As it was mentioned above, no data for the '’B + '°Be elastic scattering was found
in the literature. Therefore, in the analysis of the *Be(''B, '°B)'’Be reaction, the OM pa-
rameters obtained in the analysis of the ''B + °Be and '’B + °Be elastic scattering data for
the exit channel were used. These sets of the OM parameters are listed in Table 5.1.1 as
the sets A and B, respectively.

The one-step or two-step transfers corresponding to the diagrams shown in Fig.
5.1.4 were included in the channel coupling scheme, together with the elastic and inelas-
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tic channels. The CRC-calculations for the one-step transfers were performed using the
sets A and B of the OM parameters. In Figures 5.1.1 — 5.1.3, the curves show the CRC
cross sections for the individual transfers or for their coherent sums.

The dashed curves <n> and <p> represent the angular distributions of the one-step
neutron and proton transfers in the *Be(''B, '’B)'°Be and *Be(''B, '°Be)'’B reactions, re-
spectively. One can see that the neutron transfers dominate at forward angles and the pro-
ton transfers dominate at backward angles. Both the experimental and theoretical angular
distributions are quasi-symmetric around O¢y, = 90°. The solid and dotted curves in Figs.
5.1.1 — 5.1.3 represent the coherent sums of the neutron and proton transfers for the sets
A and B of the OM parameters, respectively. One can see that only for the transitions to
the 3.368 MeV (2°) excited state of '°Be or to 3.587 MeV (2") excited state of '°B these
sets give significantly different angular distributions around 90°. The set A of the OM pa-
rameters for the exit channel of the reaction *Be(''B, '°B)'°Be provides satisfactory de-
scription of the data for all transitions in the whole angular range. The energy depend-
ences of the '’B + '’Be OM parameters of the set A are shown in Fig. 5.1.7 using the
solid circles. They are similar to the ones obtained for the ''B + ?Be elastic scattering in
[8]. The optical potential parameters for the interactions of '°B + '°B (open squares) and
"B + "B (solid squares) at Ecy; = 4 - 19 MeV [5] are also placed for comparison in Fig-
ure 5.1.7. One can see that the energy dependence of the '°B + '!''B OM parameters dif-
fer somewhat from the energy dependence of the+ '*''B + *'°Be OM parameters, espe-
cially at low energies. This difference can be caused probably by a different Coulomb in-
teraction in the '°B + '*''B and '*''B + *'°Be systems. The different Coulomb interaction
at close inter-nuclear distances can be responsible for different “formation” of the effec-
tive nucleus— nucleus OM potential at low energies.

The contributions of the individual two-step processes (see diagrams in Fig. 5.1.5)
to the *Be(''B, '°B)'’Be reaction are displayed in Figs. 5.1.1 — 5.1.3. The angular distribu-
tions of this reaction for the transition to the ground states of '’B and '’Be are shown in
the upper panel of Fig. 5.1.1. The dashed curves <’pp+p’p>, <’nn+n’n>, <dn+nd>,
<dp+pd>, <a’He+’Hea> and <at+ta> present the coherent sums of the sequential trans-
fers of 2p + p and p + 2p, 2n+n and n +2n, d +n and n+ d, d +p and p+ d, « + *He and *He
+ a, t+d and d+ t, o + t and t + a, respectively. One can see that for the transition to the
ground states of '’B and '“Be all these two-step transfers give only small contributions.
The sequential transfers with the t-, *He- and a-cluster exchanges are less important than
those with the nucleon and d-cluster exchanges.

The two-step processes of the type specified above are also negligible for the tran-
sitions to the excited states of '°B or '’Be in the *Be(''B, '°B)'’Be reaction. This is dem-
onstrated in Fig. 5.1.1 (lower panel) and Figs. 5.1.2, 5.1.3, where the angular distributions
for the most important two-step transfers such as the deuteron + nucleon and nucleon +
deuteron (curves <dn + nd> and <dp + pd>) are shown. The coherent sum of the p- and
n-transfers (solid curves) at 6y, = 90° have deep minima (due to interference of the p-
and n-transfers) for the transitions to the 1.74 MeV (0") and 2.154 MeV (17) excited
states of '°B (see Fig. 5.1.3). The coherent sum of two-step processes are represented by
the dashed curves. These minima are substantially reduced when the one-step and two-
step processes are added together. If the experimental angular resolution were ideal, then
the degree of reduction of the minima could be used to estimate the contribution of the
two-step processes.
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To analyze in detail the difference (isotopic effect) between the angular distribu-
tions of the '’B + °Be and ''B + *Be elastic scattering, an auxiliary quantity D(8) is shown
in Fig. 5.1.6

005(0) —0,,5(0)

o= 0195 (0) +0,,5(0) ’

where o0(0) and o,,5(0) are the cross sections a(0)/ox(0) (gx(0) 1s the Rutherford cross-
sections) for the '°B + *Be and ''B + ?Be elastic scattering, respectively. The data at the
same laboratory energies for both reactions are taken. One can see that the D(6) function
has regular oscillations with the amplitude of about 50%. Such an oscillatory structure
can be caused by a small difference between the potential radii Rope+1op and Rope+11p. This
difference of radii is correctly accounted for in the CRC calculations. As the result, D(6)
calculated using CRC (solid curves) satisfactorily describes the observed structure of os-
cillations in the experimental D(6). The value of D(8), calculated using CRC for the '°B +
’Be elastic scattering with the OM parameters of the ''B + ’Be elastic scattering (dashed
curves) is also presented in Fig. 5.1.6. It is visible that in this case the description of the
experimental D(6) is worse, especially at large angles.

The energy dependent OM parameters for the '°B + *Be and''B + *Be elastic scat-
tering, listed in Table 5.1.1, are also shown in Fig. 5.1.7 using the solid and empty circles,
respectively. As in the previous analyses (see [1] and references therein ), the energy de-
pendences of the OM parameters {X;} = {V, ry, ay,Ws, ry, ay} were parameterized by
the functional forms described in Chapter 3.

The Ey;, AEy;, X;™™ and X;™" parameters deduced from fits to the energy depend-
ence are listed in Table 5.1.2. The corresponding curves are shown in Fig. 5.1.7. One can
see that only imaginary parts of the '°B + °Be and ''B + Be OM parameters are clearly
different. Some differences are also observed for the parameters », and a, = ay at low en-
ergies.

Table 5.1.2 Energy dependence of the '°B + *Be optical potential parameters.

X; 0 Ws ry rw ay aw
(MeV) (MeV) (fm) (fm) (fm) (fm)
xm 29.5 1.9 0.788 1.250 0.690 0.690
X 250.5 16.9 1.000 1.400 0.700 0.700
Ex(MeV) 12.5 11.9 10.000 10.000 10.000 10.000
AEx(MeV) | 5.5 5.1 2.000 2.000 10.000 10.000

A following conclusion can be made for this sub-Section. The *Be(''B,'’B)!’Be
reaction proceeds mainly through the one-step neutron and proton transfers and therefore
can be successfully used for estimation of the '°B + '’Be OM parameters as an alternative
method to the standard analysis of the '’B + '“Be elastic scattering data.
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and''B + °Be scattering (solid curve) and for dotted curves) and '°B + ''B (solid circles and dot-
the case when the ''B + Be OM parameters ted curves).

were used for the both scattering (dashed

curve).

5.1.2. The °Be(*'B, **B)®Bereaction and the ?B + ®Be optical potential.

This sub-Section is devoted to the study of the *Be(''B, '*B)*Be reaction (see
[18]). For the *Be(''B, '*B)*Be reaction the obtained previously experimental data were
used [8]. The experimental data for this reaction are not accessible in the literature. This
reaction is interesting because it can be used for determining the optical potential of in-
teractions of the short-lived unstable nuclei '°B + *Be. Such determination can be done in
the framework of the coupled-reactions-channel method. The angular distributions of the
9Be(“B, 12B)8Be reaction at ELAB(”B) =45 MeV for the ground excited states of 2B and
*Be nuclei are shown in Figs. 5.1.8 and 5.1.9.

The differential cross sections of the *Be(''B, “B)*Be reactions were analyzed us-
ing the optical model and the CRC method with inclusion of the elastic and inelastic scat-
tering of *Be + ''B nuclei and also the one-step and two-step transfers of nucleons and
clusters into the coupling scheme. The optical model potentials of the Woods-Saxon type
were used in the calculations. The diagrams of these transfers are shown in Fig. 5.1.10.

The values of the optical-potential parameters for the entrance and exit channels of
the “Be(''B, °B)*Be reaction are shown in Table 5.1.3. The CRC cross sections of the
’Be(''B, '“B)"Be reaction for one-step and two-step sequential are shown in Fig. 5.1.8.
The solid curve presents a coherent sum of the cross sections for the neutron and triton
transfer reaction. One can see that in this reaction the neutron transfer process dominates
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Fig. 5.1.8. The differential cross sections of the Fig. 5.1.9. The differential cross sections of the
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energy for transitions to ground states of the B MeV energy for excited states of the '’B and
and *Be nuclei. The lines — the CRC-cross sections *Be nuclei. The curves — CRC-cross sections for
of nucleons and cluster transfers. The explanations neutron transfer reactions.
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are small.
The neutron transfer domi-
nates (solid curves in Fig. 5.1.9) in

the cross sections. It was found that the optical potential of the 2B )9s3 + "Be and "B +
*Be ", o4 nuclei interaction in the excited states is almost equal to that for the 2B + *Be nu-

clei in

teraction in the ground states.
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Table 5.1.3. Parameters of optical model potentials.

Reaction v, ry, ar, W, w, aw,
channel MeV fm fm MeV fm fm
Be + ''B 187,3 0,788 0,730 10,4 1,236 0,730
*Be + ’B 187,3 0,791 0,730 7,0 1,250 0,730

It was concluded from the CRC-analysis of the experimental data of the *Be(''B,
"2B)*Be reaction for the ground and excited states of the '*B and *Be nuclei that the neu-
tron transfer is the dominating process and the two-step transfers are small. Then, this re-
action can be used for determining the optical potential for the unstable '’B + *Be nuclei
interactions.

5.1.3. The °Be(*'B, *C)%Li reaction and comparison with the °Be(*'B, *B)®Be

and °Be(*'B, °Be)'°Bereactions.

This sub-Section is devoted to comparison of the *Be(''B, '“B)*Be, *Be(''B,
2C)*Li, *Be(''B, “B)"Be, and *Be(''B, '°B)'’Be reactions for £, 5(''B) = 45 MeV (see
[19]). For the *Be(*'B, '*B)*Be and *Be(''B, '°B)'’Be reactions, the obtained previously
experimental data were used [8]. For the *Be(''B, '*C)*Li reaction, the differential cross
sections for transitions to the ground states of '2C and Li nuclei and to the levels 4.439
MeV (2%) of *C nucleus and 0.981 MeV (19, 2.261 MeV (3"), 3.21 MeV (17), 5.4 MeV
(27) of the *Li nucleus were measured at E; ,5(''B) =45 MeV [10].

A comparison of reactions with the identical nuclei in the entrance channels and
with different isotopes and isobars in the exit channels for close values of the Q-reaction
is important for investigation of isotopic and isobaric effects in the structure of nuclei and
in the nucleus-nucleus interaction potentials. A comparison of the *Be(''B, *B)*Be [18]
and *Be(''B, '*C)*Li reactions is important for investigation of the shell structure of the
’Be, ''B, "”B and "*C nuclei and for studies of isobaric effects in the optical potential of
interaction of the '*B + *Be and '°C + ®Li nuclei. The structure peculiarities of these nu-
clei are taken into account in the spectroscopic amplitudes of nucleons in the ’B — ''B +
n, °C - "B+ p, Be — *Be + n and "Be — °Li + p systems. The absolute values of the
reaction cross sections depend on these amplitudes, while the angular distributions de-
pend on the optical potentials of nuclear interactions. Then, comparison of the *Be(''B,
B)*Be and *Be(''B, '*C)’Li reactions can give some information about nuclear struc-
tures and nuclear interactions.

Besides the isobaric effects mentioned above, also isotopic effects in the *Be(''B,
’B)*Be [18] and ’Be(''B, '°B)!’Be [10] reactions for the same energy can be investi-
gated. These reactions give a possibility of experimental verification of the spectroscopic
amplitudes for neutrons in the "B — "B+ nand ''B — "B + n, Be — *Be + n and '°Be
— "Be + n systems, which were obtained from the shell model. These reactions give also
a possibility of investigation of isotopic effects in the optical potentials of the "Be + ''B,
2B + *Be and '°B + '’Be nuclei interactions. Some of these nuclei are unstable. As it was
already mentioned in Chapter 1, direct investigation of the nucleus-nucleus interaction for
unstable short-living nuclei, performed using the secondary radioactive beams, is very
difficult. Investigations of the transfer reactions with not complicated mechanisms are an
alternative. For investigation of the optical potentials for the '“C + *Li nuclei interactions,
the *Be(''B, '*C)®Li reaction was used. The optical potential for the entrance channel was
taken from the analysis of the elastic scattering of *Be + ''B nuclei in the wide energy
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range [8]. Earlier our group obtained the optical potentials of the °B + *Be and ''B +
"“Be nuclei interactions from the *Be(''B, '“B)*Be [18] and *Be(''B, '°B)'’Be [10] reac-
tions.

-le e The differential cross
sections for transitions to
ground and excited states of
"?C and °Li nuclei in the
’Be(''B, '*C)*Li reaction for
ELAB(“B) = 45 MeV are
shown in Figs. 5.1.11 and
5.1.12. For transitions to the
ground states of '°C and ®Li
, o (Fig. 5.1.11) and to the levels
- ‘Pf“dp’ s 0.981 MeV (1) of ®Li and
T, ) x 10T 4.439 MeV (2% of '*C (Fig.

s ("‘“_"“} x 100 5.1.12, left side), the differ-
10 (na+an) x 10 ential cross sections were
AVAVAVAVE S measured in the full angular

range, except of a small re-

gion around middle angles.
07 Lo e The differential cross sec-
30 60 90 120 150 180 tions for large angles were
Oy (deg) obtained from the analysis of

Fig. 5.1.11. The differential cross sections for the *Be(''B, '*C)’Li the 11thlqm—1sot0p e spectra,
reaction at Ey xp(''B) = 45 MeV energy and for ground states of '’C  For trans+1t10ns to the 2-26+1
and ®Li nuclei. Lines — the CRC cross sections for one- and two- MeV (37), 3.21 MeV (1))
step transfer reactions. The reaction diagrams are shown in Fig. and 5.40 MeV (2+) levels of
S.LI3. ®Li, the differential cross sec-
tions (Fig. 5.1.12, right side) were obtained from the analysis of the carbon-isotope spec-
tra only, because “Li in these states decays to fragments, not achieving the detectors.
Then, for these transitions, the cross sections for Gy < 90° only were obtained.

One can see that only for transitions to the ground states of '*C and °Li (Fig.
5.1.11) and to the 0.981 MeV (17) level of ®Li (Fig. 5.1.12, left side), sharp oscillations at
Gem < 90° can be observed in the differential cross sections of the *Be(''B, '*C)*Li reac-
tions. For other transitions, the angular dependences have rather poor oscillation struc-
ture.
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The experimental differential cross sections for transitions to the ground and ex-
cited states of '°C and ®Li in the *Be(''B, '*C)®Li reaction were analyzed using the CRC
method with the elastic and inelastic scattering of the ''B + *Be nuclei. Also, the one-step
and two-step transfers of nucleons and clusters were included into the coupled-channel
scheme, accordingly to the diagrams in Fig. 5.1.13. For the CRC calculations in the en-
trance and exit channels, the optical Saxon-Woods potential with volume absorption was
used.
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Fig. 5.1.12. The differential cross sections at the £y 5(''B) = 45 MeV energy and for transfers to levels of
0.981 MeV (17 of ®*Li nuclei and 4.439 MeV (27) of "*C nuclei (left panel) and to levels of 2.261 MeV
(3%, 3.21 MeV (17) and 5.4 MeV (27) of ®Li nuclei (right panel). Lines — the CRC- cross sections for for
proton transfers (curves <p>) and *He cluster transfers (lines <’He>).

Table 5.1.4. Parameters of optical model potentials.

Reaction Ecy vV, ry, ay, Ws, w, ay, Ref.
channel MeV | MeV fm fm MeV fm fm

‘Be+''B 20.25 | 187.3 | 0.788 | 0.730 10.4 1.236 0.730

SLi+ "C 19.32 | 187.3 | 0.791 | 0.730 5.0 1.236 0.730

*Be + °B 21.95 | 187.3 | 0.791 | 0.730 7.0 1.236 0.730 [18]

"Be + B 15.61 | 154.7 | 0.823 | 0.721 10.0 1.248 0.721 [10]

For the entrance channel of the “Be(''B, *C)’Li reaction, the energy-dependent
optical potentials obtained from the experimental data of elastic scattering of ''B + *Be
nuclei in a wide energy range were used [8]. The parameters of these potentials are
shown in Table 5.1.4.

The parameters of the optical potentials for the exit channel of the *Be(''B, '*C)*Li
reaction were fitted to the experimental data. The obtained parameters of the optical po-
tentials of the '°C + ®Li interactions are also shown in Table 5.1.4. One can see that the
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optical potentials of the ''B + *Be and '*C + *Li interactions noticeably differ only in the
depth of imaginary parts (Ws = 10.4 MeV for ''B + °Be and Wy = 5.0 MeV for '°C + *Li).

The parameters of optical potentials for interactions of the '*B + *Be [18] and '°B
+ 'Be [10] nuclei, necessary for analysis of the *Be(''B, *B)’Be and *Be(''B, “C)°Li,
’Be(''B, '°B)'’Be, *Be(''B, ''B)’Be and *Be(''B, '’B)Be reactions are also shown in Ta-
ble 5.1.4.

The CRC cross sections of the *Be(''B, '>C)*Li reaction for the ground states of
the '*C + ®Li nuclei are shown in Fig. 5.1.11. It is visible that for these reactions the pro-
ton transfers dominate the cross section in the full angular range. On the other hand, the
*He-cluster transfers and two-step transfers are small. The solid line in Fig. 5.1.11 repre-
sents the coherent sum of the CRC cross sections for proton and *He transfers. This curve
1s practically the same as the CRC cross sections for proton transfers. One can see that
the CRC cross sections, obtained using the optical potentials shown in Table 5.1.4, well
describe the experimental data in the full angular range.
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Fig. 5.1.13. The diagrams of one- and two-step Fig. 5.1.14. The differential cross sections of the
transfers in the °Be(''B, "“C)°Li and °Be(''B, °Be(''B ,'°B)'’Be, *Be(''B, '’B)*Be and ’Be(''B,
¥Li)"*C reactions. 2C)*Li reactions for E;("'B) = 45 MeV energy
and ground states of nuclei in exit channels. Lines
— the CRC-cross sections.

The CRC cross sections for the *Be(''B, *C)®Li reaction for the excited states of
"2C and ®Li are shown in Fig. 5.1.12. This is apparent that the proton transfers (line <p>)
also dominate here and the *He transfers and two-step transfers are also small. The coher-
ent sum of the CRC cross sections for the proton and *He transfers (solid lines 2p13He) are
practically equal to the CRC cross sections for proton transfers. Then, the experimental
data of the “Be(''B, *C)®Li reaction for the excited states of the '>C and ®Li are also well
described by the CRC cross sections.

Isobaric effects appears in the “Be(''B, *B)*Be and *Be(''B, '*C)*Li reactions. The
differential cross sections for the *Be(''B, '?B)*Be reaction (full points and solid line) and
’Be(''B, '2C)®Li reaction (open points and dotted line) for the ground states of nuclei in
exit channels for E,,5(''B) = 45 MeV are shown in Fig. 5.1.14. It is apparent, that the
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values of the cross sections of these reactions noticeably differ. These differences cannot
be a result of energy dependence of the cross sections since for the '*B + *Be channel E¢y,
=21.35 MeV and for the ">C + ®Li channel Ecqy=19.32 MeV. The difference of kinetic
energies of these reaction products equals ~2 MeV only and this is not a reason for dif-
ferences of these cross sections. These energy differences in the exit channels of reactions
can explain only shifting of the angular cross sections of oscillations and differences in
their mean slopes only. The absolute values of these reactions cross section depend on
products of the spectroscopic amplitudes Ajopisge = S12B-511B+1"S9Be8Bern = 1,35 and
Aiacisti = Siaco11B+pSoBessiLitp = 1.04 and also on the binding energy of neutrons in the
"B — "B +n (E,=3.370 MeV) and Be — *Be + n (E, = 1.665 MeV) systems and the
binding energy of protons in the °C — "B +p (E,=15.957 MeV) and “Be — "Li + p (E,
= 16.887 MeV) systems. Then, a larger probability of the *Be(''B, '“B)*Be reaction in
comparison to the Be(“B 12C) Li reaction is due to Ajop+88. > A12c4s1i, relation and also
due to fact that the binding energy of neutrons in the °B and ’Be nuclei is smaller than
the proton binding energy in the '°C and °Be nuclei. The neutron transfers are more prob-
able energetically and have greater spectroscopic factors than the proton transfers in in-
teractions of these nuclei.

For a more detailed investigation of differences of the cross sections for the
’Be(''B, '"B)*Be and “Be(''B, '*C)’Li reactions, the asymmetry D;(0) (full points and
solid line) is shown in Fig. 5.1.15

Dy(0) = o128(0)—012¢(0)
o128(0)+012c(8)

As one sees from Fig. 5.1.15, the asymmetry D, has an oscillatory shape, accord-
ingly to the relative shift of oscillations in the angular distributions of the *Be(''B,
’B)*Be and *Be(''B, '*C)*Li reactions. The mean value of asymmetry is D ~ 1.

One can conclude from Table 5.1.4, that the optical potentials for the '°B + *Be
and ">C + ®Li channels are different only in Wy (Ws=7 MeV for 2B + ®Be and Ws=15
MeV for '2C + ®Li) parameters. The isobaric effects in the *Be(''B, '’B)*Be and *Be(''B,
12C)®Li reactions only slightly affect the optical potentials in exit channels.

Isotopic effects appear also in the *Be(''B, '“B)*Be and ’Be(''B, '°B)'’Be reac-
tions. The differential cross sections for these reactions at £} AB(“B) =45 MeV are shown
in Fig. 5.1.14. It is visible that the cross sections of these reactions slightly differ for 6,
> 25° although differences of the kinetic energies are 5.74 MeV. This energy difference
can explain larger differences in the cross sections only for small angles. Small differ-
ences of the differential cross sections for the *Be(''B, “B)*Be and *Be(''B, '°B)'’Be re-
actions can be explained in the following way. The values of product of the spectroscopic
amplitudes A op+108e & 1.89 for the is larger than similar value 4,p:38. = 1.35 for the
’Be(''B, °B)"Be reaction. But the binding energies of neutrons in the'’B — ''B + n (E, =
3.370 MeV), Be — "Be + n (E, = 1.665 MeV) system are smaller than binding energies
of neutrons in the ''B — '°B + n (E, = 11.454 MeV), 'Be — *Be + n (E, = 6.812 MeV)
systems. The asymmetry
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Dy(0) = o128(0)—0108(0)
o128(0)+0108(0)

of the differential cross sections for the *Be(''B, '’B)*Be and *Be(''B, '’B)'°Be reactions
at E;,5(''B) = 45 MeV is shown in Fig. 5.1.15. Oscillations of this asymmetry display the
angular shifts of oscillations of the differential cross sections, due to differences in kinetic
energies of the exit channels of these reactions. These differences explain the increase of
the asymmetry D,(6) for small angles.

One can see from Table 5.1.4 that the optical potentials of the '’B + *Be and '°B +
""Be channels noticeably differ only in depths of the real and imaginary parts.

I I O O O O O I RO | As a conclusion
of this sub-Section we
emphasize that big dif-
ferences (isobaric ef-
fect) in the differential
cross sections for the
’Be(''B, '"B)’Be and

e e 'Be('B, "O)Li reac
||||I||||I||r,|I|1||Ir|||I||||I||1|I||||I|||| tions were found' The

10 20 30 40 50 60 70 80 90  Iisotopic effects in the
O, (deg) differential cross sec-

Fig. 5.1.15. The angular dependence of asymmetry D, (6) of cross sections ~ t10NS for 9Be(l 'B,
of the *Be(''B, "“B)*Be and ’Be(''B, '*C)°Li reactions (full circles and lzB)gBe and 9BC(11B,
solid line) and D,(6) of cross sections of the 9Be(“B, 12B)gBe and 9Be(”B, 1OB)IOBe reactions at
'"B)!%Be reactions (open circles apq dashed line) for E£,45(''B) = 45 MeV E; 4 B(HB) = 45 MeV
energy and ground states of nuclei in exit channels. The curves D; and D,
are the CRC-cross sections asymmetries.
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were also observed.

5.1.4. The *C(*'B, ®N)®Bereaction and ®Be + °N optical-model potential.

The analysis of the C(''B, "N)’Be reaction, measured for the transitions to the
ground and excited states of ®Be and "°N at ELAB(“B) =49 MeV is presented in this sub-
Section (see [11]). We have found in the literature only the experimental data of the
2C(''B, ®Be)"°N reaction for a few angles at Ecy, ~ 10 - 17 MeV [226]. Those data were
used together with our data to study the energy dependence of the "Be + N OM parame-
ters. This is impossible when a standard method using elastic scattering is applied be-
cause “Be is unbound. The “C(''B, "N)*Be and *C(''B, *Be)"°N reactions are also used
to investigate the two-step transfers which include the sequential nucleon and two- nu-
cleon cluster exchanges, in addition to the a- and t-cluster transfers.

As a result, the angular distributions of the 12C(”B, 15N)gBe reaction at ELAB(”B) =
49 MeV were obtained for the transitions to the ground and excited states of *Be and "°N
are shown in Figs. 5.1.16 - 5.1.18, together with the results of theoretical calculations.
The errors shown in the figures include the statistical errors and uncertainties from the
analysis of the spectra. We assumed that the areas under the isolated and unresolved
peaks are obtained with the accuracy of about 20% - 30%.
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Fig. 5.1.16. Angular distribution of the '*C("'B,
"N)*Be reaction for the transitions to the ground
states of ’N and *Be at the energy E,(''B) = 49
MeV. The dashed curves represent the CRC
cross-sections for the individual transfers or their
coherent sums corresponding to the diagrams
shown in Fig. 5.1.20 (see text for more details).
The solid curve 2., shows the coherent sum of
the a- and t-cluster transfers (see curves <o> and
<t>, respectively).
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Fig. 5.1.17. Angular distribution of the "*C(''B,
15N)SBe reaction at the energy ELAB(”B) =49 MeV
for the transition to the 2.94 MeV (2") excited state
of *Be. The dashed curves <o> and <t> present the
angular distributions for the a- and t- cluster trans-
fers, respectively. The solid curve X,.; shows the
coherent sum of these transfers.

The angular distributions of the
2c(''B, '"N)*Be reaction for the ground and
excited states of *Be and "N at ELAB(“B) =
49 MeV (Ecy = 25.57 MeV), as well as the

data of the "*C("'B, *Be)""N reaction at Ecy, = 10 - 17 MeV [226], which are known from
the literature, were analyzed within the coupled-reaction-channel method. The data of the
2C(''B, ®Be)"°N reaction at CM energies ranging from 10 MeV up to 17 MeV in the step
of 1 MeV were obtained from the differential cross-sections a(6,E) given in [226] at O¢y,
= 12.2°, 20.0°, 36.2° 44.2° and 52.0°. These angular distributions are shown in Fig.

5.1.19.
The OM parameters {X;} =

{V; ry; ay; W, ry, ay} for the entrance g + 2¢

channel were taken from the energy-dependent parameterization based on the elastic-
scattering data obtained in [6]. These OM parameters are listed in Table 5.1.5.

Table 5.1.5. Parameters of OM potentials (rc = 1.25 fm).

ECM V Iy ay WS Iy aw
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
llB I 12C
10.00 114.0 0.808 0.669 4.0 1.289 0.669
12.00 147.0 0.795 0.670 4.5 1.262 0.670
13.50 175.7 0.791 0.670 5.0 1.255 0.670
15.00 202.6 0.789 0.670 5.5 1.253 0.670
16.00 217.5 0.789 0.670 59 1.252 0.670
17.00 2293 0.788 0.670 6.2 1.251 0.670
25.57 [2] 241.6 0.788 0.670 9.0 1.250 0.670
8Be ¥ ISN
13.63 68.0 0.799 0.400 1.0 1.255 0.400
15.63 102.0 0.796 0.400 1.4 1.255 0.400
17.13 128.9 0.796 0.400 1.9 1.250 0.400
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18.63 177.8 0.796 0.400 2.6 1.250 0.400
19.63 211.0 0.796 0.400 3.0 1.250 0.400
20.63 231.0 0.796 0.400 3.8 1.250 0.400
21.63 238.0 0.796 0.400 4.0 1.250 0.400
22.04 241.5 0.796 0.400 4.1 1.250 0.400
22.88 246.8 0.796 0.400 4.2 1.250 0.400
23.90 247.2 0.796 0.400 43 1.250 0.400
26.26 252.0 0.796 0.400 43 1.250 0.400
29.20 252.6 0.796 0.400 43 1.250 0.400

The angular distributions were calculated for the one-step and two-step transfers
corresponding to the diagrams shown in Fig. 5.1.20. First of all, the angular distributions
for each individual transfer were calculated using the same OM parameters for both the
entrance and exit reaction channels. An individual transfer or a group of sequential trans-
fers (e.g., n + d and d + n) were included into the coupling scheme, together with the
elastic scattering and the transitions to the excited states of ''B or '*C, which correspond
to the diagrams presented in Fig. 5.1.20. It was found that, in the *C(''B, '"N)*Be reac-
tions, the a- and t-cluster transfers dominate at the forward and backward angles, respec-
tively, for all transitions to the ground and excited states of “Be and "°’N. Next, a coherent
sum of the a- and t-cluster transfers was fitted to the data for each transition by the varia-
tion of the OM parameters for the *Be + '°N channel. As a result, the OM parameters for
this channel were obtained for a few different energies. These parameters are listed in
Table 5.5.1. The corresponding coherent sums of the a- and t-cluster transfers are shown
in Figs. 5.5.3 - 5.5.6 using the solid curves. More details of the angular distribution
analysis are presented below.

Figure 5.1.16 shows the angular distribution of the *C(''B, ""N)*Be reaction for
the transition to the ground states of *Be and "’N. The curves present the CRC cross-
sections for the one- and two-step transfers corresponding to the diagrams of Fig. 5.1.20.
One can see that the a-transfer (curve <o>) is dominant at forward angles where the an-
gular distribution was measured. The t-cluster transfer is not important in this angular
range. The CRC calculations predict that this transfer is dominant at backward angles
(curve <t>). The coherent sum of the a- and t-cluster transfers (solid curve 2, .,) satisfac-
torily describes the data. The sequential transfers of p + t (curve <p + t>), p + 2n (curve
<p +2n>), d + d (curve <d + d>), n + “He and *He + n (curve <n’He + *Hen> shows their
coherent sum), n + d and d + n (curve <nd + dn>), p + a and a + p (curve <pa + ap>)
contribute weakly to the C(''B, *N)*Be reaction.

The angular distribution of the C(''B, "’N)*Be reaction for the transition to the
2.94 MeV (2 excited state of *Be and to the ground state of "°N is shown in Fig. 5.1.17.
One can see that the a-cluster transfer (dashed curve <o>) dominates at the angles 6¢), <
50° and that contributions of the a- and t-cluster transfers (curves <a> and <t>, respec-
tively) appear in the region ¢y, = 50° - 90°. As in the case presented above, the two-step
transfers are negligible for this transition. The coherent sum of the a- and t-cluster trans-
fers (solid curve 2, ,,) satisfactorily describes the data.

The angular distributions of the "*C(*'B, ""N)*Be reaction at E; ;5(''B) = 49 MeV
for the transitions to the 5.270 MeV (5/2") + 5.299 MeV (1/2"), 6.324 MeV (3/27), 7.155
MeV (5/2) + 7.301 MeV (3/27) and 7.567 MeV (7/2") excited states of °N are shown in
Fig. 5.1.18. The contributions of the a-cluster transfers (dashed curves <o>) to the data
are dominant for all these transitions. In the forward hemisphere the t-cluster transfers
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(curves <t>) modify the angular distributions only around O¢y, = 90°. The coherent sums
of the a- and t-cluster transfers (solid curves) satisfactorily describe all data. The transi-
tion to the 5.299 MeV (1/27) excited state of °N only weakly contributes to the data of
unresolved transitions to the 5.270 MeV (5/27) + 5.299 MeV (1/2") excited states of °N.
The transition to the 7.301 MeV (3/2") excited state of "°N is also weak in comparison to

the 7.155 MeV (5/2") excited state of °N.

The experimental angular distributions of the '*C(''B, *Be)"’N reaction at the en-
ergies Ecy = 10 - 17 MeV taken from Ref. [226], are shown in Fig. 5.1.19. The curves
present the CRC angular distributions.

Table 5.1.6. Energy dependence of the *Be + "N OM parameters.

X Vo Wy ry r'w ay aw
(MeV) (MeV) (fm) (fm) (fm) (fm)
X 69.7 0.8 0.8 1.25 0.30 0.30
X" 270.3 4.4 1.1 1.60 0.40 0.40
Ex(MeV) 18.1 18.6 5.0 5.00 4.80 4.80
AEy(MeV) | 1.7 1.7 2.0 2.00 1.13 1.13

do/d0 (mb/sr)

The optical-model parameters for the *Be + °N channel deduced from the CRC
analysis of the *C("'B, "N)*Be and "*C(''B, *Be)"’N reactions at different energies, are
listed in Table 5.1.5 and presented in Fig. 5.1.21 using the solid circles. These sets of the
OM parameters {X;} for different energies were parameterized by the functional forms
introduced in Section 3.4.
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Fig. 5.1.18. Angular distributions of the *C("'B,
PN)*Be reaction at the energy E,(''B) = 49
MeV for the transitions to the 5.27 MeV (5/2") +
5299 MeV (1/29), 6.324 (3/27), 7.155 MeV
(5/2" + 7.301 MeV (3/2") and 7.567 MeV (7/2")
excited state of ’N. The angular distributions for
the a- and t-cluster transfers are presented by
dashed curves <a> and <t>, respectively. The
solid curves represent the coherent sums of the a-
and t-cluster transfers.

The energy-dependent parameters
X" x"* Ey and AEy; were fitted in or-
der to describe the energy dependences of
the OM parameters X;. As the result, the
sets of these parameters were estimated for
the *Be + "’N channel. These parameters
are listed in Table 5.1.6. In Fig. 5.1.21 we
show also the energy dependence of the
OM parameters for the *Be + °C channel
(open triangles and dashed curves) ob

tained in our previous work [3]. Except for r; and ry , rather large differences between
the OM parameters of the *Be + °C and *Be + °N channels can be seen. At energies Ecy,
> (0 MeV the parameters ay and ajy are much smaller for the *Be + '°N channel than for
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the *Be + "°C one (see the lower panel in Fig. 5.1.21). This is probably caused by closing
the neutron p-shell in the '°N nucleus. The energy interval of the fast rise of W for the
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Fig. 5.1.19. Angular distributions of
the "“C("'B, *Be)"N reaction at the en-
ergies Ecy = 10 - 17 MeV for the tran-
sitions to the ground states of *Be and
"N (data from [226]). The dashed
curves <o> and <t> show the angular
distributions of the o- and t-cluster
transfers, respectively. The solid
curves present the coherent sum of
these transfers.

*Be + "N channel is shifted rela-
tively to its counterpart for the “Be
+ 3C channel (see panel for W in
Fig. 5.1.21). To characterize this
shift quantitatively it is convenient
to use points in the middle of the
regions of the fast growths of W
(Ey = 18.6 MeV for *Be + "N and

Ec=11.39 MeV [3] for ®Be + °C). The corresponding points Ey and E are marked on
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Fig. 5.1.20. Diagrams of the one-
and two-step processes for the
IZC(”B, ISN)SBe and IZC(”B,
*Be)'"N reactions.

the Ecy axis of Wy in Fig.
5.1.21. The energy shift AEyc =
Ey-Ec-=7.21MeV is probably
due to differences between the
*Be + "°C and *Be + N poten-
tial barriers. The fast Wy rise
must correspond to an intensive
opening of new inelastic chan-
nels. For nucleus-nucleus colli-

sions inelastic processes take place mainly nearby the surfaces of interacting nuclei.
Therefore, we analyze barriers of the effective potential for both interacting systems in
the vicinity of grazing orbital momenta /,. The V,4(r) potentials were calculated using the
*Be + °C OM parameters from ref. [3] At Ecy; = 11.39 MeV (V, = 159.0 MeV, = 0.87
fm, ay = 0:723 fm, rc = 0.87 fim) and the *Be + "N OM parameters at Ec,, = 18.63 MeV
from Table 5.1.5. It was found that for both the *Be + '°C and ®Be + °N systems the graz-
ing orbital momenta are /, = 21. This is illustrated in Fig. 5.1.22 where the effective po-
tentials V,4(r) are shown: dashed curve: for the *Be + 1°C system, solid curves: for the “Be
+ N system. The grazing potential barrier for the *Be + °C system at Ec = 11.39 MeV is
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Fig. 5.1.21. Energy dependence of the OM poten-
tial parameters for the “Be + "°C (open triangles and
dashed curves) (Ecos = 5.59 MeV (CM)) [3] and
’Be + N (solid circles and curves) (Ecyu = 6.27
MeV (CM)) channels. Ey and E¢ are the points of

the grazing potential barriers for these sys-
tems is probably the reason of the energy
shift of the fast growth of Wy discussed
above. The OM parameters V(E) of *Be +
PN and "Be + "°C are also shifted in a

fast growths of Ws. similar way

The following conclusion can be made. The two-step processes are negligible in
the '*C("'B, ""N)*Be and "“C(''B, *Be)'°N reactions for all transitions. The coherent sums
of the a- and t-cluster transfers satisfactorily describe the angular distributions of these
reactions for all transitions. Using the energy-dependent OM parameters for the entrance
channel of the *C("'B, "N)*Be and '*C(''B, *Be)"°N reactions and the cluster spectro-
scopic amplitudes, the OM parameters for the *Be + °N channel were obtained from the
analysis of experimental data at different energies. The energy dependence of the OM pa-
rameters for the *Be + '°N channel was derived as a result of our procedure. Differences
between the energy dependence of the OM parameters for the *Be + "N and *Be + "°C
channels were discussed and explained by the differences of potential barriers in both
channels.

5.2. The’Be(**C, **C) and *Be(**C, 'B) reactions.

5.2.1. The *Be(**C, °C)®Be reaction and the optical potential for the ®Be + *C

interaction.

This sub-Section is devoted to investigation of the *Be('*C, *C)*Be reaction [3].
The energy-dependent optical-model potential for the '°C + °Be elastic scattering (en-
trance channel) was recently obtained in the work [4] and described in Section 4.2.
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The mechanism of the *Be(*C, °C)*Be reaction was carefully studied and the re-
sults are presented in this sub-Section. Two OM potentials for the °C + *Be interaction
were used in the CRC calculations: the same as for the entrance channel and the OM po-
tential obtained in the fitting procedure. The energy dependence of these potentials were
studied. The results were compared with the energy dependence of the OM potential for
the "*C + °Be elastic scattering. Some differences were found.

The angular distributions for the *Be('*C, °C)®Be reaction at £, 45(**C) = 65 MeV
for the transitions to the ground states of the "Be and ">C nuclei and to excited states of
the °C nucleus are shown in Figs. 5.2.1 and 5.2.2.

The angular distributions of the *Be(**C, *C)*Be reaction at E; 5('*C) = 65 MeV

(Ecy = 27.86 MeV) for the transitions to the ground and excited states of >C and *Be nu-
clei together with similar data at ELAB(12C) =12, 15 MeV (Ecy = 5.14, 6.43 MeV) [222]
and E; 5(°Be) = 20 MeV (Ecy, = 11.43 MeV) for the "*C(°Be, *Be)'*C reaction [153] were
analyzed within the CRC model. This model uses the energy-dependent OM potential
found in [4] for the '°C + °Be interaction in the entrance reaction channel. The parameters
of this potential are given in Table 5.2.1. The OM potential parameters for the exit °C +
*Be channel were fitted to the reaction data using the OM potential of the entrance chan-
nel as the starting potential in the fitting procedure.
The angular distributions of the ’Be('*C, °C)*Be reaction at ELAB(12C) =65 MeV (Ecy, =
27.86 MeV) for the transitions to the ground and excited states of °C and *Be nuclei to-
gether with similar data at £, 5("°C) = 12, 15 MeV (Ecy = 5.14, 6.43 MeV) [222] and
E;5CBe) = 20 MeV (Egy = 11.43 MeV) for the “C(°Be, *Be)"°C reaction [153] were
analyzed within the CRC model. This model uses the energy-dependent OM potential
found in [4] for the °C + *Be interaction in the entrance reaction channel. The parameters
of this potential are given in Table 5.2.1. The OM potential parameters for the exit °C +
*Be channel were fitted to the reaction data using the OM potential of the entrance chan-
nel as the starting potential in the fitting procedure.

The diagrams for the one-step and two-step transfer reactions are presented in Fig.
5.2.3. The elastic and inelastic scattering for the transitions to the 1.68 MeV (1/2") and
2.43 MeV (5/27) excited states of the *Be nucleus were included in the coupled channel-
scheme. The excited states of *Be were assumed to be rotational and the deformation pa-
rameters obtained in [4] were used in the CRC calculations.

The spectroscopic amplitudes S, for the 1p-shell states of nuclei are listed in Ap-
pendix. The spectroscopic amplitudes for the 3.09 MeV (1/2") and 3.85 MeV (5/2") ex-
cited sd-shell states of >C were fitted to the corresponding data at ELAB(IZC) =12, 15
MeV [222] . The fitting procedure is reasonable because the CRC angular distributions of
these reactions at small angles are only slightly dependent on the variation of the OM po-
tential parameters for the exit channels of these reactions.

The angular distributions calculated within the CRC model are shown in Figs.
5.2.1,5.2.2,5.2.4 — 5.2.6 by the solid and dashed curves. In Figs. 5.2.1, 5.2.4 — 5.2.6 the
dotted curves marked by the X label illustrate the CRC cross sections obtained using the
same potentials in the entrance and exit channels. Figures 5.2.1, 5.2.4 — 5.2.6 show that
the n-transfer (dashed curves <n>) dominates in the *Be('’C, “C)*Be and '“C(°Be,
*Be)"°C reactions at all beam energies considered here. The o transfer (dashed curves
<o>) contributes to the angular distributions only at large angles. Figure 5.2.1 shows that
the two-step transfers *He + n and d + d (dashed curves <’He+n> and <d+d>) in these re-
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actions are negligible. The other two-step reactions give also small contributions to the
cross section for these reactions. Therefore, the 9Be(12C, 13C)gBe and 12C(9Be, 8Be)BC re-
actions are suitable for studying the “Be + °C interaction at different energies.

Fig. 5.2.3. Diagrams of one- and two-step trans-
fer processes relevant for the “Be('*C, °C)"Be re-
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Fig. 5.2.3. Diagrams of one- and two-step transfer
processes relevant for the *Be(**C, *C)'Be reac-
tion.

The values of the OM potential pa-
rameters V, Wg = Were, ¥i,vw, Ay, Qw, ¥c =1y
obtained in the fitting procedure. The pa-
rameters ay and ay were fitted independently
from each other. It was found that the CRC
angular distributions are more sensitive to
the variation of the parameter ay than to the
variation of the parameter ay. The best de-
scription of the data was observed for almost
1dentical values of ay and ay . Thus, in the
following we put ay = ay. The CRC cross
sections calculated as a

Fig. 5.2.4. Angular distributions of the *Be(**C,
C)*Be reaction at the energy £, 45('*C) = 12
MeV [222] for the transitions to the ground states
of the "*C and *Be nuclei upper panel and to the
3.09 MeV (1/27) and 3.85 MeV (5/2") excited
states of the "*C nucleus middle and lower panels,
respectively . The dashed curves <n>, <o> and
solid curve X show the angular distributions cor-
responding to the n, a transfers and a coherent
sum of these processes calculated within the
CRC model, respectively. The meaning of the
dotted curve X is the same as in Fig. 5.2.1 but at
E 5(C)=12 MeV.

coherent sum of the n- and o- transfer transi-
tion amplitudes for the ’Be(**C, C)*Be and
2C(°Be, "Be)"’C reactions are shown in Figs.
5.2.1, 5.2.2 and Figs. 5.2.4 — 5.2.6 using the
solid curves X, 25 9443 09 and 25 ¢g+3.85. AS it can
be seen from the figures, a good description of
all experimental data is achieved.
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S s Fig. 5.2.5. The same as in Fig. 5.2.2 at the en-
*Be(%0,5C")’Be ergy Ep("°C) = 15 MeV [222] .
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Ll e N the values of OM potential parameters
i obtained for the excited states of nuclei
(ignoring spin effects) in order to study
the energy dependence of the °C + *Be
OM potential at the corresponding rela-
tive center-of-mass energies (see Table
5.2.1) were used.
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Table 5.2.1. Parameters of the Woods—Saxon optical potentials.

System ECM V ry ay WCRC rw aw rc Ref.
MeV) MeV) | (fm) (fm) MeV) (fm) (fm) (fm)
‘Be+"?C 5.14 108.0 0.843 0.760 3.50 1.350 | 0.600 0.843 | [4]
6.43 115.0 0.810 0.790 3.80 1.340 | 0.600 0.810 | [4]
11.43 167.1 0.789 0.800 8.00 1.270 | 0.680 0.789 | [4]
27.86 181.4 0.789 0.760 14.50 1.250 | 0.680 0.789 | [4]
’Be+°C; g5 457 91.3 1.146 0.354 0.52 1.517 | 0.354 1.146
8Be+13C; g9 5.34 100.0 1.127 0.371 0.64 1.500 | 0.371 1.127
’Be+°C; g5 5.86 105.5 1.114 0.385 0.70 1490 | 0.385 1.114
8Be+13C; g9 6.62 110.0 1.030 0.390 0.80 1.451 0.390 1.030
8Be+3C 8.42 129.0 0.950 0.440 1.70 1.400 | 0.440 0.950
SBe+'*C 9.71 147.0 0.950 0.660 2.40 1.370 | 0.670 0.950
’Be+°C; g5 10.86 148.0 0.894 0.664 2.76 1.336 | 0.664 0.894
’Be+3C; 45 11.03 149.0 0.885 0.671 2.81 1.333 | 0.671 0.885
8Be+13C; g9 11.62 159.0 0.870 0.723 3.50 1.325 0.723 0.870
8Be+3C 14.71 170.0 0.830 0.750 5.50 1.280 | 0.750 0.830
’Be+°C; g5 27.28 170.9 0.793 0.760 6.97 1.250 | 0.760 0.793
SBe+3C; 45 27.45 170.9 0.793 0.760 6.97 1.250 | 0.760 0.793
8Be+13C; g9 28.05 171.5 0.793 0.760 7.00 1.250 | 0.760 0.793
’Be, o4+'°C 28.20 171.5 0.793 0.760 7.00 1.250 | 0.760 0.793
8Be+3C 31.14 170.2 0.793 0.760 7.00 1.250 | 0.760 0.793
g+ 18.00 169.6 0.788 0.760 10.00 1.250 | 0.760 0.788

The measured *Be('*C, °C)*Be reaction data, together with the angular distribu-
tion of the “Be('*C, >C)*Be reaction at £, 5('*C) = 12, 15 MeV and the *C(’Be, *Be)"’C
reaction at ELAB(gBe) = 20 MeV [153] for the transitions to the ground states of the *Be
and "*C nuclei and to the 3.09 MeV, 3.85 MeV excited states of the BC nucleus were ana-
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lyzed using the coupled reaction channel (CRC) model. This model employed the energy-
dependent OM potential found recently in Ref. [4] for the '°C + *Be channel and spectro-
scopic amplitudes. It was found that the n-transfer dominates in the *Be('*C, *C)*Be and
2C(°Be, *Be)"’C reactions at all energies studied. This simplified the fit of the OM poten-
tial to the *Be + "°C channel experimental data. A good description of the experimental
data is achieved at all energies.

The values of the OM potential parameters listed in Table 5.2.1 for the °C + *Be
interaction are plotted in Fig. 5.2.7 as functions of the center-of-mass energy. The simple
parametric forms of the Woods—Saxon type were chosen (see Section 3.4) to parameter-
ize the observed energy dependence of the OM parameters. The values of the energy de-
pendence parameters X;", X;", Ey; and 4Ey; obtained from the fitting procedure are
listed in Table 5.2.2. In the region of the Coulomb barrier, one may expect a fast evolu-
tion of the parameters of the nucleus—nucleus potential.

10 * g LN N L B L B L B LI
120(°Be.’Be) °C" i Fig. 5.2.6. Angular distributions of the

Ews(’Be)=20.0 MeV (Ecn=1143 MeV) 3 ’Be('’C,"Be)’C  reaction at the energy
,: E..5(*Be) = 20 MeV [153] for the transitions to
2 1 the ground states of the C and *Be nuclei up-
o TS f.».:-v;:)‘ "1 per panel and to the 3.09 MeV (1/2") and 3.68
ol (BT E TN o) 7] MeV (3/27) +3.85 MeV (5/27) excited states of
1 the °C nucleus (middle and lower panels), re-
B ~~77%  spectively. The dashed curves <n>, <o> and
solid curve X show the angular distributions
corresponding to the n, a transfers and coherent
sum of these processes calculated within the
St 1 CRC model, respectively. The dashed curves
E:/"\\ P \\. ,“ E 2368, 2385 and solid curve Y3 68+3.85 Show the
- AN NP S N H angular distributions calculated within the CRC
e R R P Y i 1  model for the transitions to the 3.68 MeV, 3.85
E E("C) = 3.85 MeV (6/2") 1 MeV excited states of the "°C nucleus and in-
E(7C) = 3.88 MeV (3/2") 1 . . .
coherent sum of these distributions, respec-
tively. The meaning of the dotted curve %, is
the same as in Fig. 5.1.1 but at ELAB(12C) =20
MeV.
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L The energy dependences of the OM
iz0 10 10 potential parameters for the °C + *Be and
12C + °Be [4] interactions are shown in Fig.

5.2.7 using the solid and dashed curves, respectively. It can be seen that differences be-
tween the real parts V(E) of the OM potentials are rather small at Ecy, < 50 MeV. The
curve V(E) for the °C + ®Be interaction shows only a smaller threshold anomaly in com-
parison with its counterpart for the '’C + °Be interaction. This is due to the fact that
Ws(E)= Were(E) for the °C + *Be OM potential is smaller than for the OM potential of
'2C + °Be interaction (the second panel of Fig. 5.2.7). Large differences are observed be-
tween the values of the parameters ry(E), ry(E) for the °C + *Be and '*C + *Be interac-
tions (the third panel of Fig. 5.2.7) at energies Ecy < 10 MeV. However, the parameters
for both the systems take similar values at larger energies. Very large differences are also
observed for the energy dependences of ay(E), ay(E) for the °C + *Be and °C + *Be sys-
tems at Ecy, < 15 MeV (lower panel of Fig. 5.2.7). For the '*C + *Be interaction, the func-
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Oum (deg)
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tions ay(E) and ay(E) are almost constant, whereas for the °C + *Be interaction these
functions show a rapid variation at the energy Ec), = 9 MeV slightly above the Coulomb
barrier energy (Ec,... = 5.59 MeV (CM)). These differences can be explained by the dif-
ferent structure and the breakup threshold of the *Be and *Be nuclei.

Table 5.2.2. Energy dependence of the "*C + *Be optical potential parameters.

X Vo Ws=Wecre ry rw ay aw
(MeV) (MeV) (fm) (fm) (fm) (fm)
xm 0.00 0.00 0.793 1.250 0.37 0.37
X" 199.38 7.00 1.300 1.620 0.76 0.76
Eyx(MeV) 3.76 11.39 6.850 7.480 9.57 9.57
AEx(MeV) 5.48 2.56 2.650 3.020 0.78 0.78
- The following conclusion can be
] v(E)

V (MeV)
g g
E 4
L

=
-

= C
ﬂU.JI:
satle s

45 50

Fig. 5.2.7. Energy dependence of Woods—Saxon opti-
cal potential parameters for the *Be + "“C (solid
curves) (Ecow = 5.59 MeV (CM)) and °Be + "*C [4]
(dashed curves) interactions.

made. The data were analyzed using the
OM and CRC models. The one- and
two-step transfer reactions as well as
elastic and inelastic scattering for the
transitions to the low energy excited
states of “Be were included in the cou-
pled channel scheme. It was found that
the n-transfer dominates in the *Be('*C,
BC)*Be and "“C(*Be, *Be)"°C reactions
at all energies studied. This simplified
the fit of the OM potential to the °C +
*Be channel experimental data. A regu-
lar behavior of the energy dependence of
the OM potential parameters for the °C
+ ®Be interaction was found. A rapid
variation of the ay and ay parameters
was found at the energy slightly above
to the Coulomb barrier (Ecy = 5.59
MeV). Energy dependences of the opti-
cal potentials for the °C + *Be and "°C +
’Be interactions were compared. Large
differences were found for Wy in the
whole energy range and for ry, ry, ay, ay
at the energies Ecy < 15 MeV. These
differences can be explained by the dif-

ference in the structure and breakup threshold for the *Be and *Be nuclei.

5.2.2. The®Be(**C, 'B)™B reaction, one- and two-step mechanisms.

This sub-Section is devoted to the study of one- and two-step mechanisms in the
’Be("*C;''B)'’B reaction at £, 5("*C) = 65 MeV(see [5]). The angular distributions of this
reaction were measured for transitions to the ground and low-excited states of ''B and
""B. The estimated total statistical errors for each angle was lower than 10%. The data
were normalized to the 'C + °Be elastic scattering with the experimental uncertainty
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smaller than 20%. The total (statistical + systematical) errors of the data were estimated
to be equal about 30%. The *Be('*C,''B)'’B reaction is often an intermediate step in other
processes with light exotic nuclei.

Because the lack of data for the ''B + '°B elastic scattering, the study of the
’Be("*C;''B)'"B reaction is difficult because both the OM potential for the ''B + '°B
channel and the reaction mechanisms must be obtained in the analysis of the reaction
data. It is, however, possible in our case, because the energy-dependent OM potential for
the entrance '“C + *Be channel was obtained in [4]. The data of the '°B + '°B elastic scat-
tering from [249] and the 9Be(uC;“B)IOB reaction were included in the fitting procedure
in order to obtain the energy dependence of the OM potential for the '°B + '°B and ''B +
"B interactions. The energy dependence of the OM potentials for different systems such
as ''B + B, '2C + °Be [4] and "°C + *Be [3] are compared in this sub-Section.

The angular distributions for the *Be('2C, ''B)'°B reaction are shown in Figs. 5.2.8
and 5.2.9. All these distributions are almost symmetric around 6, = 90°. This is typical
for heavy ion reactions with a small difference of the reaction product masses.

The parameters of the OM potential for the '*C + Be channel were taken from
[14]. Probably, there are no published experimental data for the ''B + '°B elastic scatter-
ing. Therefore, the parameters of the OM potential for the ''B+ '°B channel were fitted
using the data of the *Be(**C, ''B)'’B reaction for the transitions to the ground and ex-
cited states of the '°B and ''B nuclei. Due to a small kinetic energy of the ejectiles (Ecy =
14.5 - 18.5 MeV), the parameters of the OM potentials for different transitions are
strongly energy dependent. The best results can be achieved if the data from a broad en-
ergy range are used in the analysis of the energy dependence of optical model parameters.
Due to the lack of data for the ''B + '°B scattering, the g + 19 scattering data at E¢y, =
4.0 — 10.5 MeV [249] (no data at other energies are published) were included into the
analysis of the energy dependence. There are no reasons of considerable differences of
the OM potential parameters for the ''B + '°B and '°B + '°B interactions at energies close
to the Coulomb barrier. Thus, the data at £y, = 4.0 - 18.5 MeV were used in the analysis
of energy dependence of the OM potential parameters for the ''B + '°B channel.

The parameters of the OM potential for the '°B + '°B elastic scattering at Ecy, = 4.0
- 10.5 MeV [4] were fitted. These parameters are given in Table 5.2.3. The OM cross-
sections are shown in Fig. 5.2.11. As it can be seen, a good description of the data is
achieved. It was found that the '’B + '°B OM cross section nearby 8¢, = 90° is very sen-
sitive to the Coulomb radius r¢, at such low energies. The best description of the '°B +
g angular distributions at Ecy = 4.0 - 10.5 MeV were achieved for - = 1.33 fm. The
same value was used for r¢ in the ''B + '°B channel.

The parameters of the OM potential for the °C + *Be intermediate channel were
taken from [3]. The OM potential parameters for the ''C + '“Be intermediate channel
were assumed to be the same as for the ''B + '°B channel. All the potential parameters
used in the CRC calculations are given in Table 5.2.3.
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Fig. 5.2.8. Angular distributions of the *Be('’C,
'B)!%B reaction at the energy E5("*C) = 65 MeV
for the transitions to the ground states of the ''B
and '°B nuclei (upper panel) and 1.74 MeV (07, T'=
1) excited state of the '°B nucleus (lower panel).
The dashed curves <p>, <d> and <d+n> show the
CRC angular distributions for the transfers marked
in brackets. The solid curve 2 shows a sum of all
processes calculated with the fitted OM parame-
ters. The long dashed line 2., represents calcula-
tions with the same OM potential parameters for
the entrance and exit channel (see text). The curve
Ziwo-step Presents a sum of all two-step processes.
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Fig. 5.2.9. Angular distributions of the *Be('’C,
B)!°B reaction at the energy £, 5('’C) = 65 MeV
for the transitions to the 0.718 MeV (17), 2.154
MeV (17) and 3.587 MeV (2") excited state of the
"B nucleus and 2.125 MeV (1/27) excited state of
the "B nucleus. The dashed curve 2p+a shows the
CRC angular distribution for a sum of the proton
and deuteron transfers and the curves 2, 2 125, 25 154
and 25 15512154 show the sums of all processes for
the transitions to the corresponding excited states of
the '’B and ''B nuclei.
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Fig. 5.2.10 Diagrams of the one- and two-step transfers for the *Be('*C,''B)'’B reaction.
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The angular distributions of the *Be(**C, ''B)'’B reaction at E; s5('°C) = 65 MeV
were analyzed within the CRC model. The elastic and the inelastic scattering for the tran-
sitions to the low-energy excited states of the *Be nucleus, together with one- and two-
step transfers corresponding to the diagrams presented in Fig. 5.2.10, were included in
the coupled-channel scheme. The excited states of *Be were assumed to be rotational and
deformation parameters obtained in [4] were used in the CRC calculations.

The CRC angular distributions of the *Be('*C, ''B)'°B reaction for the transitions
to the ground and excited states of the '’B and ''B nuclei are shown in Figs. 5.2.8 and
5.2.9.

10°g
g Fig. 5.2.11 Angular distributions of the '°B +
198 elastic scattering at the energies Ecy = 4,

iitle 6.5 and 10.5 MeV [249]. The solid curves
=~ show the OM angular distributions.
>10*
‘S As a starting point of the CRC
Sto analysis, we have used the OM potential

parameters of the '“C + °Be entrance
channel for the '’B + ''B exit channel as
well as for the intermediate channels. In
the upper panel of Fig. 5.2.8, the curve
P S NTTR ST Bo T 120 Zexren Presents the CRC cross-section for

(i) such parameters. It is apparent that the
curve Z.en does not describe the experimental data of the *Be('*C, ''B)'’B reaction for
the transition to the ground states of the '°B and ''B nuclei, especially at large angles. The
same phenomenon is observed also for other transitions. This was a reason to fit the scat-
tering potential parameters for the '’B + ''B channel within the CRC model for each tran-
sition separately, using the *Be('°C, ''B)'°B reaction data. The potential parameters found
in the fitting procedure are given in Table 5.2.3.

The CRC cross sections for the individual processes corresponding to the diagrams
shown in Fig. 5.2.10 are presented in Figs. 5.2.8 and 5.2.9 as the curves marked by
<name of the transferred cluster>. The curves corresponding to the coherent sums of
relevant amplitudes are marked by 2’ (a sum of all processes) or 2j,qex (a sum for a few se-
lected processes). Figure 5.2.8 (upper panel) shows that the proton transfer (curve <p>)
dominates for the transition to the ground states of the '’B and ''B in the whole angular
range. The deuteron transfer (curve <d>) gives only a small contribution to the cross sec-
tion. One can see from Fig. 5.2.8 that the CRC cross section corresponding to a coherent
sum of the amplitudes of all the one-step and two-step processes (curve 2) satisfactorily
describes the data of the *Be(**C; ''B)'’B reaction for the transition to the ground states
of the '°B and ''B nuclei.

For the transition to the 1.74 MeV (0", T = 1) state of the '’B nucleus, the deuteron
transfer is forbidden due to the isospin conservation. Figure 5.2.8 (lower panel) shows
that the proton transfer (curve <p>) dominates at small angles and stays also very impor-
tant at large angles. The cross section corresponding to a coherent sum of all the two-step
processes (curve 2iy.siep) 1 important only at large angles. The CRC cross section for this

10
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transition corresponding to the sum of all processes (curve 2) gives a good description of
the data in the whole angular range.

The angular distributions for transitions to the 0.718 MeV (17) and 3.587 MeV (2°)
states are shown in Fig. 5.2.9 (upper and lower figures, respectively). Here, as for the
transition to the ground states of '’B and ''B, the proton transfer dominates in the whole
angular range. The curves 2,4 present the CRC cross section for the sum of the proton
and deuteron transfers. The two-step processes are important only nearby Ocy = 90°, as
one can see by comparing the sum of all the processes (curves 2) with the sum of one-
step processes (curves 21q).

The angular distribution for the transitions to the 2.125 MeV (1/2") state of the ''B
and to the 2.154 MeV (17) state of the '°B nucleus, unresolved in the experiment, is
shown in the central part of Fig. 5.2.9. The dashed curves 2, ;55 and 2, |54 represent the
CRC cross sections for relevant transitions corresponding to the coherent sum of ampli-
tudes of all the one-step and two-step processes. As it can be seen from Fig. 5.2.9 the
cross-sections for these two transitions differ only slightly. Their incoherent sum (curve
25 125+2.154) Well describes the experimental data.

Table 5.2.3 Parameters of Woods—Saxon optical potentials.

System ECM V Iy ay WCRC 'y aw rc Ref.
(MeV) | (MeV) | (fm) (fm) (MeV) | (fm) (fm) (fm)

Be + °C 2786 | 181.4 [ 0.789 | 0.760 | 14.500 | 1.250 | 0.680 | 0.789 | [4]

g + ' 18.49 1484 | 0.787 | 0.770 | 4.000 1.250 | 0.551 1.330

08,5, +''B 17.78 145.9 0.840 0.788 2.900 1.257 0.560 1.330

g, ., + "B 16.75 141.5 0.832 0.770 2.400 1.250 0.540 1.330

B+ 1B, ,, 16.33 138.5 0.792 0.740 2.500 1.377 0.540 1.330

B, s+ !B 16.33 138.5 0.792 0.740 2.500 1.377 0.540 1.330

B, +''B 14.50 131.4 0.828 0.744 2.000 1.415 0.519 1.330

0Be +''C 15.95 136.7 0.813 0.754 2.200 1.354 0.536 1.330
*Be + °C 31.14 [ 1702 ]0.793 | 0.760 | 7.000 1250 [0.760 |0.793 | [3]
g 1 1o 4.00 60.7 1.228 0.484 0.015 1.767 0.267 1.330

6.50 80.0 0.982 0.500 0.295 1.780 0.261 1.330

10.50 108.7 0.848 0.621 1.930 1.782 0.320 1.330

The optical potential energy dependence parameters X;"", X", Ex; and AEy; ob-
tained using the fitting procedure for the OM potential of the '*''B + B interactions, are
listed in Table 5.2.4. The functional dependences of X;(E) are shown in Fig. 5.2.12. The
OM parameters obtained by the fitting procedures are located in the low-energy part of
the threshold anomaly and they strongly depend on energy. In spite of a small number of
the experimental points, the curves shown in Fig. 5.2.12 can be considered as a first pre-
diction for the energy dependence of the '’B + '°B and ''B + '°B interactions.

Table 5.2.4 Energy dependence of the '°B + ''B and '°B + '°B OM potential parameters.

X; Vo Ws(''B+"°B) | Werc("'B+''B) | r'w ay aw
MeV) | MeV) MeV) (fm) (fm) (fm) (fm)
xmn 0.0 0.0 0.0 0.807 | 1.220 0.47 0.26
X 179.9 9.2 10.4 1.420 | 1.785 0.78 0.56
Ex(MeV) |49 15.2 20.4 5.000 | 14.345 | 10.69 12.39
AEx(MeV) | 6.9 3.2 34 2,400 | 1.364 2.16 1.34

122



250:""“"'!""I""I""I""I""l"": 260 :1[I1|III1[IIII|IIII:IIII|[III|IIII|IIII:25
s ] c OV E E
200 3 g 4 g __.__,__,__";-(_‘;'2__......_5 ;:200 g s | E- L4 [ % 20
Si0f  tmetn = I qwf i3 : 1
3 s W(E)=V,(E)-AV(E) o o 7
> 100 | * 100 £ = 310
= =/ F T e =
50 | 60 F c.. = 5]
E ﬂ:llllllllllllillllll:l_l llillllllllll:u
1o 20 F Ty a Ty 120
10 f C ]
~ 8f ~15 F —— logyleilg K ]
% e E.jj - —__ :Be+::0 TR ] 1.5
2 S B Be+'°C [ e ;
§ 10 p - 110
E o L e Tt .
;’0 0.6 -IIII|IIIIIIIil|IIII-illllrllillllllllll-u.ﬁ
P T R T T T B S n,g} Ay ; Oy Eu.g
2t g 4 i°g 1 e o .
o g 4 g ] EM 3 R 707
16 L ] 306 - = 406
[ L 4 C L .
:;1‘3 - Ty e 5‘ :——J __— ]
a1 ] 03 | . 103
I:U.Q_- N Ty n 0.1 N T I Y A A Y A A N A e Y, O
o | v : 0 10 2 3 0 10 20 30 40
06 - U N T T T T NN T N T T N0 U O T O T T T [ T T T O 0 T T W O O O ] El!ll'] (Mev) Em (Mev)
oop o TRe® a ] Fig. 5.2.13. A comparison of the energy dependence
o7 L B+ B ] of the OM potential parameters for the 0.1 10p
E T aht ar - (solid curves), *Be + "*C (long-dashed curves) and
.,.0'6 - ] Be + '2C (short-dashed curves) interactions.
doa | .
N T N TR There is a possibility to compare the
0 6 10 30 965 40

P Glev) energy dependence of the OM potential pa-
Fig. 5.2.12. Energy dependence of the OM po-  rameters for the ">C + °Be [4] and C + "Be
:ieél;lsaiij;ar:n?egrg I&)er\/ﬂzeCM) E);LIOB% {ngrfd [3] 1((:)hannels with the predict'ion for the '*''B
Ecou=5.71 MeV (CM) for "B+ "*B). + .B channel descrlbed in present sub-

Section. The corresponding curves are shown
in Fig. 5.2.13. One can see significant differences for the depth Ws and for the diffuseness
aw of the imaginary part of the OM potentials. The other parameters differ only in the
threshold-anomaly region. Then, we tried to reduce the difference between Wy for the '*C
+ 9Be, BC + *Be and '*'"'B + '°B channels by modification of ayw, using the correlation
between Wy and ayw. Some increase of Wy for the °C + ®Be channel is possible but it
gives somewhat poorer description of the angular distributions. This suggests that the en-
ergy dependence of the OM potential parameters is correlated with the structure of a nu-
cleus.

Then, a following conclusion can be made. The obtained experimental data were
analyzed using the CRC model with the coupled-channel scheme including the elastic
and inelastic scattering, as well as the one-step and two-step transfer reaction channels. It
was found that the one-step processes dominate in the *Be('*C, ''B)'’B reaction. The two-
step processes are important only in the angular region near ¢y = 90° and at large angles
for the transitions to the 1.74 MeV (0", T = 1) excited states of the '°B nucleus.

From the present analysis of the experimental data of the “Be('*C, ''B)'’B reac-

tion one can conclude that if a few nucleon transfer reactions are used to obtain the OM
potential parameters for the exit channels, the one- and two-step processes must be in-
cluded in the coupled channel scheme.
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5.3. The'Li, “C(*N, **®™N) reactions.

The ‘Li(*N,®N) ®Li reaction and the ALAS phenomenon.

This sub-Section is devoted to study of the backward angle enhancement in the
nucleus—nucleus elastic scattering, the so called anomalous large-angle scattering
(ALAS). The investigation of the reaction 7Li(14N, 15N)6Li at ELAB(MN) =110 MeV was
done since the final state of this reaction is an intermediate channel in some two-step
cluster-exchange mechanisms leading to the elastic scattering. This reaction was investi-
gated in order to explain ALAS, discussed already in sub-Section 4.3.1.

The results of Ref. [7] are presented in this sub-Section. The angular distributions
of the reactions 7Li(14N, X) were measured at £;,3 = 110 MeV using the "N ion beam.
The angular distribution of the reaction 'Li(**N, ’N)°Li was obtained simultaneously at
the same energy. The results are shown in Fig. 5.3.2.

The experimental data of the reactions "Li(**N, X) were analyzed within the CRC
method. The elastic and inelastic scattering and the reorientation of 'Li and '*N were in-
cluded in the coupling channel scheme. The deformation length parameters, &, of "Li and
01, 0y, 03 Of 14N, were used to describe the deformation of the optical potential. These pa-
rameters and the depth Ws of the imaginary part of the OM potential, obtained in the
analysis of elastic scattering within optical model, were fitted to describe the elastic and
inelastic scattering '*N + "Li in the CRC method. The main effect of the explicit channel
coupling relies on a reduction of the imaginary potential. The depth of the imaginary op-
tical potential used in the CRC analysis will be denoted below as Wcgc. The optical po-
tential parameters V', rv , ay , Ws , Wcre, Fw, aw, 7c and the deformation parameters o,
(universal for all the states) used in the final CRC calculations are already listed in sub-
Section 4.3.1.

In the analysis of the exit reaction channels, the corresponding transfer channels
were added to the coupling scheme mentioned above (see Fig. 5.3.1). The cross sections
for the one- and two-step processes, corresponding to the diagrams already shown in sub-
Section 4.3.1, were calculated in order to estimate their contributions to the elastic and
inelastic scattering and to the reaction 7Li(14N, 15N)6Li. Both the standard (d, t, He, a)
and exotic (**°Li, *"*Be) clusters were included in the present calculations.

The experimental
angular distribution of
Li ‘L 'Li®N Li®Be®Li  'Li‘He °Li 7 5y the reaction 'Li(“'N,

"Li*NPN)SLE &  LiN,SL)'SN

B PN)°Li at E.("*N) =
yn + “Bea + p&a ¥d 4+ dY 4p + & Lo 110 MeV i di
e S S . . N N N N eV is presented in

U 15y M 6y M 3¢ sy Uy liglsy  Mylogér;  Fig. 5.3.2. One can see
Fig. 5.3.1. Diagrams of the one- and two-step processes for the 'Li("*N, an enhancement of the
PN)°Li and "Li("*N, °Li)"°N reactions included in the present analysis. cross section at back-
Diagrams of the one- and two-step processes for the elastic and inelastic

ward angles. As in the
scattering of 'Li("*N, "“N)’Li and "Li(**N, "Li)"*N are shown in Fig. g .
434 case of the elastic scat-

tering, we have calcu-
lated the CRC angular distributions for several one- and two-step transfers which lead to
the final channel of this reaction. The diagrams corresponding to these transfers are
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shown in the bottom of Fig. 5.3.1. According to our knowledge, there are no experimen-
tal data for the elastic scattering '°N + °Li. Therefore, it is not possible to obtain the OM
parameters for the channel °Li + "N, using our standard method. In this situation, we ap-
plied the OM parameters predicted by the energy dependence for the elastic scattering
STLi + 14N, In the CRC calculation only the parameter W for the channel BN + °Li was
fitted. It was found that Wege (N + °Li) = 9 MeV allows to describe well the angular
distribution for the "Li(**N, "N)°Li.

The CRC angular distributions for the one- and two-step transfers corresponding
to the diagrams in Fig. 5.3.1, obtained with the parameters described already in sub-
Section 4.3.1 are shown in Fig. 5.3.2. One can see that the cross sections for transfers of
the *Be-cluster (curve <"°Be>) and for the sequential transfer of two alpha particles (curve
<oao>) are a few orders of magnitude smaller than the experimental data. The neutron
transfer (curve <n>) in the reaction 'Li("*N, "°"N)°Li at £, ;5(**N) = 110 MeV is the domi-
nant process in the whole angular range.

I o o o o o o o L = It has been found that one-

s TLICN,NYLL i and two-step transfers of the stan-

1o g Bus(*N) = 110 MeV = dard (d, t, *He, a) and exotic (**°Li,

- - 678Be) clusters, which usually lead

: E %2 to an enhancement of the cross sec-

ERTEys ) tion, give a negligible contribution
~ E g . . e - 14

¢ - E to the elastic scattering 'Li +. N.

L1007 .- The results of complete analysis of

z E - L e - the data of the elastic scattering Li

S 10 E T l‘:é + N lead to the conclusion that it is

Sy I G f,-,:‘j""/" R the reorientation of 'Li with its large

U E\T‘{‘Ee-)--i.}g\n Yo T  quadruple deformation which pro-

o ; ‘(*a; = = - ; vides the observed ALAS.

E i In distinction to other cases

10.u_|||||I|||||I|||||I|||||I|||||I|||||_ known from the literature, the de-

el o1 o ?:eg) 120 160 180  formation parameters of 'Li and '*N

could be precisely estimated in the

Fig. 5.3.2. Angular distribution of the reaction 'Li(**N, . .
BN)®Li at E,5("*N) = 110 MeV. The curves show the CRC .CRC apalys1s Of.‘ bOﬂ71 t.h © elﬁStlc and
inelastic scattering 'Li + "N. The

angular distributions for the transfers of neutron (curve ) 7o
<n>), *Be-cluster (<*Be>) and the sequential transfers o + deformation parameter of 'Li ob-

o (<aa>), p +d (<pd>) and d + p (<dp>), corresponding to  tained from the backward-angle
the diagrams shown in Fig. 5.3.1. elastic scattering turned out to be
identical to that obtained from the analysis of inelastic channels. Using different theoreti-
cal approaches in the analysis of the inelastic scattering 'Li + "*N at E_xg('*N) = 110
MeV for the transitions to the low-energy excited states of 'Li and "N, we have found
that the cluster-exchange processes play here a negligible role and that the experimental
data are well described by the CRC cross sections for the transitions to the collective (ro-
tational) states of these nuclei. The observed anomalous large-angle inelastic scattering
can be explained by the weak absorption and strong channel coupling.

It was found that the experimental angular distribution of the reaction "Li('*N,
PN)°Li at E;5("*N) = 110 MeV is dominated by the neutron transfer. The heavy-cluster
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transfer of "Be and the two-step transfers were found to be completely negligible for this
reaction.

5.4. The™C(°Li, °He) and **C('Li, 'Be) charge exchange reactions.

5.4.1. The *C(°Li, °He)™N reaction (direct char ge-exchange ver sus sequential

nucleon transfers).

The "“C(°Li, °He)'*N reaction, investigated at the °Li ion energy of 93 MeV is de-
scribed in this sub-Section (see [2]). The angular distributions for several natural and un-
natural parity states of the "*N nucleus were compared with the DWBA and the CRC cal-
culations, assuming direct the charge exchange and two-step sequential nucleon transfers.

After the first investigations of the (°Li, °He) reaction [227 228], many experimen-
tal studies have shown that the direct charge-exchange mechanism dominates at °Li ener-
gies of 30 — 50 MeV, and that its contribution increases with increasing beam energy
[229 — 237]. Thus for a good description of the (°Li, °He) reaction, a contribution of the
two-step processes connected with the sequential one-nucleon transfers must be taken
into account in the theoretical calculations because in some cases, the cross sections for
these processes can be comparable to the cross section of the one-step charge-exchange
processes. This problem has not been studied enough in the literature. The necessity of
including the sequential one-step pickup/stripping in the description of the (°Li, °He) re-
action was pointed out in the past [231 — 233], but no detailed calculations were made.

The experimental angular distributions for transitions to the ground and excited
states of the '*N nucleus measured in the angular range of 7° - 26° in the LAB system are
shown in Figs. 5.4.1a and 5.64.1b. The angular distributions corresponding to the 5.1
MeV and 5.7 MeV excitation energies shown in Fig. 5.4.1b include the sum of the unre-
solved states J" = (07, 27) and J* = (17, 3"), respectively. It is visible from Fig. 5.4.1a that
the angular distributions for the 0" transition is out of phase in comparison with both 1"
transitions. This is consistent with the fact that 1” states are excited mainly in the one-step
mechanism and the transition to the 0" state proceeds through the two-step mechanism. In
accordance with the selection rules for the two-step process of a sequential nucleon trans-
fer, the 0" — 0" transition is characterized by a transferred angular momentum of / = 0,
whereas in the case of direct charge-exchange mechanism, the transition to the 1 states
proceeds through the / = 0 and / = 2 transfers. The role of the two-step mechanism in the
excitation of the 1" states can be roughly estimated by the cross section ratio of the 0" to
1" transitions. These ratios are equal to ~ 1/8 and to ~1/40 for the ground and the 3.95
MeV states, respectively.

The best fit potentials taken from [238] are given in Table 5.4.1 (sets A and B). Iy
and Iy are the real and imaginary volume integrals per interacting nucleon, respectively.
The OM cross sections for the potential A, together with the experimental data at 93 MeV
[238], are shown in Fig. 5.4.2 (dashed line). The theoretical cross sections strongly un-
derestimate the experimental data at the maxima corresponding to the angles of 25° and
35°. This was the reason to search for another potential, which would give a better de-
scription at small angles.

The investigation of the elastic scattering data [238] was done using the OM
model. The parameters of the potential found in the present work are given in Table 5.4.1
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(set C). The radius and the diffuseness of this potential are close to those for the potential
B. However, its real part is considerably deeper. The calculations with the potential C re-
produce the data rather well, both in the region of small and large angles. We have used
this potential in the DWBA and CRC analyses. However, to satisfactorily describe the
elastic scattering data [238] in the CRC analysis we had to decrease the value of the depth
W by 3.7 MeV (see Table 5.4.2).
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Fig. 5.4.1. (a) Angular distributions of the '*C(°Li, °He)'*N reaction at 93 MeV for the first three states
of "N: gs (J"=17), E,=2.31 MeV (J*=0", T=1) and E, = 3.95 MeV (J" = 17). The curves were ob-
tained by a polynomial fit of the 10" order to the experimental data. (b) The same as in (a) but for
states at £, =4.92 = 5.11 MeV (J*"=0,2), E,=5.69 - 583MeV (J*=1,3), E,=7.03MeV (J' =
2" and E, = 8.49 MeV (J"=4).

Table 5.4.1. The Woods-Saxon optical model parameters for '*C + °Li used in the DWBA analysis.

Set V() ry ay Wo I'w aw rc IV IW Xz/N

MeV | fm fm MeV | fm fm fm MeVfm® | MeVfm®
A 2540 |0.580 | 0.787 | 67.0 0.666 | 1.043 | 0.741 | 378.16 177.08 13.9
B 1345 |1 0.799 | 0.634 | 83.7 0.687 | 0925 | 0.741 | 348.35 205.48 18.8
C 160.6 | 0.803 | 0.657 | 61.7 0.803 | 0924 | 0.803 | 429.13 208.72 16.6
Table 5.4.2. The Woods-Saxon optical model parameters for A + a used in the CRC analysis.
A+a Vg ry ay Wo Iy aw re

MeV fm fm MeV fm fm fm

He+oLi 160.6 0.803 0.657 58.0 0.803 0.924 0.803
BC+Li 160.6 0.800 0.614 61.7 0.800 0.833 0.800
"N+He | 160.6 0.812 0.657 61.7 0.812 0.924 0.812
“N+°He 160.6 0.803 0.657 61.7 0.803 0.924 0.803

The potentials for the intermediate channels 'Li + "°C in the np-transfer and for
°He + "N in the pn-transfer were chosen as follows. The OM potential for the *He + °N
interaction was taken to be the same as for the °Li + "*C channel, except for the parame-
ters ry, rw and rc, which were excluded from the fitting procedure. The radii of the poten-
tial in the "Li + "°C channel were treated in the same way. The parameters V and W for
this channel were taken to be the same as for the °Li + '*C channel. The diffuseness pa-
rameters for the 'Li + °C and °Li + '*C channels were fitted using the experimental data
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for 'Li + °C scattering at E('Li) = 34 MeV [239]. The parameters of the OM potentials
are presented in Table 5.4.2. The agreement of the calculated and experimental cross sec-
tions is rather good as it can be seen from Fig. 5.4.2.

The direct charge-exchange process was calculated in the framework of the
DWBA method using an effective NN-interaction which included the spin-isospin central
and tensor forces [2].

The differential cross sections for the direct charge-exchange process were calcu-
lated in the zero-range approximation using the DWUCK4 code [126]. The projectile size
and exchange effects were neglected in these calculations. The OM potential C from Ta-
ble 5.4.1 was used for the entrance and exit channels. The bound state wave functions of
valence nucleons in the '*C and "N nuclei were calculated using the Saxon-Woods po-
tential (ro = 1.25 fm, a = 0.65 fm) with the depth of the potential fitted according to the
binding energies. The angular distributions were calculated for following most intense
transitions to the unnatural parity states of the '*N nucleus: 17 (ground and 3.95 MeV
states), 2 (5.1 MeV) and 4 (8.49 MeV).

10° 10°

: np-transfer
10°* HC(*LL L) 10* -
1(: ECL) = 93 MeV 10 IZC 3’;:__3'38 :‘N
o 10° 3¢
=10 J\E 10 4n 4P
;‘,;’« 10 7?
E 10 :F 10 1!2.:_..._._0.‘3
% 10* . P 32 0 »
& 10 J:C(vu "Liyc 10 Li 7 B He
' Li
1 E(L) = 34 MeV 1
10 'k 10 "
107 10" pn-transfer -
. 32 — B6.32
10 g 10 - 12,——5.30
10 aE 10 14c m 5-27 14"
10*'&_ e .._u,,__m‘ > 17— }
0 30 60 o ?geg] 120 150 180 ip 5y In
Fig. 5.4.2. Optical model fits for the °Li elastic
scatering on 4C at 93 MeV and 'Li elastic scattering 6: c B:
at 34 MeV on C. The dashed and solid lines for °Li Li He He

scattering correspond to the potentials A and C from
Table 5.4.1, respectively. The solid line for 'Li scat-
tering shows elastic scattering calculated with the
potential C from Table 5.4.2. The experimental data
were taken from [238, 239].

Fig. 5.4.3. Diagrams of two-step sequential one-
nucleon np- and pn-transfers for the '*C(°Li,
He)'*N reaction.

Since the cross sections for the
charge-exchange processes are typically smaller than the transfer reaction cross sections,
it is possible that in some cases the two-step transfer mechanism, leading to the same fi-
nal nuclei as the charge-exchange reaction, will be dominant. There are many two-step
processes and the one-nucleon sequential transfer reaction can be the most important. The
cross section for such a mechanism can be calculated in the second-order DWBA.

The consideration about the two-step sequential one-nucleon transfer, presented in
this Section, are restricted only to the reactions *C(°Li, 'Li)"*C('Li, “He)'*N and "*C(°Li,
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°He)’N(He, °He)'*N. These reactions are presented in Fig. 5.4.3. Not only the ground
states, but also the excited states of the >C, "N and "Li intermediate nuclei were included
in the analysis.

The two-step sequential transfers were calculated in the framework of the CRC
with the optical model parameters from Table 5.4.2. The spectroscopic amplitudes for the
transitions within the 1p-shell were calculated and presented in Appendix.
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3 levels, respectively. depth of Woods-Saxon potential to obtain
the nucleon binding energy. The geometrical parameters of the bound state potentials
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were fixed at a = 0.65 fm and r = rOAl/S/(AcmH) fm, where A and A are the masses of
the composite system and the core, respectively and ry = 1.25 fm.

Figure 5.4.4 shows the angular distributions calculated under the assumption of a
two-step mechanism for the sequential nucleon transfers, which are compared with the
experimental data for the above mentioned transitions. A coherent sum for the sequential
np- and pn-transfers gives an excellent description of the magnitude and shape of the ex-
perimental angular distribution for excitation of the 0" (7 = 1) state (see Fig. 5.6.4a),
without an extra normalization factor for the theoretical cross section. The absolute cross
sections for the 1, 3™ states (Fig. 5.4.4b) are also well reproduced. However, in the case
of 2" state (Fig. 5.4.4c), the calculated angular distribution was increased by the extra fac-
tor of 2 to fit the experimental data. The disagreement between theory and experiment in
this case can be caused by our insufficient knowledge of the 2" state wave function.

A good description of the experimental angular distributions for the natural parity
states (0", 17, 37, 2") supports validity of the reaction model. This allows us to use the
same parameters (OM potentials, spectroscopic amplitudes) in the calculations of the
two-step transfer contributions in excitation of the unnatural parity states (17, 27, 47). The
results of these calculations are shown in Figs. 5.4.5 and 5.4.6. As one sees in Fig. 5.4.5
for the 1" transitions, the two-step mechanism accounts only for a small fraction of the
experimental cross sections: about 15% for the ground state and less than 10% for the ex-
cited state. In contrast, the contribution of two-step mechanism is significant for the 2"
and 4 states (= 50% and = 70%, respectively) (Fig. 5.4.6).

The calculated differential cross sections for the direct charge-exchange mecha-
nism in the case of the transitions to 1" state (long dashed lines) are compared with ex-
periment in Fig. 5.4.5. The similar experimental angular distributions for the both 1"
states, together with the discussion above gives the evidence for a large tensor force con-
tribution. A similar observation was already made in the work of Winfield et al. [237] for
35 MeV/n energy in the angular range 0° — 12.5°. Figure 5.4.6 shows the calculated cross
sections for the other unnatural parity states (J* = 2, 4°). It is visible that the coherent
sum of the direct and two-step transfer mechanisms describes quite well the experimental
cross sections (solid lines), without any extra renormalization of the theoretical cross sec-
tions.

As it can be seen from Fig. 5.4.5, the angular distribution obtained within the di-
rect charge-exchange mechanism well describe the experimental data at relatively small
angles (up to 40°). For larger angles, the theoretical cross sections are approximately one
third of the experimental ones. The same result was also obtained in the previous analysis
of the (°Li, ®He) reaction, in which the calculations were made using another optical po-
tential and a somewhat different form of the effective interactions [238].

It should be noticed that the difficulty in the description of the cross sections at
large angles is not only a feature of the (°Li, °He) reaction. Similar difficulties were found
in the other charge-exchange reactions, particularly in (*He,?), (p,n) and in the inelastic
proton scattering ' *N(p,p’)"*N for the transition to the 2.31 MeV (7 = 1) state. The latter
process is analogous to the 14C(p,n)14Ng.s. reaction.
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Fig. 5.4.6. The same as in Fig. 5.4.5 but for transi-
tions to the 2~ and 4~ states in '*N.

5.4.2. The *C('Li, 'Be)*B reaction (direct char ge-exchange versus sequential

nucleon transfers)

The measurements of the angular distributions for transitions to the ground and
excited states of '’B from the '*C(’Li, 'Be)'’B reaction at 82 MeV are described in this
sub-Section (see [14]). The data were analyzed in the framework of the DWBA for the
direct charge-exchange processes and in the framework of the CRC method for the two-
step sequential nucleon transfers. It was shown that the two-step sequential nucleon trans-
fer is dominant mechanism in the investigated angular range and that the direct mecha-
nism becomes important only for small angles (Ocy < 10°). The problem of the direct
charge-exchange versus the two-step-sequential transfer reactions was already discussed
in the previous sub-Section 5.4.1.

Up to now, the ratio of one- and two-step mechanisms in the °C + 'Li reaction
was directly estimated in Ref. [241] only. This work does not allow to answer the ques-
tions about the dominance of direct processes.

An example of the measured spectrum at 2.5° for the '*C("Li, 'Be)'’B reaction is
given in Fig. 5.4.7. There is no pronounced diffraction structure in the experimental an-
gular distributions which are shown in Figs. 5.4.9 — 5.4.13. Error bars include the contri-
butions of statistical origin and the inaccuracy of the fitting procedure. The systematic er-
rors connected to the target thickness, the solid angle and the integrated current are not
included. The uncertainty of the absolute cross section is estimated to be less than 30%.
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Fig. 5.4.7. Energy spectra of 'Be from the '?C("Li, 'Be)'’B reaction at 2.5° for the 0 — 3 MeV (a) and 3
— 8 MeV (b) transitions. The transitions with mutual excitation of '*C (E, = 0.0, 0.95 and 1.67 MeV)
and 'Be (E,= 0.43 MeV, J™= 1/27) nuclei are marked by* .

The differential cross sections for the direct one-step charge exchange process was
calculated in the DWBA using the well-known program DWUCK [126], which was
modified in order to permit calculations for particles with spin 3/2 scattered in an optical
potential without spin—orbit forces [242]. The same optical potential obtained from the
"Li elastic scattering on the '*C nuclei at energy of 78.7 MeV [243] was used for the cal-
culation of distorted waves in the entrance and exit channels. All the parameters are col-
lected in Table 5.4.3.

Table 5.4.3. Optical potential parameters used in our calculations within DWBA and CRC methods.

System | £ |14 ry ay -W rw aw rc Ref.
MeV) | MeV) | (fm) (fm) MeV) | (fm) (fm) (fm)

PC+Li | 78.7 140.2 1.02* 0.97 21.3 1.88%* 0.81 1.3 [30]
131.8 119.1 0.69 0.89 30.0 0.912 0.99 1.3 [41]

BC+Li | 93.0 257.5 0.577 0.82 60.6 0.71 1.07 0.73 [34]

"B+%Be 165.6 0.79 0.76 7.0 1.25 1.25 0.76 [35]

Bl =—1.17, pF, = 2.45.
R=r(A"1+A"p), i=V,W.
*R=r(A"1),i=V,W.

The calculation of two-step processes were done with taking into account the se-
quential pn- and np-transfers, which proceed through the intermediate °Li, °C, *Be and
"B nuclei. The ground and excited states were included in the calculation scheme. The
relevant diagrams are shown in Figs. 5.4.8(b) and 5.4.8(c¢).

The calculations were done also in the framework of the CRC method. The poten-
tial used in the one-step process (Table 5.4.3) was used as a starting point for the descrip-
tion of the relative motion in the entrance '*C + 'Li and exit '’B + 'Be channels of the
two-step process. The cross-sections for elastic and inelastic scattering of 'Li on '*C into
the excited 4.44 MeV (2%) (°C) and 0.48 MeV (1/27) ('Li) states were calculated in the
framework of the rotational model. The coupling between the 0" and 2" states for the tar-
get nuclei and between the 3/2 and 1/2 channels for the projectile, as well as reorienta-
tion effects, were taken into account.
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Fig. 5.4.8. A schematic representation of the direct one-step charge-
exchange mechanism for the '>’C("Li, 'Be)'’B reaction (a) and diagrams
for two-step sequential np—(b) and pr—(c) transfers.

parameters W =—19 MeV,
5,("*C) = —1.17 fm and
5 ('Li) = 2.45 fm (Fig.
5.4.9). This is in a good agreement with the coupled-channel analysis performed at 34
MeV [244].

The potentials for the intermediate °Li + °C and *Be + ''B channels were taken
from previous studies [17, 18] and are presented in Table 5.4.3. The one-nucleon spectro-
scopic amplitudes (S,) for the p-shell transitions were calculated and shown in Appendix.
The one-particle wave functions were calculated by modifying the depth of Woods—
Saxon potential, in order to obtain corresponding binding energies. In this procedure the
geometric parameters of the potential were fixed (a = 0.65 fm and » = 1.25 fm) for the
appropriate bound states. The total cross sections were calculated as a coherent sum of all
the considered reaction channels.

The experimental angular distributions for the transitions to the ground (1) and
excited E, = 0.95 MeV (27), 4.5 MeV (2, 4), 1.67 MeV (2), 2.62 MeV (1), 3.39 MeV
(3), 3.76 MeV (29, 5.8 MeV(37) and 7.6 MeV(1~, 27) states of '°B are shown in Figs.
5.4.10 — 5.4.13. The differential cross sections for the three lowest excited states of '°B
populated in the '*C("Li, 'Be)'*B reaction, are shown in Fig. 5.4.13.

A simple comparison of the calculated and experimental angular distributions
shows that one-step charge-exchange mechanism cannot explain the experimental data
(too steep fall-off of the corresponding distributions (curves 1 in Figs. 5.4.10, 5.4.11 and
5.4.13)). In contrast, the shape of the angular distributions for the two-step sequential nu-
cleon transfer is in a good agreement with the experimental cross sections, as it can be
seen from the figures (curves 2). This clearly points towards importance of the two-step
mechanism in ('Li, 'Be) reaction.
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Fig. 5.4.9. Elastic and inelastic scattering of the
’Li ions on the "*C nuclei at 78.7 MeV with exci-
tation of 4.44 MeV (2°) state of '*C and 0.48 MeV
(1/27) of "Li. The dots show the experimental data
[244]. The solid curves represent coupled reaction
channel calculations. The optical potential from
Table 5.4.3 with W = —19 MeV and deformation
lengths 0,(*C)= —1.17 fm and J,('Li)= 2.45 fm
was used in these calculations.

Table 5.4.4. Normalization factors for calculated
differential cross sections.

E. [MeV] | J° One-step Two-step
DWUCK FRESCO

0 1" 2.7 2.5

0* 1" 2.6 1.0

0.95 2" 2.7 1.8

0.95* 2" 2.7 0.9

1.67 2" 1.3 1.0

1.67* 2 33 1.0

2.62 1 0.6 0.3

3.39 3 1.0 0.7

3.76 2 3.0

4.3 2" 1.0

446+4.52 | 27+4 | 1.0 1.5

7.6 1 1.0

The calculated cross sections for the
two-step mechanism were normalized to the
experimental data in a large-angle region
because the contribution from this process
increases with the value of the angle. The
normalization coefficients are presented in
Table 5.4.4. They are close to unity, which
means that the truncation of the included
processes (with the intermediate °Li, “C
(diagram 3(b)) and *Be, ''B (diagram 3(c))
nuclei is reasonable. The contributions of
diagrams (b) and (c) in Fig. 5.4.8 to the
coupling scheme turned out to be compara-
ble, as it can be seen for the transition to the
ground state of "B (top panel of Fig.
5.4.10).

The theoretical cross sections for the
one-step charge-exchange process shown in
Figs. 5.4.10, 5.4.11 and 5.4.13 were normal-
1zed by the factors taken from a comparison
of the calculated cross sections and the ex-
perimental data at E('Li) = 147 MeV [245],
because for this energy there is no doubt
about the dominant nature of the one-step
mechanism. The optical potential was taken
from the analysis of the elastic scattering of
Li on *C at E('Li) = 131.8 MeV [246]. The
corresponding parameters are presented in
Table 5.4.3. The calculated and the experi-
mental cross sections for some low-lying
states of '“B at 147 MeV are compared in
Fig. 5.4.14. It can be seen that the experi-
mental data are well reproduced at small an-
gles (0 < 10°) by the direct mechanism and
they are underestimated at large angles. This
can be explained by the pn + np two-step
mechanism. The normalization coefficients
for the one-step processes are presented in
Table 5.4.4.

The theoretical total cross sections being an
incoherent sum of the one- and two-step

mechanisms are presented in Figs. 5.4.10, 5.4.11 and 5.4.13 using the thick solid curves.
The agreement with the experimental data at small angles is improved by adding the one-
step charge-exchange mechanism. Simultaneously, the fraction of this mechanism in the
total cross section at angles smaller than 10° equals about 50% for transition to the
ground state and about 20 — 30% for transitions to the excited states.
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Fig. 5.4.10 Angular distributions for the transitions
to the ground (1) state and the excited 0.95 MeV
(2") and 4.5 MeV (27, 4") states of the '*B nucleus
populated in the "“C('Li, 'Be)'”B reaction. The
open dots were obtained by the 4F — E technique.
The thin solid curves correspond to the DWBA and
CRC calculations assuming the direct charge-
exchange mechanism (1) and the two-step sequen-
tial np- and pn-transfers (2). The dotted and dashed
curves in the top panel correspond to calculations
with diagrams (b) and (c) (see Fig. 5.4.8), respec-
tively. The dashed and dotted curves for the 0.95
MeV (2°) state show contributions of the spin-flip
(4S = 1) and non-spin-flip (45 = 0) processes for
the direct charge-exchange mechanism. The thick
solid curves represent an incoherent su m of the di-
rect (1) and two-step (2) mechanisms.

Fig. 5.4.11. Angular distributions for the transitions
to the 1.67 MeV (2°), 2.62 MeV (1), 3.39 MeV
(37) and 3.76 MeV (2%) excited states of '°B from
the '2C(’Li, "Be)'’B reaction. Calculated one-step
charge-exchange (1) and two-step sequential nu-
cleon transfer (2) processes are represented by the
thin solid curves. Contributions of the direct
charge-exchange process with 45 = 0 and 4S5 = 1
are shown by the dotted and dashed curves, respec-
tively. The thick solid curves are incoherent sums
of 1 (direct charge-exchange mechanism) and 2
(two-step sequential np- and pn-transfers).

For the angles larger than 10°, the to-
tal cross sections is almost completely de-
fined by the two-step mechanism. The con-
tributions to the cross-sections of the spin-
flip (4S5 = 1) and non spin-flip (4S5 = 0) proc-
esses for the transitions to the states of '°B

with normal parity in the ('Li, 'Be) reaction are comparable accordingly to calculations.
This is visible in Figs. 5.4.10, 5.4.12 for the transitions to the 2", 1 and 3 states. In con-
trast, the spin-flip process for the transition to the 0.95 MeV (2°) state with 'Be (E, = 0.43
MeV, J* = 1/27) in the exit channel gives the main contribution to the cross sections. Due

135



to this peculiarity, the ("Li, 'Be) reaction could be the unique tool to study the spin—
isospin (AS = 1, AT = 1) excitations of nuclei. Including the two-step processes into the
analysis can facilitate description of the ('Li, 'Be) reactions at low energies (30 — 80
MeV).

The excitation function could give an additional information on the mechanism of
the ("Li, 'Be) reaction. The cross sections of this reaction for the transitions to the ground
(17) and excited 0.95 MeV (2") and 1.67 MeV (2") states, measured around 0° at energies
14, 21 and 26 MeV/n [247] are presented in Fig. 5.4.15. The data from the present study
for 'Li at energy 11.7 MeV/n are shown in the same figure using the open circles. Theo-
retical predictions of the energy dependence for the one- and two-step mechanisms [248]
are shown by the solid and dashed curves, respectively. In contrast to the case of 21 and
26 MeV/n, the theoretical cross section for the one-step mechanism at 14 MeV/n and par-
ticularly at 11.7 MeV/n underestimates the experimental data.
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The analysis of the measured angular
distributions using the DWBA and CRC
methods were done assuming direct one-step
charge-exchange mechanism and two-step
sequential nucleon transfer. It was shown
that the two-step sequential mechanism
gives a better description of the shape of the
experimental angular distributions and, in
practice, is the dominant process for the an-
gles above 10°. The one-step process gives a
significant contribution only in the region of
small angles (< 10°). The fraction of this
process in the transition to the ground (17)
state is about 50% and is about 20-30% for
all other transitions.
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Fig. 5.4.12. Experimental angular distributions
for the structures at E, = 5.8 MeV and 7.6 MeV
of B nucleus.
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Fig. 5.4.13. Angular distributions for the transi-
tions to the ground (17) and excited 0.95 MeV
(2") and 1.67 MeV (2) states of the '*B nucleus
which are accompanied by excited outgoing 'Be
(Ex = 0.43 MeV, 1/27). The meaning of the
curves is the same as in Figs. 5.4.10, 5.4.11.
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Fig. 5.4.14. Angular distributions of the differen-
tial cross sections for the transitions to the ground
(17 and excited states of the '“B nucleus pro-
duced in the '*C("Li, 'Be)'*B reaction at E('Li) =
147 MeV. Experimental data are taken from Ref.
[245]. The curves show the DWBA calculations

for direct charge-exchange mechanism.
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Fig. 5.4.15. Excitation functions of the “*C("Li,
"Be)'”B reaction for the transitions to the ground
(1") and excited E, = 0.95 MeV (2") and 1.67
MeV (2) states of '’B. Differential cross sections
from the present work are presented by the open
circles. The squares represent the data from Ref.
[247]. Predictions for one- and two-step mecha-
nisms [247] are shown by the solid and dotted
curves, respectively.
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SUMMARY AND CONCLUSIONS

In this thesis the interaction of exotic, short-living and stable nuclei has been stud-
ied. Development of nuclear reaction theory, computational methods and computer tech-
nique gave the possibility of revival the subject area presented in this work including the
elastic and inelastic scattering as well as transfers of nucleons and light clusters data. The
following results of our investigation has been obtained:

Creation of the data base of the elastic scattering, inelastic scattering and transfer
reaction angular cross-sections. This data base include the following new experimental
data:

- the ""C(°Li, °He)'*N reaction at energy E; 45(°Li) = 93 MeV,

- elastic scattering of the Li + '°0 nuclei at energy E, 5('Li) = 42 MeV,

- the 12C(7Li, 7Be)lzB reaction. at energy E LAB(7Li) =82 MeV,

- elastic and inelastic scattering of the '’B + "Li nuclei at energy E, 45('°B) = 51 MeV,

- elastic and inelastic scattering of the ''B + "Li nuclei at energy £, 45(''B) = 44 MeV,

- elastic and inelastic scattering of the "B + °Be, °C, "C nuclei and the 9Be(“B,
'B)!’Be, *Be(''B, '“B)*Be, *Be(''B, '*C)"Li reactions for the transitions to the ground
and low excited states of the exit channel nuclei at energy E; 45(''B) = 45 MeV,

- elastic and inelastic scattering of the ''B + '>C nuclei and the "*C("'B, ""N)’Be reac-
tion at energy E,45(''B) = 49 MeV,

- elastic and inelastic scattering of the '“C + *Be nuclei and the *Be(*’C, "*C)*Be,
’Be('*C, ''B)'B reaction for transitions to the ground and low excited states of the
exit channel nuclei, at energy E; B(lzC) =65 MeV,

- elastic and inelastic scattering of the 'Li + "*N nuclei and the "Li(**N, "*N) °Li reaction
at energy E.5("*N) =110 MeV, elastic and inelastic scattering of the '*N + *C nuclei
at energy ELAB(MN) =116 MeV,

- elastic and inelastic scattering of the '*O + "Li nuclei at the energy £, 5('°0) = 114
MeV,

Creation of the data base of the optical potential parameters, which were obtained
from the Optical Model, Distorted Wave Born Approximation and Coupled Reaction
Channels methods analysis, for the mentioned above light nuclei interactions in the
ground and excited states of nuclei in the exit channels. In particular, except of the opti-
cal-potential parameters for stable nuclei, this data base contains the data also for the fol-
lowing unstable and short-living nuclei: He + '°0, °He + %0, ®Li + "°C, ®Li + PN, ®Be +
B3, 8Be + 2B, *Be + °C, *Be + N, Be + 1B, Be + ''C, ''C + BN, PC + BN, C +
SLi and "C +"N,

Creation of the spectroscopic amplitudes (SA) data base for the nucleon and light-
cluster interactions with nuclei. Those calculations for nucleons and clusters, can be made
in the frame of the Translationary Invariant Shell Model (TISM) using the method of Ref.
[33] for the 1s-1p-shell nuclei. Therefore, the reactions investigated in the presented work
include the nuclear processes for the interactions of the 1s-1p-shell nuclei only. These
spectroscopic amplitudes are presented in Appendix.

Investigation of the energy dependence of the optical-potential parameters have
been performed using the data obtained in the described experiments and also the data
taken from the literature. The dispersion relation between the real V(r, E) and imaginary
W(r, E) parts of the OM potential, introduced on the basis of the causality principle was
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used. Data base for the energy-dependence coefficients of the optical potential (useful for

further CRC calculations) was created. It was found that this dependence may differ for

the interaction of various heavy ions and that it is tightly bound with their nuclear struc-
ture.

Study of isobaric and isotopic effects in the investigated reactions has been made.
For example, it was found that the energy dependence of the '’B + "Li interaction is dif-
ferent from that of the ''B + 'Li interaction, especially for the imaginary potential. An-
other example is the energy dependence of the OM potentials for the °C + *Be and °C +
’Be interactions. Large differences were found for the imaginary surface part, Wy(E) of
the optical potential in the investigated energy range and for the r(E), ri{(E), a(E),
ay(E) optical potential parameters at energies £y, < 15 MeV. These differences can be
explained by distinctions of the structure and the breakup threshold in the *Be and *Be
nuclei. In another experiment for the *Be(''B, '°B)'’Be reaction, a strong isotopic effect
for the imaginary potentials of the '’B + *Be and ''B + *Be scattering and isobaric effects
for the '’B + '°Be and '°B + '*''B OM parameters were found.

The deformation parameters for the rotational and vibrational excitations of some
nuclei are included in the mentioned above data bases. These parameters were deter-
mined for the following nuclei: *’Li, *Be, '*!'B, '*!*!*C, "N and '®O. The influence of
these excitations on the scattering cross sections were investigated. For example, the rota-
tional excitations of 'Li and ''B dominate in the ''B + "Li inelastic channels, while the
contributions of one-step and two-step transfers to the elastic and inelastic channels are
small. Interesting results concerning the carbon isotopes have been observed. The quad-
rupole deformation of the '*C nucleus in ground state was found to be negative, while the
C quadrupole deformation was found to be positive.

Investigation of influence of the reorientation processes in reactions between light
nuclei has been performed. The reorientation processes are the quadrupole rotational
transitions without energy change, allowed by the selection rules. The following exam-
ples of the role of reorientation mechanism in the light nuclei interaction have been
found:

- inthe "B+ 'Li and ''B + "Li elastic scattering channels, the reorientation processes of
the 'Li and '°B nuclei dominate at the backward angles.

- in the "N + "Li elastic scattering, the reorientation of 'Li with its large quadrupole de-
formation provides the observed anomalous large-angle scattering (ALAS).

- in the ''B + ?Be elastic and inelastic scattering it was found that the °Be and ''B nuclei
reorientations processes in the ground states combined with a weak absorption domi-
nate in the large angle scattering. On the contrary, the reorientations of these nuclei in
the excited states is rather marginal, being a higher-order process.

- in the *Be(**C, "*C) elastic and inelastic scattering, the *Be nucleus reorientation proc-
esses dominate in the cross section at large angles.

- in the °C + ''B elastic scattering, the potential (Coulomb + nuclear) scattering plus
reorientation of ''B play an important role at the intermediate angular region.

- in the '"B + Li elastic channel, the potential scattering dominates at the forward an-
gles, while the reorientations of 'Li and ''B dominate at the backward angles.

Investigation of the role of different one-step and two-step transfers was made for
the following reactions:
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’Be('°C, *Be)'*C, *Be('2C, *C)’Be and "Be(**C '*!'B)'"'"B. It was found that the one-
step transfers are dominant in these reactions and that the two-step transfers play a
significant role at the separate angular ranges.

the transfer reactions have small contribution for ''B + "Li scattering.

in the *C("'B, "N)*Be reaction, the o-cluster transfer dominates at the forward an-
gles, while the t-cluster transfer dominates at the backward angles. The two-step
transfers of nucleons and clusters don’t play any significant role.

the one-step and two-step transfers of the standard (d, t, He, o) and exotic (4’5’6Li,
678Be) clusters, which usually lead to the enhancement of the cross section, give a
negligible contribution to the elastic scattering '*N + "Li.

the contributions from one-step and two-step transfer reactions to the ''B + '*C elastic
and inelastic scattering were found to be negligible.

in the *Be(**C, "*C)*Be reaction, the n- and o-transfers dominate.

in the *Be(''B, '°B)'’Be reaction, the direct neutron and proton transfers dominate at
the forward and backward angles, respectively. Contributions of the two-step proc-
esses to this reaction were found to be negligible.

in the 9Be(“B, 12B)gBe reaction for Gy < 90° angles, the neutron transfer dominates.
The two-step processes are small.

the one-step processes dominate in the *Be(**C, ''B)'°B reaction. The two-step proc-
esses are important only in the angular region nearby Oy = 90° and at large angles.

Generally, the contributions of one-step and two-step transfers to the elastic and inelastic
cross sections of the reactions described in this thesis are small.

Investigation of influence of the ALAS processes in reactions between light nuclei

has been performed:

the results of the data analysis of the elastic scattering '*N + "Li lead to the conclusion
that the observed anomalously large-angle scattering is the result of reorientation of
"Li, due to its large quadrupole deformation. Different explanations of the ALAS phe-
nomenon in the elastic scattering were proposed in the literature, e.g., a weak absorp-
tion in the collision process (a small imaginary part of the optical potential), the direct
cluster transfer or the compound-nucleus process. Also, for the ''B + °B elastic and
inelastic scattering, it was found that the *Be and ''B reorientations in the ground
states, combined with a weak absorption, dominate in the large angle elastic scatter-
ing. On the contrary, the reorientations of these nuclei in the excited states are rather
small, being a higher-order processes.

the one-step and two-step transfers of the standard (d, t, *He, a) and exotic (*°Li,
®7%Be) clusters, which usually lead to the enhancement of the cross section, give a
negligible contribution to the elastic scattering '*N + "Li. The results of the complete
analysis of the data for the elastic scattering '*N + 'Li lead to the conclusion that the
reorientation of "Li with its large quadruple deformation which provides the observed
anomalous large-angle scattering.

it is very interesting to compare the ALAS phenomenon for the ''B + “C and ''B +
C reactions. The ALAS is much stronger for the ''B + '°C than for the ''B + "°C re-
action. For the ''B + '>C, ALAS is described satisfactorily by the sum of the CRC
cross section for the potential scattering, the ''B reorientation and the proton transfer.
In the case of ''B + °C, ALAS is caused by the two first mechanisms only. The pro-
ton transfer in the ''B + '*C elastic scattering leads to the observed difference between
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the large angle scattering of ''B on '>C and on C. One can see that the ''B + '*C ine-
lastic ALAS is stronger than the ALAS for the ''B + "°C inelastic scattering, due to
the proton transfer dominating in the ''B + '*C inelastic scattering.

The interesting results concerning the so called threshold anomaly were obtained.
Due to the causality principle, a scattered wave cannot be emitted before the interaction
has occurred. Then, this principle implies the existence of a dispersion relation between
the real and the imaginary parts of the optical potential. In the case of nucleus-nucleus
scattering, the dispersion relation predicts that the absolute value of the real part of the
optical potential as a function of energy has a bell-shaped maximum, while the imaginary
part approaches minimum, mainly for energies near the top of the Coulomb barrier. This
is so called threshold anomaly. The existence of threshold anomaly in the *Be + *C (Sec-
tion 4.2) °C + *Be, '°C + *Be (sub-Section 5.2.1) and '“''B + '°B (sub-Section 5.2.2) re-
action was found. The decrease of absolute value of the imaginary potential occurs at en-
ergies above the top of the Coulomb barrier. It was also observed for another systems e.g.
%0 + 28Sj [255] and o + *Ca [252, 253, 254]. It is probably due to contributions of other
channels, coupling to the elastic scattering and modifying the real potential [255].

The threshold anomaly effect is well established for the scattering of tightly bound
nuclei, although there are some conclusions that the breakup of weakly bound nuclei in-
fluence the threshold anomaly [257]. This is probably the explanation of the differences
in threshold anomaly for the *Be and *Be nuclei.

The problem of differences of optical potential parameters for stable and radioac-
tive (short-living) nuclei was also considered. For example, the parameters for the'’C +
*Be and '°C + °Be interactions (see Fig. 5.2.7) are shown. The parameters for both the
systems have similar values at larger energies. The differences are observed for the en-
ergy dependences of ay(E), aw(E) for the °C + *Be and '°C + °Be systems at Ecy, < 15
MeV. For the '*C + °Be interaction, the functions ay(E) and ay(E) are almost constant,
whereas for the "°C + ®Be interaction these functions show a rapid variation at the energy
Ecy = 9 MeV slightly above the Coulomb barrier energy (Ecy,y. = 5.59 MeV (CM)).
These differences can be explained by the different structure and the breakup threshold of
the *Be and ’Be nuclei.

The OM parameters for mentioned above >C + Be and "°C + *Be interactions
were compared with the OM parameters for the '“''B + '°B scattering (see Fig. 5.2.13).
The significant differences for the depth W and for the diffuseness aw of the imaginary
part of the OM potentials are visible. The other parameters differ only in the threshold-
anomaly region. This suggests that the energy dependence of the OM potential parame-
ters is correlated with the structure of a nucleus.

The OM parameters of the *Be + °C and *Be + '°N interactions were also com-
pared (see Fig. 5.1.21). We show also the energy dependence of the OM parameters for
the ®Be + "°C channel (open triangles and dashed curves) obtained in our previous work
[3]. Except for ) and ry , rather large differences between the OM parameters of the ’Be
+ BC and ®Be + >N channels can be seen. At energies Ecy > 10 MeV the parameters ay
and ay are much smaller for the *Be + '°N channel than for the *Be + "°C one (see the
lower panel in Fig. 5.1.21). This is probably caused by closing the neutron p-shell in the
>N nucleus. The energy interval of the fast rise of Wy for the *Be + '°N channel is shifted
relatively to its counterpart for the "Be + ">C channel. Probably the difference between
the grazing potential barriers for these systems is the reason of the energy shift of the fast
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growth of Wy discussed above. The energy interval of the fast rise of ¥ of *Be + "N and
*Be + °C are also shifted in a similar way.

It seems that there is no significant differences of optical potential parameters for
stable and radioactive (short-living) nuclei. The only differences are caused by the struc-
ture of these nuclei.

The results presented in this thesis were used in many other works. The ground
state quadrupole effect, evidenced by the CRC calculations, where the reorientation of 'Li
produces a large effect at backward angles in the elastic scattering of 110 MeV "N on "Li
[7] has been cited in Ref.[260]. The deformation parameters and the spectroscopic factors
for the "Li (g.s.) and °Li (g.s.) overlap the 1P;, and 1P, components, taken from Ref.
[13] were used in Ref.[261]. In the review article [262] the data from author and collabo-
rators’ papers (Refs [3, 5 and 10]) are reported. The theoretical methods, used in this the-
sis [92] were also used in many works, e.g. [263, 264, 265, 266, 267]. The importance of
reorientation in the elastic scattering of the odd-mass nucleus [4] at large angles was re-
ported in Ref. [268]. The deformation parameters and OM parameters of 'Li nucleus,
taken from Ref. [7] were used in [269]. The deformation parameters of the *Be nucleus
for excited states 1.680 MeV and 2.430 MeV presented in Ref. [4] has been used in
[270]. The optical potential parameters, and spectroscopic amplitudes from Ref. [4] were
used in [271].

The optical potential parameters obtained from the experiments with the radioac-
tive (secondary) beams (direct method) (see Table 1.2) are presented in Refs [70, 72, 74],
although in some cases for different energies than are concerned in this thesis. It seems
that they are similar to the ones presented in this thesis.

The present thesis clearly shows that the second method - the stable ion beam ex-
periments with the nucleon-transfer and cluster-transfer reactions is a very useful tool for
obtaining the main goal of the present work. This goal is the investigation of reaction
mechanisms (nucleon and cluster transfers), obtaining the optical potential parameters
and their energy dependences for the exotic and stable nuclei interactions. Simultane-
ously it is possible to found the important other features of these interactions, e.g. influ-
ence of reorientation processes and threshold anomaly effects.

The results presented in this thesis prove that the investigation of interaction of the
exotic and short-living nuclei together with stable light nuclei using the stable ion beams
1s a very useful tool in nuclear physics. It would be interesting to perform the investiga-
tion of ™Li, °Be, '213MC(N, X), L, *Be,”21M14C(BN, X), °Li, °Be, 2131%C(170, X),
7°Li, “Be, 2, 14C(lgO X) reactlons to obtaln the information about the1r mechanisms as
well as about interaction of °Li with '*"°0, '*'°N, unstable nucleus *Li with '*'’0, >N,
unstable *Be with '*°0, '*!"N and so on.
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APPENDIX

The spectroscopic amplitudes S, of x-clustersin the A =C + x systems.

The spectroscopic amplitudes needed for the CRC calculations were obtained
within Translationary Invariant Shell Model (TISM) [22] using a code DESNA [23,24]
and Boyarkina’s wave function tables [25]. Spectroscopic amplitudes S, of x-clusters (or
nucleons) in the 4 = C + x systems are given here in Appendix. Here the nL; are the quan-
tum numbers of the wave function for the relative motion of the cluster x and the core C
in the 4 = C + x system.

A | c | x | a; | S, |Ref
He
“He °H p 1S1 1.414 [20]
°He *H d 1P, 0.456 [20]
1P, 1.021 [20]
°He °H t 2S1» —-1.333 | [20]
°He °He n 1P5) 1.437 2]
Li
SLi *H *He 2S1 0.943 [20]
°Li °He p 1P, 0.572 [2]
1P3) -0.722 | [2]
Li °H a 2P, 1.091 [20]
Li ‘He t 2P ~-1.091 | [20]
Li °He d 28, —0.674 | [20]
1D, —-1.205 | [20]
1D, 0.676 [20]
Li °He p 1P5) 0.805 [2,7,13, 15, 16, 20]
TLi%ya76 °He P 1P 0.805 [13, 20]
Li °Li n 1P, —0.657 | [7,13, 14,15, 16, 20]
1P3) —0.735 | [7, 13, 14, 15, 16, 20]
TLi* g SLi n 1P, 0.329 [20]
1P3) 0.930 [20]
'Li Lity,, | D 1P3, | 0.738 [14]
Li °He t 2P —0.427 | [19]
1Fs) —0.581 | [19]
1F5) 0.570 [19]
*Li °He d 1D, | 0.149 [19]
Li Li n 1P, 0.478 [7,13, 15, 16, 19, 20]
*Li Li*gs | D 1P;, 0.478 [20]
Be
'Be °Li p 1Py, -0.657 | [14]
1P5, —0.735 | [14]
Be SLi%, 1 P 1P;, 0.738 [14]
"Be* s °Li P 1P 0.329 [14]
1P, 0.930 [14]
*Be a a 3S, 1.225 [18]
*Be °He *He 2P3) 1.102 [18]
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*Be °Li d 28, 1.217 [18]
*Be Li p 1P3, 1.234 [7,11, 13, 14, 15, 16, 18, 20]
"Be Li*oss | D 1P, | 0873  |[13,20]
*Be Be n 1Ps, —-1.234 | [3, 14, 18]
*Be "Be* s n 1P -0.873 | [14]
8Be*, o, 'Li p 1Py, | —0.730 | [14]
1P5, —0.730 | [14]
8Be*, o, Be n 1P 0.730 [14]
1P;) 0.730 [14]
SBe*y o "Be*ga n 1P5, —0.730 | [14]
‘Be a °He 383 0.810 [18]
2Dsp 0.536 [18]
‘Be °He a 3S, —-0.810 | [19]
2P;p 0.194 [19]
’Be °He *He 2P5) —-0.236 | [10, 19]
’Be °Li t 2P —-0.192 | [10, 18]
2P —0.215 | [10, 18]
’Be Li d 28, —0.226 | [7,8,10, 13, 15,18, 19, 20]
1D, 0.111 [7,8,10, 13, 15, 18, 19, 20]
1D, —0.624 | [7,8, 10, 13, 15, 19, 20]
’Be *Li P 1P —0.162 | [18]
1P5, —0.324 | [18]
‘Be SLi%y0s | P 1P 0.362 [19]
1P;) 0.648 [19]
9
9Be Li*y,e | P 1Py, —0.628 | [19]
Be SLi%5 010 1Py, -0.362 | [19]
1P5) 0.648 [19]
9Be 8Li*5‘4 p 1P1/2 —0.375 [19]
’Be Be 2n 28, 0.247 [18]
1D, —0.122 | [18]
1D, 0.683 [18]
’Be *Be n 1P3, 0.866 [3,4,5,8,10,11, 18, 19]
"Be Betyg, | 1 1P, | 0573 | [3,18]
1P5, 0.573 [3, 18]
""Be °He a 28, —0.802 | [10]
""Be Li t 2P;, 0.392 [7, 10, 13, 20]
""Be *Li d 1D, 0.646 [10, 19]
""Be °Li P 1P; —-1.217 | [10]
""Be *Be 2n 2S, —0.833 | [3,10]
""Be ’Be n 1P3 1.406 [3,4, 5,8, 10, 18, 19]
8y -
0B, o Li d 28, —0.722 | [10]
1D, 0.065 [10]
1D, —0.242 | [10]
0B, o ‘Be n 1Py, 0.968 [10]
1P;) 0.968 [10]
""Be ’Be 2n 3P, 0.644 [10]
""Be ""Be n 28, —-0.606 | [10]
B
°B "Li | 2p 28, [-0247 [[15]
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1D, —0.430 | [15]
°B *Be p 1P; 0.866 [18]
B °Li a 2D, —0.125 | [10, 15]
B Li *He 1P;, 0.419 [7,10, 13, 15]
1Fs;, —0.104 | [7,10, 13, 15]
1F-, 0.347 [7,10, 13, 15]
'8 *Li 2p 1D, 0.307 [10, 15]
B *Be d 1D, 0.811 [3,5, 10, 11, 15, 18]
8
togs, 8Be d 1D, 0.811 [5, 10]
0g, 8Be d 28, -0.833 | [5, 10]
ogs, Be d 1D, 0.811 [5, 10]
'8 ’Be p 1P, 1.185 (4,8, 18, 19]
0g, ‘Be P 1P -0.361 | [5,10]
1P3, —0.323 | [5,10]
ogs ‘Be p 1P5, 0.994 [5, 10]
0gx ., ‘Be 1P —-0.663 | [5, 10]
1P5, 0.741 [5, 10]
0B Be P 1P 0.838 [5, 10]
B B n 1P;, —1.185 | [10, 15]
"B Li a 3S, —-0.638 | [7,8,10, 11, 13, 15, 18, 19, 20]
2D, —0.422 | [7,8,10,11,13, 15, 18, 19, 20]
"B Litosms | @ oD, | -0422 | [13]
B TLi%, e o 2D, 0.362 [13]
1G4 0.429 [13]
'B Mi*ees | @ 2D, 0.148 [13]
1G, 0.575 [13]
"B Litee | 2D, | 0362 | [13]
1G, 0.429 [13]
"B Lityes | @ 38, [ -0.638 | [13]
2D, —0.422 | [13]
g%, o :Li o oD, | 059 | [13]
g%, .. Li o 2D, -0.049 | [13]
1G, —0.192 | [13]
HB% 0 'Li o 38, [ -0.638 | [13]
2D, —0.422 | [13]
gk 'Li o 2D, 0.104 [13]
1G4 0.124 [13]
. :Li o 2D, | 0596 | [13]
ge Li o 2D, —0.049 | [13]
1G4 —0.192 | [13]
"B *Li *He 1P 0.160 [8, 13, 18, 19]
1Fs;, 0.218 [8, 13, 18, 19]
1F7, 0.214 [8, 13, 19]
"B BLi%) 08 *He 2P 0.053 [19]
2P3, —0.048 | [19]
1Fs;, 0.268 [19]
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g BLi%, 0, *He 2P, 0.268 [19]
1Fs) 0.078 [19]
1F7), 0.268 [19]
g SLi%, ., *He 2P, 0.053 [19]
2P/ —0.048 [19]
1Fs) 0.268 [19]
g SLi%e, ‘He 2P, 0.160 [19]
1Fsp 0.218 [19]
1F7) 0.214 [19]
"B °Li 2p 2So 0.576 [10]
1D, 0.456 [10]
"B *Be t 2Ps) 0.641 [6, 8,10, 11, 13, 18, 19]
g SBe*, o, t 2P, —0.424 [11, 18]
2P, 0.424 [11, 18]
1Fs, 0.148 [11, 18]
1F;) —0.363 [11, 18]
"B ’Be d 28, -0.607 | [3,4,5,6,8,9,10,11, 13,18, 19]
1D, —0.109 [3,4,5,6,8,9,10, 11, 13, 18, 19]
1D, 0.610 [3,4,5,6,8,9,10, 11, 13, 18, 19]
9 .
gx . Be d 2S, 0.768 [5, 8]
1D, 0.172 [5, 8]
1D, 0.515 [5, 8]
g, ‘Be d 25, 0.576 (8]
1D, —0.064 (8]
1D, 0.220 (8]
1D, —0.394 (8]
9
lgx Be d 2S, —0.607 [8]
1D, —0.109 (8]
1D, 0.610 (8]
. ‘Be d 1D, 0.316 (8]
1D; 0.387 (8]
9
g Be d 25, —0.384 [8]
1D, 0.279 (8]
1D, —0.432 (8]
1D; 0.241 (8]
g 10g¢ p 1P;, 0.699 [5,6,8,9,10, 11, 13, 18, 19]
1Ps)» —0.788 (8]
g 0Be* s | P 1Py -0.930 [10]
1P5), 0.930 [10]
10
”B"’Z125 Be p 1P1/2 0.699 [57 13]
g °B 2n 2S, —0.665 [10]
1D, 0.421 [10]
"B "B n 1Ps, -1.347 | [5,6,9,10, 11,13, 15, 18, 19]
g togx | D 1Py, —0.268 [5, 10]
1P5), 0.240 [5, 10]
g ogx . |10 1P;, —0.494 [5, 10]
g l0gx, n 1Py, -0.571 [5, 10]
1P5), —-0.638 [5, 10]
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11
B ogx, |1 1Py, -0.805 | [5, 10]
B *Li a 2D, 0.496 [18]
B *Li a 2D, 0.544 [19]
B ‘Be t 2P 0.102 [8, 10, 18, 19]
2P3) 0.091 [8, 10, 18, 19]
1Fs), 0.512 [8, 10, 18, 19]
g% ’Be t 2P, -0.237 | [18]
1Fs), —0.323 [18]
1F7, 0.316 [18]
B ""Be d 1D, 0.380 [10, 18]
12
B 0Be*, o | 4 28, 0.746 [10]
1D, 0.046 [10]
1D, 0.060 [10]
1D, 0.020 [10]
:) g 2n 1D, —-0.777 | [10]
B "B n 1P, -0.734 | [6,9, 10, 11, 14, 18, 19]
1P3) 0.821 [11, 14, 18, 19]
2 —
B gk, n 1P 0260 | [14]
1P5, 0.734 [14]
g "B n 1P 0.330 [12, 14]
2g ::B*z.lz n P55 0.330 [14]
2gx B n 1Py, 0.330 [14]
12, B, n 1P3), 0.330 [14]
BB "B 2n 2S, 0.623 [12]
1D, 0.197 [12]
"B B n 1P —-0.238 | [18]
1P; 0.213 [18]
e Li ‘Li 2P, —-0.007 | [7]
2P, 0.464 (7]
2P, 0.233 [7]
IF, -0.063 | [7]
1F; 0.190 [7]
'c *Be *He 2P;) 0.641 [11]
c ’Be 2p 2So 0.665 [4, 10]
1D, —-0.421 | [4, 10]
Ke "B p 1Ps, 1.347 [15, 10]
e ogx, | P 1Py, —-0.268 | [5]
1P;, 0.240 [5]
llC IOB*1'740 1P3/2 0.494 [5]
llC 10B7<2‘154 p 1P1/2 —0.571 [5]
1P;, —-0.638 | [5]
e 0w, | P 1P —-0.805 | [5]
e Li °Li 3S3, —-0.793 | [7,20]
2Ds, —-0.525 | [7,20]
e *Be a 3S, 0.821 [3,4,6,11,18,19]
2C SBe*, o a 2D, -0.919 | [3,11]
e ’Be *He 2P3) 1.224 [3,4,5,6,8, 11, 18, 19]
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2C B t 2P5) —1.124 | [19]
e ""Be 2p 2So 0.800 [4, 6, 10]
2C B d 1D, 1.780 [3.4,6,10, 11, 19]
12
12c togx, | d 1D, 1.165 [5,10]
12c ogx, .| d 28, -1.386 | [5]
C 0¥, | d 1D, 1.504 [5]
2C "B p 1P; —-1.706 | [4,5,6,8,9,10, 11, 13, 14, 18, 19]
ZC g, o | P 1Py —-1.206 | [5,6, 13, 14]
C lIB"“5 021 p 1P3/2 —1.706 [65 13]
ne ngx . |p 1P1s ~1.206 | [13]
ek, "B P 1P, -0.505 | [6, 19]
1P5) —0.505 | [6,19]
e c n 1P; 1.706 [1,3,4,5,6, 11]
Ke Li °Li 3S, —0.124 | [7]
2D, -0.039 | [7]
2D, —0.116 | [7]
e ’Be a 2D, 0.504 [3,4,8,9, 10, 18, 19]
9
Bk, o 9Be o 3p, 0.500 [3]
Box, Be o 3S, -0.539 | [3]
2D, —0.356 | [3]
9
Box, Be o 3P, —0.400 | [3]
e ""Be *He 2P 0.170 [9, 10]
Be B t 1Fs), 0.108 [9, 10]
1F4 0.747 [9, 10]
Bc ogx |t 2P -0.654 | [10]
2P, 0.231 [10]
Be "B d 28, —-0.263 | [3,5,6,8,9,10, 11, 18, 19]
1D, —0.162 | [3,5,6,8,9,10,11, 18, 19]
1D, —0.485 [[3,5,6,8,9,10, 11,18, 19]
Bc g# d 28, 0.093 [5,9]
1D, —0.457 | [5,9]
Bc g, ,, d 1D, —-0.111 [ [9]
1D, —0.417 | [9]
Bc g, d 28, —-0.263 | [9]
1D, —0.162 | [9]
1D, —0.485 | [9]
e ngx d 1D; 0.814 [9]
Bc Ig*, d 28, —-0.263 | [9]
1D, —0.162 | [9]
1D, —0.485 | [9]
11
ok, B d 28, —0.208 | [9]
1D, 0.102 [9]
1D, —0.573 | [9]
Ke B P 1P 0.283 [9, 14]
1P5, 0.801 [9, 14]
EC g% P55 -0.736 | [14]
C gk p 1P5) —0.736 | [14]
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Bok, B P 1P, —0.448 [14]
1P3) 0.401 [14]
BC*, 2B o p 1Py —0.520 [14]
BC*, e 12g*, p 1Py, -0.520 [14]
Ke 'c 2n 1D, —-0.559 | [3]
Bc ’C n 1P, 0.601 [1,3,4,5,6,9,11, 14, 19]
e ek, n 1P5) —-1.124 | [1]
e ek n 1Ds), 0.111 [12, 197]
Bk, o 2C n 2S1 0.957 [12, 197]
Bk, EC’”* “ n 1Ds), 0.291 [12,197]
Bk, o C n 1P5, 0.601 (1,3, 14]
13C7‘:3 6 12c~}:4 m n 1P 0.745 [1]
1P5, —0.745 | [1]
Bk, 2c n 1Ds) 0.550 [3]
e ""Be a 3S, —0.566 | [10]
"c "B t 2P;, —-0.368 | [9, 10, 18]
e B d 1D, ~1.01 [18]
c e 2n 2S, 0.615 [3,12]
12
ok 12c 2n 1D, 0.300 [12]
ok C 2n 2D, 0.300 [12]
e Be n 1P -1.094 | [3,9]
e Bok, n P55 -1.024 | [2]
ok Bc n 2S5 —-0.994 | [12,250]
1Ds, 0.105 [12,250]
BN Li °Be 2D, 0.134 [7]
BN "B 2p 1D, 0.559 (6]
BN e p 1P 0.601 [1,6,11]
13N 12c~k4 m p 1P3/2 —1.124 [1]
N Li Be 3S3p —0.048 [7]
2D, | —0.050 | [7]
2Ds, | 0.097 [7]
2Ds, | 0.062 [7]
1Gsp —0.072 [7]
N *Li °Be 2D, —-0.243 | [7]
“N *Be °Li 2D, —-0.167 | [7]
"N ’Be °Li 3S3, —-0.056 | [7]
2D1/2 _0059 [7]
2Dy, | —0.037 [ [7]
2Ds, | —0.089 | [7]
1Gs, | -0.348 | [7]
"N ""Be ‘Li 2P, 0.024 [7]
1F, 0.219 [7]
"N B a 2D, 0.111 [7]
1G4 0.740 [7]
"N "B *He 2P —-0.107 | [6,7,9, 10,11, 19]
2P5) —0.096 | [6,7,9, 10, 11, 19]
1Fs) -0.292 | [6,7,9, 10, 11, 19]
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"N "'c t 2P 0.107 (7]
2P;, 0.096 (7]
1Fs; 0.292 (7]
"N e d 1D, 0.246 [6,7,11,19]
"N 2ok, d 1D, 0.515 [1]
1D, —-0.664 | [1]
1D, 0.786 (1]
N o 2c d 25, 0.615 [1]
"N Bc p 1P, 0.461 [7,9]
1Ps, 0.163 [7,9]
"N Bok, p 1P, 0.729 [1]
1P/, —0.815 [1]
N Bc p 1Py, -0.421 [2]
14N*2.3l ISC*3.68 1P3/2 _0724 [2]
N Be 1P 0.186 [2]
1P, —0.811 2]
14N~k3‘95 13C*3.68 p 1P1/2 0.729 [1]
1Ps, —-0.819 | [1]
14N*4,92 13C p 1P1/2 0.028 [2]
N, o EC*Mg P 1P3) —0.012 [2]
14N*5,11 C p 1P3/2 0.103 [2]
N, BC*, p 1Py, 0.369 [2]
1P, —-0.348 | [2]
N Bc P 1P, -0.146 | [2]
P55 0.188 2]
14N~,\—5 6 13C~};3 P p 1P1/2 O 106 [2]
1Ps5 0.233 (2]
N, g BC*, p 1P;5, 0.539 [2]
N 0 BO¥, o p 1Py, 0.369 2]
1P;), —0.348 [2]
N 4o Box, o P 1Ds), 1.000 [2]
"N BN 1P, —0.461 (7]
1P5p —0.163 [7]
g o BN n 1Py —-0.258 [1, 7]
1Ps5 0.729 [1,7]
N Li *Be 2D, 0.226 [20]
N :) o 2D, 0.435 (6,9, 11, 18, 19]
11
SN, o, B a 3P, -0.471 [11]
SN "B a 3S, —-0.465 | [11]
2D, —-0.308 | [11]
SN "B a 3P, -0.471 [11]
SN "B a 2F, 0.290 [11]
PN B *He 2P 0.254 [11, 18]
2P;, —0.090 | [11, 18]
N e t 2P, 0.380 [6, 11, 19]
SN, o 2c t 1Ds, | —0.540 | [11]
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SN, e t 2P;, 0.380 [11]
O e t 1Ds, | —0.540 | [11]
SN e t 1G;, | 0.258 [11]
PN Be d 28, 0.248 [7,9, 11]
1D, 0.444 [7,9,11]
N "c p 1P, —-1.006 | [2]
PN PN 2n 2S, —-0.608 | [11]
PN “N n 1P, -1.091 | [7,11]
1P5, 0.386 [7,11]
PN N | n 1P 0.711 [2]
15N 141\17\-3 n 1Py, —0.599 [2]
1P3, —0.639 | [2]
N N n 1P; —-1.157 | [2]
PN N n 1P -0.737 | [2]
1P5, —0.171 | [2]
N N n 1P; —-1.157 | [2]
SN, o, e p P55 1.000 2]
N, ,, N 4o n 1P3), 1.000 [2]
1N, s "B °He 3Dy, | 0.254 [18]
3Dy, | —0.199 | [18]
N, 1o B a 4S, 0.514 [18]
0 "N P 1P, —1.091 [7]
1P3) 0.386 (7]
0 N n 1P -0.244 | [7]
1P5, —0.690 | [7]
e Li ’B 3S55 —-0.533 | [20]
1Dsp —0.353 [20]
0 *Be *Be 3S, 0.365 [20]
°0 "B °Li 3S3, —-0.677 | [20]
2Ds, | —0.448 | [20]
0 e a 3S, 0.544 [11,20]
0 BN t 2Py —-0.910 | [20]
0 “N d 1D, 1.400 [20]
'°0 PN P 1P —-1.461 | [11,20]
0 0 n 1P, 1.461 [20]
"0 '°0 n 1Dsp, | 0.500 [20]
50 Li "B 4S5, —0.184 | [16]
3Dy, | -0.121 | [16]
0 N p 1P —1.198 | [16]
0 0 2n 3S, —0.833 | [16]
8%, e 0 2n 3S, 0.615 [16]
0 0 n 1Ds, | 0.891 [16]
0 0 n 1Ds, | —0.155 | [16]
F 0 p 1Ds, | —0.500 | [20]
B 0 d 3S, 1.061 [20]
PF °0 t 48, —-1.091 | [20]
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PF 0 | p [2S1,  [0.633  [[16]
Ne

“"Ne 0 a 5S, 1.225 [20]

“'Ne "0 *He 3Ds, | —1.102 | [20]

“"Ne F t 3Ds, | —1.102 | [20]

“'Ne '*F d 3S, 1.217 [20]

“"Ne “F p 2S1 1.234 [20]
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