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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 
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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 8Be. The light nuclei such as 5-8He, 5, 8-11Li, 
7, 10-14Be 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-
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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 11Be and 19C and the one-proton halo of 8B. 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 6He, 11Li and 14Be 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 α − α-structure of the 8Be ground state [28]. It 
seems that the cluster structures are a more general feature of light nuclei. For the drip-
lines the α − {n1 - n2 -…- ni} 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 α-chains was also considered. The example can be the 16C nucleus 
with the α − 2n − α − 2n − α 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 32Mg [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 
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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 6, 8He and 9, 11Li [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 
15B [40], 17B [41], 18C [42] and 19C [43]. The beta-delayed one- and two-neutron emis-
sions were reported for 19B, 22C and 23N [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 
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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, γ)-reaction. Then, the nucleosynthesis flow needs to wait for 
the beta-decay to find the next (p, γ)-reaction. The same situation can be seen if the (p, γ) 
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 σ(E), for e.g. 7Be(p, γ)8B reaction, and the Sommerfeld parameter 

veZZ TP 2  [46, 47, 48]: 
)2exp()(   SEE . 

The term )2exp( E  accounts for the steep energy dependence of σ(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 9Be(10B, 10B)9Be and 9Be(10B, 9Be)10B 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 9Be + 10B 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 9Be(10B, 
9Be)10B proton-transfer reaction, populating the ground and low-lying states in 10B. 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 10B bound state wave functions in the two-particle channel 9Be + p, have 
been found. The ANC for the virtual decay 10B(g.s.) → 9Be + p will be used in the analy-
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sis of the 10B(7Be, 8B)9Be reaction to extract the ANC’s for 8B → 7Be+p. These ANC’s 
determine the normalization of the 7Be(p, γ)8B 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-

cility 
Beam ion Energy (MeV) Ref. 

CERN REX-ISOLDE 
(ISOL) 

Number of elements ~ 70 
Number of isotopes ~ 600 

0.8 – 2.2 
MeV/u 

[55] 

GANIL in 
Caen 

SPIRAL 
(ISOL) 

Radioactive beams A<80 
 

30 keV/u – 80 
MeV/u. 

[56] 

ORNL in Oak 
Ridge 

HRIBF  
(ISOL) 

Radioactive beams A<136 
Isobar-separation system 

up to few 
MeV/u. 

[57, 58] 

GSI in 
Darmstadt 

FRS  
(IN-FLIGHT) 

Radioactive beams up to 
uranium 

up to 1 GeV/u [59] 

GANIL in 
Caen 

LISE3 
(IN-FLIGHT) 

Radioactive beams up to 
uranium 

20-50 MeV/u [60] 

RIKEN in 
Tokyo 

RIPS  
(IN-FLIGHT) 

RIPF  
(IN-FLIGHT) 

Radioactive beams up to 
uranium 
Radioactive beams up to 
uranium 

up to 135 
MeV/u  

up to 350 
MeV/u 

[61] 
 
 

[62] 
NSCL in East 

Lansing 
A1900 

(IN-FLIGHT) 
Radioactive beams A<110 

 
up to 150 
MeV/u 

[63] 

JINR in 
Dubna 

COMBAS  
(IN-FLIGHT) 

Radioactive beams Z<30 20-50 MeV/u [64, 65] 

 
 

Table 1.2. Elastic and inelastic scattering investigations with radioactive beams. 
Target Beam ion Energy (MeV) Scattering  Ref. 

10B 7Be 84 ± 1.6 elastic [66, 73] 
7Li 7Be 9.87 MeV. elastic [67] 

14N and 12C 
 

7Be 
 

87 MeV 
 

elastic 
inelastic 

[68, 73] 
 

12C 
 

8B 
 

95 MeV 
 

elastic 
inelastic 

[68, 73] 

p 11C4+ 
 

90 and 125 MeV, 
 

elastic 
inelastic 

[69] 
 

13C 
 

13N 
 

8.15, 10.0 and 
14.75 MeV 

elastic [70] 

208Pb 
 

17F 
 

170 MeV 
 

elastic 
inelastic 

[71] 

58Ni 7Li, 42 MeV elastic [72] 
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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 T(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 T + 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 T + 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 VC(r) and the nuclear potential U(r). They are de-
pendent on distance r from their mass centre (CM). The relative motion of the T + P nu-
clei is described by the wave function Ψ(r), which is a solution of the Schrödinger equa-
tion  

)(EΨ)(Ψ rrH  , (2.1) 

where the Hamilton operator is given as 

)U()(V)( C rrrΗ Τ


. (2.2) 

)( rΤ


 is the kinetic energy operator; Е denotes the kinetic energy of the projectile P in the 
CM system: 

P
PT

T E
AA

AE


 , (2.3) 

where АТ and АР are the masses of target Т and projectile Р, respectively; ЕР is the kinetic 
energy of projectile Р in LAB system. 

For the central potentials VC(r) and U(r), the Hamiltonian H in a spherical coordi-
nate system (r, θ, φ) is 

)r(U)r(V
rdr

d)r(U)r(V)r(T CC 









22

2

2

22 L

2
-H






, (2.4) 

where )AA/(AA PTPT   is reduced mass of nuclei, L2 is operator of squared orbital 

momentum, eigenfunctions of which are spherical functions ),(Y m
l   

),(Y)l(l),(Y m
l

m
l  12  2L . (2.5) 

Using following expansion of the wave function Ψ(r): 

),()()( 1  Yri m
l

lm lr
lr , (2.6) 

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

0)(
)()()1(

1
)(

22

2












 




l
Cl

E
U

E
Vll

d
d , (2.7) 

 11



where ρ = kr, 22 Ek   is wave number.  
The uniform-charged-sphere potential  















,,

,),  3(
2)(

2

2

22

C
PT

C
CC

PT

C

Rr
r

eZZ

Rr
R
r

R
eZZ

rV  (2.8) 

was used for the Coulomb interaction. Here ZP and ZT are proton numbers for Р and T 
nuclei, respectively; e is proton charge; RC is radius of the Coulomb interaction of Т + Р 
nuclei: 

)AA(rR /
T

/
PCC

3131  . (2.9) 

The nuclear optical potential  
U(r) = Vf(r, RV, aV) + iWS f(r, RW, aW) (2.10) 

of Woods-Saxon type  

f(r, Ri, ai) = 














 


a
Rr
i

iexp1/1  (2.11) 

was used in our calculations. In formulae (2.10) and (2.11), the potential radius is  

)AA(rR /
P

/
Tii

3131   (i = V, W),  (2.12) 

where V, rV and aV are parameters of real part of U(r)-potential; WS, rW and aW are pa-
rameters of imaginary part of this potential. 

The nuclear potential U(r) → 0 at r » RV and solutions of radial equation (2.7) are 
regular Fl() and irregular Gl() Coulomb functions, having at    following asymp-
totic forms: 

),/l)ln(cos()(G
),/l)ln(sin()(F

ll

ll





22

22
, (2.13) 

where ; veZZ TP /2 l  is Coulomb phase shift of wave function χl.(ρ).  
Matching asymptotic numerical solution l(Rm.) of equation (2.7) to combination 

of Coulomb functions  

l(Rm.) = N [Fl(Rm.) + iGl(Rm.)] + Sl[Fl(Rm.) - iGl(Rm.)]  (2.15) 

and to their derivatives 

 )](')('[)(')('[)(' mmmm RiGRFS]RiGRFNR llllmll  (2.16) 

one can calculate scattering matrix elements  and partial nuclear phase shifts δl , 
which are used for calculation of elastic scattering cross-section:  

li
l eS 2

2

0

2

2
)(cos)1)(12(

2

1
)(

1)( 





 l

ll
i

c PSle
i

f
kd

d
l   ,  (2.17) 

where  
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2
2

2

2

2






sin

sinlniexp
)(fc

















   (2.18) 

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

42
2

2
sin

2
)(

)(






















k
f

d
d

C
R . (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 {Хі} = 
{V, rV, aV, WS, rW, aW} were carried out with the code SPI-GENOA [81]. The fitting pro-
cedure based on χ2-minimization: 







N

i i.exp

i.expi.theor

)(
)()(

N 1

2

2 1




 , (2.20) 

where )(),( i.expi.theor   and )( i.exp  are theoretical and experimental cross-sections 

and data errors, respectively; N is number of experimental points.  
It is well known that χ2-criterion does not guarantee an unambiguous determina-

tion of optical potential parameters due to correlations between them of types  

.exp    .,exp const
a
R

Wconst
a
R

V
W

W
S

V

V 
















. (2.21) 

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 V. Number of nucleons responsible for 
interaction of colliding nuclei can range from one to min(AP, AT), depending on projectile 
energy and repulsive barrier. Therefore, the parameter V is limited by the following con-
dition: 

 TPNANA AAVVV ,min , (2.22) 

where VNA ≈ 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 

VWS  . (2.23) 

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

3/1
0 )( TPcomp AArR  , (2.25) 
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as the lower limit for the parameter RV : 

)( 3/13/1
TPVVcomp AArRR  . (2.26) 

Therefore,  

3/13/1
0 )(

TP

TP
V AA

AArr




3/1

. (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 Т(Р, Х)Y inelastic process is described by the matrix element 

,)(),(V)(

)()()(),()()()(

dd)()()()()()(

TPX';YX

TPTTPPXYYXXYX

Y,X,T,PiTPTTPPY
*
YX

*
X

*
YX













PTPXY

PTPXY

XYPT,jPTXYX)(P,

rrrr

rrrVr

rrVrT









(2.28) 

where ΨP+T(rPT) and ΨX+Y(rXY) are wave functions (distorted waves) of (2.6) type, which 
describe movements in Р + Т and Х + Y nuclear systems within potential fields 
UP+T(rPT) + VC(P+T)(rPT) and UX+Y(rXY) + VC(X+Y)(rXY), respectively;  

φТ(ξT), φP(ξP), φX(ξX), φY(ξY) are wave functions for internal states of T, P, X, Y, 
respectively;  

),( X PrrV  is an operator of inelastic process;  

Vα;α’ denotes a matrix element of operator: ),( X PrrV

 )()(),()()(),(V TTPPXYYXX';  PXP rrVrr . (2.29) 

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

Using Т(Р,Х)-matrices, one can calculate the T(P, X)Y reaction cross section:  

2

1212

11





 YXPT MMMM
)X,P(

PTP

X

XP

)X,P( )(T
)J)(J(k

k
EEd

)(d



, (2.30) 

where JT, JP, JX, JY and MT, MP, MX, MY are spins and their projections of T, P, X, Y 
nuclei, respectively. 

In calculation of Т(Р,Х) matrix, the expansions of type (2.6) are used for the 
ΨP+T(rPT) and ΨX+Y(rXY) wave functions. Then the partial distorted waves χl(P+T)(rPT) and 
χl(X+Y)(rXY) are calculated as the solutions of Schrödinger equations (2.7).  
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The Т(Р,Х) calculation with exact account of relation between vectors rPT and rXY  is 
named finite-range approximation [82]. If the relation rPT = rXY = r is assumed then such 
Т(Р,Х) 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 Т(Р, Х)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 χα(rk) for k channels, the following 
system of coupled equations [74] are solved 

,dr)r()r,r(Vi)r()r(Vi

)r()]r(U)r(V)r(TE[

kk

R

kk;
kk,

LL

,
kk;

LL

kkkkCkkkLk

m









  
















00



 (2.31) 

where the indeces α and α’ denote the sets of quantum numbers for channels k and k’, 
respectively;  

)r(T kkL


 –kinetic energy operator for the k-channel;  
Uk(rk) and VCk(rk) –nuclear and Coulomb potentials for the k-channel;  
Еk – kinetic energy of the k-channel; 

)r(V k;

    - matrix element (operator) for transitions to discrete states of nuclei with λ- 

multipolarity (λ is transfered orbital momentum);  
)r,r(V kk;    - 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:  


0

0
00 ()())()(


  )YrR(rRR Rr , (2.32) 

where δλ is a length (parameter) of nuclear deformation of λ-multipolarity. Using this 
expansion, the  matrix element of equation (2.31) for the transitions to the )r(V k;


 
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rotational and vibration excited states of deformed nuclei with transfer of orbital 
momentum λ which can be calculated with the formula [74] 

  

 |)()(|)( 0
; YrVrV kk , (2.33) 

where  

k

k
k r

)r(U)r(V
d

d





4

 , (2.34) 

U(rk) is optical potential in the k-channel. For the vibration excitations, in (2.34), the δλ-
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  with 
changes of energy of internal state of nuclei, and the quadrupole rotational transitions 
without energy changes: 

 


 J,E|)r(V|J,E kex
*
ex

 
 J,E|)r(V|J,E)r(V kkJ;J 2

2 . (2.35) 

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 А is considered as the system А = С + х, 
where х denotes nucleon or cluster (particle) and С is the core of the nucleus. Then the 
interaction operator Vλ(r) has the form [74]: 

V(r) = Vcc(rc) + Vx(r’) – U(r), (2.36) 

where Vcc(rc) and Vx(r’) are the potentials of interaction of the partner-nucleus with the 
core С and with the cluster х in the system А = С + х, respectively. The function U(r) 
denotes the optical potential of interaction of the Т + Р nuclei. 

2.2.2. Transfer reactions  

For the Т(Р, р)t  reaction transfer of the cluster х from the system Р = p + х to the t 
= Т + х system, the matrix element of the transfer operator has the form: 

TPkktpkk; )r,r(V)r,r(V    , (2.37) 

where P(), T(), p(’) and t(’) are the wave functions of the internal states of Р, Т, 
р, and t nuclei, respectively.  

The wave functions P(), t() of the internal states of the P = p + x and t = T + x 
systems can be presented in following form:  

)r()'()(S)( pxpxxp
x

P
xP   , (2.38) 
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
x

TxTxxT
t
x )r()'()(S)(t

 , (2.39) 

where x(’) is the wave function of the internal state of the cluster х transferred in the 
reaction; px(rpx), Tx(rTx) are the wave functions of the relative motion of х in the systems 
Р = p + х and t = Т + х (wave functions of bound states). The values  are called the 
spectroscopic amplitudes of х in the Р = p + х and t = Т + х systems, respectively. One 
can obtain from (2.38) and (2.39) the following formulas for the spectroscopic 
amplitudes: 

S,S t
x

P
x

S P
x  = <pxpx|P>, (2.40) 

St
x  = <TxTx|t>. (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: 

)r()r,r(V)r(SS)r,r(V kpxkkkTx
t
x

P
xkk;    , (2.42) 

where rk’ ≡ rTx and rk ≡ rpx. 
The wave functions px(rk), Tx(rk’) of the bound states of the nucleons and clusters 

in the Р = p + х and t = Т + х systems were calculated, as usual, using the fitting 
procedure of depths of the real Saxon-Woods potentials Vpx(rk) and VTx(rk’) to the 
experimental values of binding energies of clusters in these systems. In this procedure, 
the following values of a and r0 parameters were used:  

a = 0,65 fm,     313131
0 251 /// xC/A,r   fm, 

where А, С and х are the masses of the nucleus A, core C and cluster x for the А = С + х 
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 1р-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 х in the А = С + х system in the 
frame of the oscillatory TISM. The wave functions ΨА, ΨС and Ψх of the nucleus А, core 
С and cluster х have the following quantum characteristics respectively: 

 TA LSTJMM)](f[AN|  , (2.43) 
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
1111111111 TC MMJTSL)](f[CN|  , (2.44) 


22122222222 Tx MMJTSL)](f[xN|  , (2.45) 

where N, N1, N2 are the quantum numbers of the oscillatory energy ћω in the 
corresponding components of the А = С + х system;  

[f], [f1], [f2] – the Young tableaux, characterizing symmetry of corresponding wave 
functions of the 1s-1p-shell; 

(λμ), (λ1μ1), (λ2μ2) – the Elliot symbols, which characterize the wave function 
symmetry for the nucleons in the 1р-shell; The Elliot symbols have the 
following relations with the Young tableaux [fр] = [fр1 fр2 fр3] for the 
nucleons of the 1р-shell: λ = fр1 - fр2, μ = fр2 - fр3; 

L, S, T, J, M, MT 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 ΨС and Ψх. 

The spectroscopic amplitude Sx of cluster х in the А = С + х system is calculated 
using following method:  

0

21

Jn,|
x

A
S xCA

/

x 









 , (2.46) 

where φСх = |nΛJ0> is the wave function of the relative motion of the cluster х and core С, 
characterized by the main quantum number 

n = N – N1 – N2,  (2.47) 
or the main spectroscopic number 

nс = (n – Λ+2)/2.  (2.48) 
The orbital Λ and the total J0 momentum of relative motion are as follows: 

Λ = L – L1 - L2,       J0 = J – J1,       J0 = Λ + J2.  (2.49) 
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 -  ≡ (j1j2m1m2|jm),  jm

mjmjC
2211

Racah - U(abed; cf) = )f)(c( 1212  W(abed; cf)     and  

Fano (9j-symbols) - , 
















jhg

fed

cba

and for direct products of the Young tableaux  -  [f] = [f1] × [f2] and the Elliot symbols 
(λμ) = (λ1μ1) × (λ2μ2)  -  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: 

)k,(G)k,(D

JSL

JS

JSL

)J;SJL(UZS '
)(

k)(

'
)(x ''

'''
'' 2202

111

2202
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222
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














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




 , (2.50) 

where 
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The signs ~ and –– over the symbols of Young tableaux show their transposition. For 
example, in the case of tableau [f] = [432] the transposed tableau is ]f~[ = [3321].  

The Clebsch-Gordan coefficients with the )( -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 1р-shell nuclei, necessary for the DESNA program 
calculations, were taken from the Boyarkina tables [98]. 

The values of the spectroscopic amplitudes Sх and values of the quantum numbers 
n = nc, L = Λ and J = J0  of the wave functions of relative motion of the cluster x, core С 
and nucleus А = С + х 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 
ELAB, their spreads ΔELAB, the targets used and their parameters.  

 
Table 3.1. Ion beam and target parameters 

Targets  
Research 

Center 
Accelera-
tor 

Ion  ELAB 
(MeV) 

ΔELAB 
(%) 

Name 
Thick-
ness 

(μg/cm2) 

Enrich-
ment 
(%) 

Ref. 

Heavy Ion 
Laboratory, 
Warsaw 
University, 
Warsaw, 
Poland 

Cyclotron 
C-200P 

10B 
11B 
11B 

 
11B 
11B 
11B 
18O 

51 
49 
45 

 
45 
45 
44 
114 

~ 0.5 
~ 0.5 
~ 0.5 

 
~ 0.5 
~ 0.5 
~ 0.5 
~ 0.5 

7Li 
12C 
9Be 

 
13C 
14C 
7Li 
7Li 

600 
200 
600 

 
500 
280 
500 
900 

92.5 
98.9 
100.0 

 
90.0 
86.0 
92.5 
92.5 

[15] 
[6,11] 

[8,10,18,
19] 
[9] 
[12] 
[13] 
[16] 

Institute for 
Nuclear 
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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.  

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.  

 

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 1st collimator, 7, 9 valves for venting, 10, 11- defining collimator, 
12 – anti-scattering collimator, 13 – scattering chamber, 14 – Faraday 
cup. 

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, 
2.9 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 15o with respect 

to the direction of the ion beam. The three-channel ΔE-E spectrometer, with the 
ionization chamber working as the ΔE – detector, was mounted on the lower platform. 

 
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. 
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This chamber has a shape of the complex of the three parallel-sided prisms 79 mm × 40 
mm, in the central line. On the backward side of each ionization chamber, the two silicon 
E1 (~ 500 m) and E2 (~ 2 mm) detectors, which stopped the reaction products, were 
mounted. For identification of the products with Z > 2, the Е-Е1 spectrometers were 
used and for the products with Z < 3, the Е1-Е2  Е2-Е2 spectrometers were applied. The 
angular separation between the spectrometers was 9.5o. 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 μm 
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 0.3o for 
measurements of the angular distributions was achieved (this corresponds to the solid 
angle of 1.5×10-4 sr). The scheme of the ionization chamber is shown in Fig. 3.4.  

On the upper 
platform the ΔE-E 
spectrometer with the 
silicon ΔE (~ 60 m) 
and E (~ 500 m) 
detectors was placed. 

 
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, is 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 μm thickness of silicon 
for 11B, ions at the incident energy of around 50 MeV. The consumption of working gas in 
the ionization chamber was about one liter per hour.  

In the 9Be(11B,X) reaction, for the ion beam energy ELAB(11B) = 45 MeV and for the 
beam energy spread about 1%, the self-supported 9Be foil with thickness of 600 μg/cm2 
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 ΔE 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 ΔE-E-N blocks (N 
is the number of the ADC) 
and then stored on a hard 
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 (ΔE1 detector) and 0.5-mm (E1 = 
ΔE2) and 2-mm (E2) silicon detectors. The heavy (2 < Z < 8) and light (Z < 3) ejectiles 
were detected by ΔE1-E1 and ΔE2-E2 telescopes, respectively.  

 
Fig. 3.4 . The scheme of the ionization chamber. 1- body, 2 - upper 
side of the chamber,3 - collimator, 4 - coaxial connector for a silicon 
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. 

 
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 3Не 
from 18О compound-nucleus decay 18О and from 
7Li(11В, 15С)3Не 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(Ei) 
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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 7Li + 11В nuclei is described in Chapter 4. 

 

Fig. 3.5. The typical two-dimension Е(Е1)-
spectrum of 7Li(11В,Х) reaction products for 
ЕLAB(11В) = 44 MeV energy [13], measured 
with Е-Е1-Е2-spectrometer with ionization 
chamber as the Е-detector. 
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The Е-Е-spectrometers with the ionization chamber were also used for 
investigation of the 12С(11В, 15N)8Be reaction for ЕLAB(11В) = 49 MeV energy, at the 

Warsaw cyclotron. The carbon target had 
the thickness of  0.200 mg/cm2 and the 
isotopic abundance (12С – 98.9 %). 

The typical two-dimensional Е(Е)-
spectrum of the 12С(11В, Х) 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 12С(11В, N)Be 
reaction were separated and shown in Fig. 
3.7. The energy resolution of the Е-Е 
spectrometer, with the ionization chamber as 
the Е detector, was estimated from the 
one- and two-dimension spectra of α 
particles from the standard 226Ra source. 
From the analysis of the one-dimensional 
spectra of α particles, the energy resolution 
of the spectrometer was equal to about 1.5% 

 

 
Fig. 3.6. The typical two-dimensional Е1(Е2)-
spectrum of the 7Li(11В,Х) reaction products for 
ЕLAB(11В) = 44 MeV energy [101], measured with 
Е-Е1-Е2-spectrometer with E1 silicon detector as 
the Е-detector. 

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 9Be(11B, 
Ве) reaction at ELAB.(

11В) = 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 
11B on the 9Be nuclei for transitions to dif-
ferent excited states of the 11B nucleus. 

 

Fig. 3.7. The typical two-dimensional Е(Е)-
spectrum of the 12С(11В,Х) reaction products for 
ЕLAB(11В) = 49 MeV [11]. 
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3.2.3. The measurements using Е-Е-silicon detectors. 
 
In the 7Li(18O, X) reaction experiment for ЕLAB(18О) = 114 MeV, the Е-Е-

spectrometer with the Е-silicon detector of 67 m thickness with high energy resolution 
was used. Thickness of the Е-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.  

This is visible, that the 
experimental method presented 
here, gives a possibility of 
identification of the 16,17,18,19О, 
14,15,16,17N, 12,13,14C, 10,11,12B, 9,10Be 
and 6,7,8Li 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 
7Li + 18О reaction is shown. This 
is the basis for investigation of the 
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 
scattering are the basis for 
determination of the nucleon-
nucleon potentials. For example, 
we obtained the information about 
the potential of interaction of the 

7Li + 18О nuclei and about their differences from the analogous potential of interactions 
for the 7Li + 16О nuclei (so called isotopic effects). 

Fig.3.8. The typical two-dimensional spectra Е(Е)-spectra 
of the 7Li(18О, Х) reaction products for ЕLAB(18О) = 114 MeV 
energy [16]. 

The use of this spectrometer with the 67 μm thickness Е-silicium detector was 
not possible for exact investigations of the 7Li(11В, Х) reaction at ЕLAB(11В) = 44 MeV 
energy and for the 12С(11В, 15N)8Ве reaction at ЕLAB(11В) = 49 MeV energy, because for 
these experiments the Е-silicium detector with the 20 μm thickness is necessary. The 
energy resolution of these silicium detectors is rather low. The energy resolution of the 
Е-Е spectrometer with the Е – silicium detector was estimated from experimental data. 
For example, in the 7Li + 18O, ELAB(18O) = 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 7Li.  
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3.3. The analysis of the E - E spectra.  

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

A typical example of the Е-spectrum for the boron isotopes from the 7Li(11В, B)Li 
reaction at ЕLAB(11В) = 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. 

One can see that in the 
energy spectra of boron isotopes, 
except the peak of the elastic 
scattering of 11В ions on the 7Li 
target nuclei, also the peaks for 
elastic scattering of these ions on 
12С and 16О nuclei 
(contaminations of the lithium 
target – lithium oxide and the 
rest of vacuum oil) are visible. 
Although the number of counts 
from the contaminations are 
large, this is not a result of a 
strong contamination in the 
target because for small angles 
the Coulomb scattering of 11В 
ions on 12С and 16О nuclei is 
much more greater than on the 
7Li nuclei. In the energy spectra 
for large angles, the peak 

amplitude of the elastic scattering 7Li + 11В is greater than the amplitudes of the 
corresponding peaks for the 12С, 16О + 11В elastic scatterings. 

Fig. 3.9. The typical energy spectrum of the boron isotopes 
from the 7Li(11В, B)Li reaction at ЕLAB(11В) = 44 MeV energy 
[101], for the scattering angle LAB = 16o registered using the 
spectrometer with ionization chamber as the ΔЕ-detector. The 
dashed line denotes the multiparticle reaction background. 

It is visible from Fig. 3.9 that in the inelastic scattering area of the spectrum for the 
11В ions the continuous background exists, due to the multiparticle reactions 
7Li(11В,11В)xy, where x, y denote the clusters from the nucleus 7Li = 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 
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where N0i, E0i and hi  denote the amplitude, the position and the half-width of the і 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 11В 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 Е-axis in 
absolute energy units, obtained from the experimental spectrum, is shown in Fig. 3.10. 
Energies of the excited states of 11В and 7Li 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 Е0і peaks. Then, 
the parameters Е0і were not changed. Also, the peak-width parameters were fixed. This 
same fixed half-width hi value, obtained from fitting of a well isolated peak, was applied 
for each peak. The Е-spectrum is approximated by a sum of the Gaussian functions via 
fitting of the peak amplitudes N0i 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. 

The 
approximations of 
the Е-spectrum of 
boron isotopes by the 
function (3.2) is 
shown in Fig. 3.10. 
The methods of 
expansion of the 
experimental energy 
spectrum in terms of 
the components 
described above, 
give the accuracy of 
the peak area from 
10% to 30%, 
depending on 
overlapping of the 
peaks. 

Fig. 3.10. The background-free (residual) spectrum of the boron nuclei from 
the 7Li(11B, B)Li reaction at ЕLAB(11В) = 44 MeV [13] and for the scattering 
angle LAB = 16о. 

 
 
 
 

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

 
The conventional optical potential parameters are: {Xi} = {V, rV, aV, WS, WCRC, rW, 

aW}. The errors ΔXi of the parameters were estimated using the following simple criterion 
[4]: 

min{|χ2(Xi) - χ2(Xi +ΔXi)|,|χ2(Xi) − χ2(Xi – ΔXi)|} / χ2(Xi) ≈ 1                                       (3.3) 
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If the error ΔXi determined in such a way was smaller than 0.1×Xi , then it was 
assumed to be ΔXi = 0.1×Xi . 

The sets of the OM parameters {Xi} for different energies were parameterized by 
the following simple functional forms [4 – 6]: 
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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]: 
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where P denotes the principal value of the integral ΔVW(r,E), which was calculated at r = 
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]: 
ΔV(E) = ΔVW(0,E),          V0(E) = V0(0,E), 
V(E) = V(0,E)= V0(E)+ ΔV(E). 

The parameters in Eqs (3) and (4), were fitted to describe the sets {Xi} 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 {Xi} 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 10, 11B + 7Li, 9Be, 12, 13, 14C scattering. 

 
4.1.1. Scattering of 11B + 12C nuclei, optical potential and influence of 11B re-
orientation. 
The angular distributions of the elastic and inelastic scattering of 11B ions by 12C 

nuclei at the energy ELAB(11B) = 49 MeV in the angular range θCM ≈ 24o – 156o 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 11B + 
12C elastic scattering at the energies ECM = 5.42 – 52.17 MeV [169 – 178] and our data at 
ECM = 25.57 MeV (ELAB(11B) = 49 MeV) were analyzed within OM using potential of 
Woods–Saxon type with imaginary part WS. The OM potential parameters {Xi} = {V, rV, 
aV, WS, rW, aW} 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 θCM < 90o at ECM > 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 11B and 12C 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 δ2 and δ4 for 11B and 12C nuclei as well as the parameter WS 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 (2+) excited states of 11B and 12C at ELAB(11B) = 49 MeV in the angular range 
where rotational transitions dominate. In this step the elastic and inelastic scattering and 
reorientation of 11B were included in the coupled channel scheme. Then preliminary val-
ues WCRC (WS), δ2 and δ4 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 δ2 and δ4 where corrected to describe the angular distributions 
of all experimental data in full angular range. The errors ΔXi of the parameters {Xi} = {V, 
rV, aV, WS, WCRC, rW, 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. 4.1.2. The same as in Fig. 4.1.1, but for the 
potential scattering (curve <pot>), the 11B reori-
entation (curve <reor>) and proton transfer 
(curve <p>). The solid curve Σ shows the CRC 
sum of these processes. 
 

As it can be seen in Fig. 4.1.1, the op-
tical model describes oscillations of the 
cross section for elastic scattering only at 
forward angles. The contributions of the 

two-step processes to the 11B + 12C 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 11B + 12C elas-
tic scattering at ELAB(11B) = 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 11B and their coherent sum calculated in the CRC approach is also dis-
played here together with the experimental data. The deformation length δ2 = 1.2 fm ob-
tained in the analysis of inelastic scattering was used in the CRC calculation of the 11B 
reorientation. One can see that the potential scattering and the proton transfer dominate at 
angles θCM < 60o and θCM > 140o, respectively. All three mechanisms mentioned above 
explain the angular distribution in the angular interval θCM ≈ 60o – 140o. The coherent 
sum of these three processes describes well the experimental data. 

Fig. 4.1.1. Angular distribution of the 11B + 12C 
elastic scattering at the energy ELAB(11B) = 49 
MeV. The dashed curves marked by <OM> and 
<reor> show the OM and reorientation cross sec-
tions, respectively. Other dashed curves <p>, 
<pp>, <nn>, <nd>, <tα> and <d3He> represent 
the CRC cross sections for the transfers corre-
sponding to diagrams shown in Fig. 4.1.4. The 
solid curve Σ shows the sum of the CRC cross 
sections for all processes.
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Different other processes like the 
compound-nucleus formation or the forma-
tion of isolated resonances of the molecular 
character can also contribute to the 11B + 
12C 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 δ2 = 1.2 fm 
and δ4 = 1.0 fm. These deformation pa-
rameters are shown in Table 4.1.4. The de-
formation length δ2 = – 1.0 fm [181] was 
used for the 12C nucleus. It is visible from 
Fig. 4.1.3 that the nuclear excitation 
(curves <inel>) and the proton transfer 
(curves <p>) dominate at angles θCM < 
110o and θCM > 110o, respectively, for tran-
sitions to the 2.125 MeV and 5.021 MeV 
excited states of the 11B nucleus. The same 
is also observed for the transitions to the 
4.445 MeV + 4.439 MeV excited states of 
the 11B and 12C nuclei, respectively. The 
coherent sums (curves Σ) 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 11B nucleus.  

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

have been described by the functional forms by fitting the parameters Xi
min , Xi

max , EXi 
and ΔEXi. 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 11B + 12C elastic scattering. 
(R = ri(A1/3

T + A1/3
P ), i = V,W,C) 

ECM 
(MeV) 

V 
(MeV) 

rV  
(fm) 

aV 
(fm)   

WS 
(MeV) 

WCRC 
(MeV) 

rW 
(fm)  

aW  
(fm) 

rC  Ref. (data)  

5.43  76.0  0.940  0.600  3.4  3.4  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  4.3  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]  

Fig. 4.1.3. Angular distributions of the 11B +  12C 
inelastic scattering at the energy ELAB(11B) = 49 
MeV for the transitions to the 2.125 MeV (1/2−), 
4.445 MeV (5/2−) and 5.021 MeV (3/2−) excited 
states of the 11B nucleus and to the 4.439 MeV (2+) 
excited state of the 12C nucleus. Dashed curves <p> 
and <inel> show the contributions of proton trans-
fer and rotational excitation of the 11B nucleus, re-
spectively. The CRC cross sections for the 4.439 
MeV and 4.445 MeV excitation of the 12C and 11B 
nuclei are shown by the curves <12C*> and 
<11B*>, respectively. The solid curves Σ represent 
the sums of CRC cross sections for all processes. 
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13.04  169.3  0.788  0.670  6.5  5.2  1.260 0.670 1.25  [173]  
14.59  215.0  0.788  0.670  7.0  6.1  1.250 0.670 1.25  [178]  
14.61  215.0  0.788  0.670  7.0  6.1  1.250 0.670 1.25  [171, 174]  
18.26  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  8.0  1.250 0.670 1.25  [176]  
23.48  252.0  0.788  0.670  10.7  8.1  1.250 0.670 1.25  [178]  
25.04  241.8  0.788  0.670  11.0  8.5  1.250 0.670 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  8.9  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]  
31.30  244.0  0.788  0.670  11.8  9.4  1.250 0.670 1.25  [178]  
33.48  237.0  0.788  0.670  12.0  9.5  1.250 0.670 1.25  [178]  
33.91  236.7  0.788  0.670  12.1  9.9  1.250 0.670 1.25  [178]  
36.52  235.0  0.788  0.670  12.1  10.2  1.250 0.670 1.25  [178]  
39.13  233.5  0.788  0.670  12.2  10.3  1.250 0.670 1.25  [178]  
41.61  232.0  0.788  0.670  12.2  10.3  1.250 0.670 1.25  [170]  
41.74  232.0  0.788  0.670  12.2  10.3  1.250 0.670 1.25  [178]  
52.17  227.2  0.788  0.670  12.2  10.3  1.250 0.670 1.25  [176]  

 
 

The energy dependence of 
the optical potential parameters 
was also studied for the 9Be + 12C 
(sub-Section 4.2.2), 8Be + 13C 
(sub-Section 5.2.1) and 10B + 11B 
(sub-Section 5.2.2) interactions. It 
is interesting to compare those re-
sults with the present ones for the 
11B + 12C interaction. Such a 
comparison is made in Fig. 4.1.6, 
where the fitted curves of the en-
ergy dependence of the 11B + 12C 
and 9Be + 12C, 8Be + 13C interac-
tions are presented together. Par-
ticularly large differences are ob-
served in the low-energy range 
(ECM ≤ 10 MeV) for the parame-
ters aV = aW, rV and rW. 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 rV and rW 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 rV and rW increase) 
and to a decrease of the nuclear overlap (consequently, parameters V, W, aV and aW de-
crease). Different values of WS for the different systems 11B + 12C, 9Be + 12C and 8Be + 
13C are due to their different structure.  

 
 

 
Fig. 4.1.4. Diagrams of the one- and two-step processes for 
the 12C(11B, 12C)11B reaction. 
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Table 4.1.2 Parameters of energy dependence of the 11B + 12C interaction. 

Xi  V0  WS  WCRC  rV  rW  aV  aW 
 (MeV)  (MeV)  (MeV)  (fm)  (fm)  (fm)  (fm) 

Xi
min  83.1  1.2  2.6  0.788  1.25  0.48  0.48 

Xi
max  272.4  12.3  10.3  1.152  1.63  0.67  0.67 

EXi (MeV)  13.0  13.6  17.6  4.821  6.70  4.80  4.80 
ΔEXi (MeV)  2.5  5.8  5.1  1.820  1.50  1.00  1.00 
 

Fig. 4.1.5. Energy dependence of the OM potential 
parameters for the 11B + 12C interactions. 

Fig. 4.1.6. A comparison of the energy depend-
ence of the OM potential parameters for the 11B 
+ 12C and 9Be + 12C [4], 8Be + 13C [3] interac-
tions. 

 
4.1.2. Scattering of 11B + 13C nuclei, optical potential, the 11B reorientation 
and 11B, 13C deformation parameters and the ALAS phenomenon. 
The analysis of the isotopic effects in the 11B + 13C and 11B + 12C 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 11B + 12, 13C scattering. The ALAS phenomenon is also 
considered in this work for scattering of 11B + 9Be [8] in the sub-Section 4.1.4 and for 14N 
+ 7Li [7] scattering in the sub-Section 4.3.1. Although the oblate deformation of the 12C 
ground state is well established [181], the sign of the 13C quadrupole deformation is still 
not determined convincingly. It was found to be positive in the analysis of the inelastic 
scattering of 3He + 13C [182], p + 13C [184] and π± + 13C [185], while from the analysis of 
the inelastic scattering of α + 13C [183] and t + 13C [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 11B + 13C elas-
tic and inelastic scattering in the full angular range are presented. 

The angular distributions of the 13C + 11B elastic and inelastic scattering at 
ELAB(11B) = 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 13C + 11B elastic scattering was analyzed within the 
optical model. The simultaneous analysis of the 13C + 11B 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 11B 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 11B + 12C nuclei for ECM = 
23.48 MeV and ECM = 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 13C and 11B. The deforma-
tion parameters of 13C and 11B 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 11B + 13C elastic 
scattering. (R = ri(A1/3

T + A1/3
P ), i = V,W,C) 

P + T  ECM  
(MeV) 

V  
(MeV) 

rV  
(fm) 

aV  
(fm) 

WS 
(MeV) 

rW 
(fm) 

aW 
(fm) 

rC  
(fm) 

11B + 13C 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 11B + 13C elastic scattering cannot describe the data at large angles. To 
explain the observed ALAS in the 11B + 13C 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 
11B reorientation (curve <reor>) dominate at large angles. The coherent sum of these two 
processes cross section (curves Σ) describes satisfactorily the data in the full angular 
range.  

The 11B + 12C versus the 11B + 13C 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 12C and 13C radii as well 
as from the difference of ECM, a strong difference in ALAS is observed for these scatter-
ings. The 11B + 12C ALAS is much stronger than for 11B + 13C. It is presented in [6] that 
the11B + 12C ALAS is satisfactorily described by the CRC cross section sum (dotted 
curves <23.48> and <25.57>) of the potential scattering, the 11B reorientation and the 
proton transfer (dashed curves <p> in Fig. 4.1.8). Due to the 11B + 13C ALAS is caused 
by only two first ones of these mechanisms, the proton transfer in the 11B + 12C elastic 
scattering leads to the observed difference between the large angle scattering of 11B on 
12C and 13C. 
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The angular distributions 
of the 11B + 13C inelastic scatter-
ing at ELAB(11B) = 45 MeV (ECM = 
24.38 MeV) for the transitions to 
the excited states of 11B are 
shown in Figs. 4.1.9 – 4.1.11. 
The 11B + 12C inelastic scattering 
data at ECM = 25.57 MeV [6] are 
also shown in Fig. 4.1.9. As in 
the case of the 11B + 13C elastic 
scattering, the transfer reactions 
are negligible in the 11B + 13C 
inelastic scattering (see, for ex-
ample, curve <d> in Fig. 4.1.9). 
The 11B + 12C inelastic ALAS is 
stronger than for the 11B + 13C 
inelastic scattering, due to the 
proton transfer dominating in 
the11B + 12C inelastic scattering. 
The deformation parameter of 11B 
deduced from the analysis of the 
11B + 13C inelastic scattering data 
is the same as in [6], where this 
parameter was obtained from the 
analysis of the 11B + 12C inelastic 
scattering data (see Table 4.1.4). 
The δλ values for 11B and 13C, de-
duced from fitting of theoretical 
cross sections to the back angle 
data of the transitions to excited 
state of these nuclei are presented 
also in Table 4.1.4.  

The angular distributions 
of the 11B + 13C 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 13C listed in Table 4.1.4. A special attention was given to determine 
the sign of the 13C quadrupole deformation length δ2. This parameter for 12C 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 13C (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 13C 
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 13C 
has oscillations of opposite phase (see curve <3.85> in Fig. 4.1.12). The CRC cross sec-
tions for positive and negative δ2 differ slightly at forward angles. This helps us to deter-
mine the 13C deformation length |δ2| = 0.9 fm using the CRC cross section for the transi-
tion to the 3.684 MeV (3/2−) excited state of 13C at forward angles. The deformation 

Table 4.1.4 The 11B and 13C transition multi-polarities λ and 
deformation parameters δλ (βλ = δλ/R for R = 1.25A1/3 fm). 
Nuclei  Ex 

(MeV) 

jπ  λ  δλ 
(fm)  

βλ  
Ref.  

11 B  2.125  1/2−  2  1.20  0.43  [6] 
 4.445 5/2− 2 1.20 0.43 [6] 
   4 1.00 0.36 [6] 
 5.020 3/2− 2 1.20 0.43 [6] 
 6.743 7/2− 2 1.20 0.43 [6] 
   4 1.00 0.36 [6] 
 6.792  1/2+  1  1.00  0.36   
 7.286  5/2+  1  1.00  0.36   
   3  1.20  0.43   
 7.978  3/2+  1  1.00  0.36   
   3  1.20  0.43   
 8.560 3/2−  2 1.80  0.65   
13 C  3.088 1/2+  1 1.00  0.34  
 3.684 3/2− 2 0.94 0.32 [182] 

13C+3He 

    -1.11 -0.37 
(0.19b) 

[183] 
13C+α 

    1.44 0.49 [184] 
13C+p 

    1.23 0.42 [185] 
13C+π± 

    -1.26 
(-1.11a) 

-0.428 [186] 
13C+t 

    0.90 0.31 [9] 
 3.854  5/2+  3  0.50  0.17   
 6.864  5/2+  3  0.50  0.17   
 7.490  7/2+  3 0.50 0.17    
 7.547 5/2− 2 0.94 0.32 [182] 
    1.23  0.42  [184]  
    1.23  0.42  [185]  
    −1.26  

(−1.11a)  
−0.428  [186]  

    0.90  0.31  [9] 
 7.680  3/2+  1  1.00  0.34   
 8.200  3/2+  1  1.00  0.34   
a δλ from Ref. [186]. 
b βλ from Ref. [183]. 
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length δ3 = 0.5 fm fitting the CRC cross section for the transition to the 3.854 MeV (5/2+) 
state of 13C 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 
δ2 of 13C. The lower panel of Fig. 4.1.12 shows these sums using the solid and dotted 
curves, respectively. Positive δ2 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 θCM < 90o. The same is also observed for the transition 
to the 8.2 MeV (3/2+) excited states of 13C (see lower panel of Fig. 4.1.13). The solid and 
dotted curves show the CRC cross sections for the positive and negative δ2, respectively. 
This analysis suggests that the sign of the 13C deformation parameter δ2 is positive. 
 

 
Fig. 4.1.7. Angular distribution of the 13C(11B, 11B) 
elastic scattering at the energy ELAB(11B) = 45 
MeV. The dashed curves marked by <OM> and 
<reor> show the OM and CRC cross sections for 
the potential scattering and reorientation of 11B, re-
spectively. Other dashed curves <d>, <p↔p>, 
<n↔n>, <np + pn>, <nt + tn>, <αd + dα> and 
<p3He+3Hep> represent the CRC cross sections for 
the transfer reactions corresponding to diagrams 
shown in Fig. 4.1.14. The solid curve Σ shows the 
sum of CRC cross sections for all processes. 

Fig. 4.1.8.. Angular distribution of the 13C(11B, 
11B) elastic scattering at the energy ELAB(11B) = 45 
MeV (ECM = 24.38 MeV) versus the angular distri-
butions of the 12C(11B, 11B) elastic scattering at 
ECM = 23.48 MeV [178] (open points) and ECM = 
25.57 MeV [6] (open points). The solid curves Σ 
and <24.38> show the CRC sum of the potential 
scattering (dashed curve <OM>) and reorientation 
of 11B (dashed curve <reor>) in the 13C + 11B elas-
tic scattering at ECM = 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 11B reorientation and proton 
transfer (dashed curves <p>) [6] for the 12C + 11B 
elastic scattering at ECM = 23.48 MeV and 25.57 
MeV, respectively. 
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Fig. 4.1.9. Angular distributions of the 13C(11B, 
11B*)13C inelastic scattering at the energy 
ELAB(11B) = 45 MeV (ECM = 24.38 MeV) for the 
transitions to the 2.125 MeV (1/2−), 4.445 MeV 
(5/2−) and 5.020 MeV (3/2−) excited states of the 
11B (full points) versus the 12C(11B, 11B*)12C ine-
lastic scattering at ECM = 25.57 MeV [6] (open 
points). The solid and dotted curves represent the 
CRC cross sections of the 11B scattering on 13C 
and 12C, respectively, for the rotational model with 
the transition multipole and deformation parame-
ters of 11B 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 11B 
+ 13C and 11B + 12C inelastic scattering, respec-
tively. 

Fig. 4.1.10. The same as in Fig. 4.1.9 but for the 
transitions to the 6.743 MeV (7/2−) + 6.792 MeV 
(1/2+) excited states of 11B (open points and solid 
curve <6.74> at large angles) and for the transitions 
to the 6.743 MeV (7/2−) + 6.792 MeV (1/2+) + 6.864 
MeV (5/2+) (13C) excited states of 11B and 13C (full 
points and solid curve Σ) (upper panel) and for the 
transition to the 7.286 MeV (5/2+) excited state of 
11B (lower panel). The dashed curves <6.74>, 
<6.79> and <6.76> show the CRC cross sections for 
the individual transitions. The solid curve Σ 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 (5/2+) excited 
state of 11B and reorientation of 11B 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 
11B (upper panel) and for the transition to the 
8.560 MeV (3/2−) excited state of 11B. 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 (7/2−) state of 11B. 

Fig. 4.1.12. Angular distributions of the 13C(11B, 
11B)13C* inelastic scattering at the energy ELAB(11B) 
= 45 MeV (ECM = 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 13C, respectively. The solid and dotted 
curves show the CRC cross sections for the positive 
and negative deformation parameter δ2 of 13C. 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 
(5/2−) + 7.680 MeV (3/2+) (upper panel) and 8.2 
MeV (3/2−) (lower panel) excited states of 13C, re-
spectively. The solid and dotted curves show the 
CRC cross sections for the positive and negative 
deformation parameter δ2 of 13C. The dashed 
curves <7.49>, <7.55> and <7.68> represent the 
CRC cross sections for the individual transitions. 
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Fig. 4.1.14. Transitions to the excited states of 11B and 13C and diagrams of one- 
and two-step transfers in the11B + 13C reactions. 
 

  
Fig. 4.1.15. Transitions to the excited states of 
11B. The transitions of the 11B reorientations are 
marked with arc arrows. 

Fig. 4.1.16. Transitions to the excited states of 
13C. The transitions of the 13C reorientations are 
marked with arc arrows. 
 

The differences between the angular distributions of the 11B + 13C and 11B + 12C 
elastic and inelastic scattering at the close energies ECM = 24.38 MeV (13C), 23.48 MeV 
[178] and 25.57 MeV [6] (12C) 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 
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where σ13C(θ ) and σ12C(θ ) are equal to σ(θ)/σR(θ ) for the 11B + 13C and11B + 12C elastic 
scattering, respectively. For the inelastic scattering σi(θ ) = dσi /dΩ. 
 

 
Fig. 4.1.17. Isotopic asymmetries D(θ ) = (σ13C(θ) − 
σ12C(θ))/(σ13C(θ) + σ12C(θ)) for the elastic and inelas-
tic scattering 11B + 13C versus the 12C + 11B at 
ELAB(11B) = 45 MeV and 49 MeV (ECM = 24.38 
MeV and 25.57 MeV), respectively. The dashed 
and solid curves show the D(θ)-asymmetries for the 
corresponding CRC cross sections (σ(θ)/σR(θ) for 
the elastic scattering) calculated for the 11B + 13C 
and 11B + 12C scattering with the same and individ-
ual OM parameters, respectively. The dotted curves 
represent the isotopic asymmetries D(θ ) when only 
proton and deuteron transfers in the 12C(11B, 
12C)11B and 13C(11B, 13C)11B reactions, respectively, 
are included. 
 

The isotopic asymmetries D(θ) for 
and the inelastic scattering for the transitions 
to the 2.124 MeV (1/2−) and 5.021 MeV 

(3/2−) excited states of 11B are shown in Fig. 4.1.15. The points and the curves represent 
D(θ) for the data and for the CRC cross sections, respectively. Two sets of the asymme-
tries D(θ) for the 11B + 13C elastic scattering at ECM = 24.38 MeV versus the 11B + 12C 
elastic scattering at ECM = 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 11B + 12C elastic scattering data at ECM 
= 24.38 MeV. The asymmetries D(θ) have the diffraction structure, which is evidently 
caused by the angular shifts between the 11B + 13C and 11B + 12C angular distributions. 
The CRC asymmetries D(θ) describe the observed oscillations satisfactorily only if the 
individual OM potentials (see Table 4.1.3) were used for the 11B + 13C and 11B + 12C scat-
tering (solid curves). If the same potential parameters are used for the both scattering, the 
CRC asymmetries D(θ) fail in description of the most data (dashed curves). Thus, a con-
clusion can be done that the OM potentials for the 11B + 13C and 11B + 12C 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 aV  = aW  (ΔaV = ΔaW = 0.07 fm). Other OM parame-
ters are the same or differences between them are rather small. 

For the large angles (θCM > 130o) the asymmetries D(θ) < 0. It means that the 
cross sections for the 12C(11B, 12C)11B and 12C(11B, 12C)11B* reactions (proton transfer) 
are greater than for the 13C(11B, 13C)11B and 13C(11B, 13C)11B* reactions (deuteron trans-
fer). 

 
4.1.3. Scattering of 11B + 14C nuclei and quadrupole deformation of 14C. 
Angular distributions of the 11B + 14C elastic scattering and inelastic scattering for 

transitions to a few excited states of 14C were measured at ELAB(11B) = 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 (12C, 18C, 20C, 22C), positive or negative (10C, 16C) and negative (14C) 
quadrupole deformations, respectively. However, a positive quadrupole deformation of 
14C was found from d(pol) + 14C [191], α + 14C [192] and 3He + 14C [193] inelastic scat-
tering.  

The angular distributions corresponding to the 11B + 14C 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%. 

 
The elastic scattering data were fit-

ted by the optical model calculations with 
four free parameters: N, the normalization 
factor of the real part V and the three pa-
rameters of the imaginary part: W, rW and 
aW. The following values of the parameters 
were found: N = 0.88, W = 5.8 MeV, rW = 
1.450 fm and aW = 0.67 fm. The results of 
the optical model calculations are plotted in 
Fig. 4.9.18. Then, the couplings to the ex-
cited states of 14C as well as reorientation of 
the 11B ground state (see Fig. 4.1.19.) were 
included. The coupling scheme shown in 
Fig. 4.1.19. was limited to the states ob-
served experimentally plus the (3−) state, 
which was strongly populated in the 3He 
[193] and α [192] scattering from 14C. Since 
the direct transitions from the ground state 
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 11B, since in previous investigations sub-Sections 4.1.1 and 4.1.2 only the 11B 
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 14C(11B, 14C)11B reaction. The process of 11B 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 β2 ≈ 0.25 (see Ta-
ble 4.1.5) that corresponds to δ2 = β2R ≈ 0.8 fm for R = 1.25A1/3 (dotted curve in Fig. 

 
Fig. 4.1.18. Angular distribution of the 11B + 14C 
elastic scattering at ELAB(11B) = 45 MeV (ECM = 
25.2 MeV). The curves show the OM cross section 
for potential scattering (short-dashed) as well as 
contributions from the reorientation of 11B (g.s.) 
(<reor>) and the triton transfer (<t>). The solid 
curve represents the coherent sum of all the proc-
esses in the elastic channel. 
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4.1.20). For quadrupole deformation β2 ≈ 0.25 value a phase mismatch is observed be-
tween the CRC angular distribution and the experimental data in the angular range 30o – 
80o. 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 δ2 = 
−0.6 ± 0.09 fm, e.g., β2 = −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 (δ2 = 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 δ2 = −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 14C ground state was deduced to be negative 
(δ2 = − 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 14C 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 δ1 = 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 14C nucleus, R = 1.25A1/3, the 
calculated value of the parameter β1 is smaller than the values found in the deuteron and 
α 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 β1 extracted from the deu-
teron scattering [191], the two values are in good agreement. 

 
Table 4.1.5 Parameters δλ and βλ for 14C. 

Ji
π→Jf

π λ δλ (fm) βλ (a) βλ [191] βλ [192] βλ [193] 
0+→1– 1 0.40±0.06 0.13±0.02 0.18 0.22  
0+→3– 3 < 0.55 < 0.18 0.32 0.40 0.27, 0.20 
0+→2+ 7.012 MeV 2 –0.60±0.09 –0.20±0.03 0.27 0.29 0.25, 0.19 
0+→2+ 8.318 MeV 2 –0.60±0.09 –0.20±0.03 0.26 0.22 0.15, 0.09 
(a) βλ = δλ/R (for R = 1.25A1/3, this work). 
 

It was found that reorientation of the 11B 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 (3−) of 14C could not be resolved experimentally 
from the two excited states of 11B, 6.743 MeV (7/2−) and 6.792 MeV (1/2+). The calcula-
tions with δ3 = 0.7 fm (assuming the ratio δ3/δ1 ≈ 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 δ3 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 14C is given in the re-
cent publication by von 
Oertzen et al. [190]. Most of 
the states of 14C are pre-
dicted to be of the single 
particle nature, and their 
structure can be described 
by coupling of the two neu-
trons to the ground or the 
first excited states of the 12C 
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 
(11B + 13C) 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 11B (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 
13C core, we followed the procedure proposed 
in the paper by Keeley et al. [194], where for 
the 13C (1/2+) = 12C + 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 14C (1−) = 13C (g.s.) + n system has to be increased to 
RV = 1.7 × 131/3 fm. The well depth of the binding potential was adjusted so that to obtain 
a correct binding energy of the 14C (1−) = 13C (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 (1−) state of 14C can be a good candidate for the neutron halo state [195]. 

 

 
Fig. 4.1.19. Coupling scheme used in the CRC calculations. 

 
Fig. 4.1.20. Angular distribution of the 
14C(11B, 11B)14C* inelastic scattering at 
ELAB(11B) = 45 MeV for the transition to the 
7.012 MeV (2+) excited state of 14C. The 
curves show the CRC-calculations with δ2 = 
0.8 fm (dotted) and δ2 = −0.6 fm (solid). The 
long dashed curve corresponds to the 14C = 12C 
(g.s.) + 2n model calculations. 
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The 3.089 MeV (1/2+) state of 13C has 
long been described by a weak coupling of 
the sd shell nucleon to the ground and to the 
first excited states of the 12C core, see e.g., 
[196]. The ground state of 13C (1/2−) has a 
dominant structure of the P1/2 neutron cou-
pled to the ground state of 12C. The wave 
functions for the ground and first excited 
states of 13C, calculated in the weak coupling 
basis in Ref. [197], were used in the analy-
sis. The spectroscopic amplitudes are given 
in Appendix. The potential for the projectile 
– core (11B + 12C) interaction was taken from 
[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 11B + n interaction was taken from the global systemat-
ics [199]. The potential parameters were kept fixed. Finally, the potential binding the 
neutron to the 12C core was taken to be of the Woods – Saxon form with the conventional 
radius RV = 1.25 × 121/3 fm and the diffuseness parameter aV = 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 13C (g.s., exc.) = 12C + n systems. 

 
 
Fig. 4.1.22. Angular distribution of the 14C(11B, 
11B)14C* inelastic scattering at ELAB(11B) = 45 
MeV for the transition to the 6.094 MeV (1−) ex-
cited state of 14C. The solid and dashed curves 
correspond to the CRC-calculations using the de-
formation length δ1 = 0.4 fm with and without 
11B (g.s.) reorientation included in the coupling 
scheme, respectively. The curves labeled 
<12B0.95> and <13Bg.s.> show the calculated con-
tributions from the 14C(11B, 12B0.95)

13C and 
14C(11B, 13B)12C transfer reactions, respectively. 
 

The results of the calculations for the 
transition to the 3.089 MeV (1/2+) state of 13C 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 11B (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 2S1/2 neutron, calculated in a spherical 12C + n potential with an 
enlarged radius (RV = 2.0 ×121/3 fm), will be equivalent to the wave function calculated in 
a deformed 12C + n potential with the conventional radius (RV = 1.25 × 121/3 fm). When, 
following this method, the binding-potential radius of the 13C (1/2+) = 12C + n system in-
creases to RV = 2.0 × 121/3 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 11B 
nucleus in its ground state and a large quadrupole oblate deformation of the 12C core 

 
Fig. 4.1.21. As in Fig. 4.1.20 but for the transi-
tion to the 8.318 MeV (2+) excited state of 14C.
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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.  

 

Fig. 4.1.24. As in Fig. 4.1.23. but for the 13C(11B, 
11B)13C* inelastic scattering at ELAB(11B) = 45 
MeV leading to the 3.089 MeV (1/2+) excited 
state of 13C. 
 

The results of CRC calculations for 
the transition to the 7.012 MeV (2+) state 
of 14C are plotted in Fig. 4.1.20. as the 
long-dashed curve. This curve underesti-
mates the data in the angular range 30o – 
80o. The depth W = 3.0 MeV of the imagi-

nary part of the projectile – core (11B + 12C) potential was obtained from the fit to the ex-
perimental data at backward angles. In Figure 4.1.20, the results of the 12Cg.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 (2+) and 8.318 MeV (2+) states of 14C 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 
14C, since in the paper of von Oertzen et al. [190] it was suggested that these states are 
based rather on the 4.439 MeV (2+) excited state of the 12C core.  

The quadrupole deformation of the 14C ground state was deduced to be negative 
(δ2 = −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 14C quadrupole deformation was found to be positive. 

 
 

Fig. 4.1.23. Angular distribution of the 14C(11B, 
11B)14C* inelastic scattering at ELAB(11B) = 45 MeV 
for the transition to the 6.094 MeV (1−) excited 
state of 14C. The dashed curve shows the 14C = 
13Cg.s. + n model calculations with the conventional 
radius of the binding potential and without 11Bg.s. 
reorientation included in the coupling scheme, the 
dotted curve corresponds to the same calculations 
but with the 11Bg.s. reorientation included. The solid 
curve shows the results with the enlarged radius of 
the binding potential and with the 11Bg.s. reorienta-
tion included. 
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4.1.4. Scattering of 11B + 9Be nuclei optical potential, the ALAS phenomenon 
and 9Be and 11B reorientation. 
The results of the study of the 11B + 9Be elastic and inelastic scattering measured 

in the full angular range at the energy ELAB(11B) = 45 MeV (ECM = 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 11B + 13C [9] in the sub-Section 
4.1.2 and for 14N + 7Li [7] scattering in the sub-Section 4.3.1. In the past, ALAS was 
studied, for example, in the scattering of 12C + 24Mg [110], 16O + 28Si [111], 7Li + 12C 
[112 – 114], 6Li + 12C [115 – 120], α particles by 16O and 40Ca [121], 24Mg and 28,30Si 
[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 ECM ≈ 9 – 22 MeV [149, 150], known from the lit-
erature, were also included in the CRC analysis.  

 
 
Fig. 4.1.25. Angular distribution of the 9Be(11B, 
11B) elastic scattering at the energy ELAB(11B) = 
45 MeV (ECM = 20.25 MeV). The dashed curves 
marked by <OM> and <RBe+B> show the OM 
cross section and a coherent sum of the 9Be+11B 
reorientations, respectively. The other dashed 
curves <d>, <11B* +d>, <9Be* +d>, <np + pn>, 
<nt + tn>, <αd + dα>, <p 3He + 3He p>, <n ↔n> 
and <p↔ p> represent the CRC cross sections for 
the transfers corresponding to diagrams shown in 
Fig. 4.1.31. The curves marked by <11B* + d> 
and <9Be* + d> correspond to the 2.125 MeV 
(1/2−) state of 11B and 2.429 MeV (5/2−) state of 
9Be, respectively. The solid curve Σ shows the 
sum of CRC cross sections for all processes. 
 

The data for the 11B + 9Be elastic 
scattering were analyzed within the optical 
model using potential of Woods–Saxon 
type with imaginary part WS. The CRC 
cross section was fitted to the data of the 
11B + 9Be 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 δλ obtained in the analysis of the data are listed in Ta-
ble 4.1.7. 
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Fig. 4.1.26. Angular distribution of the 9Be(11B, 
11B) elastic scattering in units of the Rutherford 
cross section at the energy ELAB(11B) = 45 MeV. 
The dashed curves <R–9Be>, <R–11B>, <d> and 
<sm–def> show the ratio σ(θ)/σR(θ) for the reorien-
tations of 9Be, 11B, deuteron transfer reaction and 
(weakly-deformed) potential elastic scattering, re-
spectively. The solid curve Σ 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. 

 
Table 4.1.6. Parameters of Woods–Saxon OM potentials for the P + T scattering  
(R = ri(A1/3

T + A1/3
P ), i = V,W,C) 

P+T ECM V rV aV WS rW aW rC 
 (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) 
11B + 9Be 8.80 81.0 1.150 0.690 7.0 1.350 0.690 1.250 
11B + 9Be 14.85 153.8 0.860 0.716 9.2 1.250 0.716 1.250 
11B + 9Be 20.25 187.3 0.788 0.730 10.4 1.236 0.730 1.250 
11B + 9Be 20.35 180.0 0.788 0.750 11.4 1.236 0.750 1.250 
11B + 9Be 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 12C + 9Be [4] and 14N + 
7Li [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  11B 
+ 9Be elastic and inelastic channels for the transitions to the excited states of 11B only 
were included in the coupling scheme to fit WS and the deformation lengths δλ for 11B. In 
the second step, the elastic and inelastic channels for the transitions to the excited states 
of 9Be were included in the coupling scheme to correct WS and fit the deformation lengths 
δλ for 9Be. 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 11B + 9Be elastic scattering (see Table 
4.1.6). 

Our data of angular distribution of the 11B + 9Be 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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All the transfer reactions, especially the 

three and four-nucleon cluster transfers, con-
tribute rather weakly to the elastic channel. 
Only the direct deuteron transfer plays a certain 
role in the large-angle elastic scattering. The 
two-step deuteron transfers were calculated for 
all the intermediate excited states of 11B and 
9Be presented in level diagrams of Fig. 4.1.31. 
The corresponding CRC cross sections were 
found to be small as in the cases shown in Fig. 
4.1.25 (curves <11B* + d>) and <9Be* + d>).  

As one can see in Figs. 4.1.25 and 
4.1.26, the reorientations of 9Be and 11B are the 
dominant processes at large angles. To illus-
trate in detail the nuclear interaction processes, 
in Fig. 4.1.26 we present the experimental data 
of the 11B + 9Be  9Be + 11B elastic scattering 
and the CRC angular distributions in the units 
of the Rutherford cross section, σ(θ)/σR(θ). The 
dashed curves <R–9Be>, <R–11B> and <d> 
show the angular distributions for the 9Be, 11B 
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 δλ = 0.001 fm for 11B (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 9Be and 11B 
dominate at large angles θCM > 130o.  

The angular distributions of the 11B + 9Be inelastic scattering at ELAB(11B) = 45 
MeV are shown in Figs. 4.1.27 for different excited states of 9Be and 11B. Figure 4.1.27 
shows the angular distributions of the 11B + 9Be inelastic scattering for the transitions to 
the excited states of 9Be. The CRC angular distributions satisfactorily describe the 11B + 
9Be inelastic scattering data in the angular range θCM ≈ 20o–80o.  

Figure 4.1.28 shows the angular distributions of the 11B + 9Be inelastic scattering 
for the transitions to the excited states of 11B. 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 θCM > 
130o.  

 

Table 4.1.7. Transition multipolarity and de-
formation parameters of nuclei (βλ for R = 
1.25A1/3 fm) 
Nuclei Ex 

(MeV) 

jπ λ δλ 
(fm) 

βλ 

9Be 1.684 1/2+ 1 2.0 0.77 
 2.429 5/2− 2 2.4 0.92 
   4 0.4 0.15 
 2.78, 

7.94 
1/2− 2 2.4 0.92 

 3.049 5/2+ 1 2.0 0.77 
   3 1.0 0.38 
 4.704 3/2+ 1 2.0 0.77 
   3 1.0 0.38 
 6.760 7/2− 2 2.4 0.92 
   4 0.4 0.15 
11B 2.125 1/2− 2 1.2 0.43 
 4.445 5/2− 2 1.2 0.43 
   4 1.0 0.36 
 5.020 3/2− 2 1.2 0.43 
 6.743 7/2− 2 1.2 0.43 
   4 1.0 0.36 
 6.792 1/2+ 1 1.0 0.36 
 7.286 5/2+ 1 1.0 0.36 
   3 1.2 0.43 
 7.978 3/2+ 1 1.0 0.36 
   3 1.2 0.43 
 8.560 3/2− 2 1.8 0.65 
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Fig. 4.1.27. Angular distributions of the 
9Be(11B, 11B)9Be* inelastic scattering at 
the energy ELAB(11B) = 45 MeV for the 
transitions to the 1.684 MeV (1/2+), 
2.429 MeV (5/2−), 2.78 MeV (1/2−), 
3.049 MeV (5/2+) and 4.704 MeV 
(3/2+) excited states of 9Be. The solid 
curves represent the CRC cross sec-
tions for the rotational model with the 
transition multipolarity and deforma-
tion parameters of 9Be listed in Table 
4.1.7. 

 

 

 
 
Fig. 4.1.28. The same as in Fig. 4.1.27 but for the 
transitions to the 2.125 MeV (1/2−), 4.445 MeV 
(5/2−) and 5.020 MeV (3/2−) excited states of the 
11B nucleus. The dashed curves marked by <d>, 
<11B*2.12 + d>, <11B*4.45 + d>, <11B*5.02 + d> and 
<9Be*2.43 + d> represent the cross sections for the 
one-step deuteron transfer and two-step deuteron 
transfers through the intermediate 2.125 MeV 
(1/2−), 4.445 MeV (5/2−), 5.02MeV (3/2−) states 
of 11B and 2.429 MeV (5/2−) state of 9Be, respec-
tively. The dotted curves represent the CRC cross 
sections for the rotational model with the transi-
tion multipolarity and deformation parameters of 
9Be listed in Table 4.1.7. The solid curves show 
the coherent sums of all processes. The dashed 
curve <reor–el> represents the reorientation of 11B 
in the ground state. 

 

 

The role of reorientations in the excited nuclear states was studied for the transi-
tions to the 7.286 MeV (5/2+) state of 11B (see Fig. 4.1.29). It is rather small for this ex-
cited state of 11B, 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 (7/2−) + 6.792 MeV 
(1/2+) excited states of 11B (open points and curve 
Σ11B* ) and for the transitions to the 6.743 MeV 
(7/2−) + 6.792 MeV (1/2+) + 6.760 MeV (7/2−) 
(9Be) excited states of 11B and 9Be (the full points 
and the curve Σ(11B*+9Be*)) and for the transition to 
the 7.286 MeV (5/2+) excited state of 11B. The 
dashed curves <6.74>, <6.79> and <6.76> show 
the CRC cross sections for the individual transi-
tions. The solid curves Σ(11B*+9Be*) and Σ11B* are in-
coherent sums of these individual transitions (unre-
solved in the experiment) for forward and back-
ward angles, respectively. The solid and dashed 
<reor> curves for the transition to the 7.286 MeV 
(5/2+) excited state of 11B show the direct transition 
3/2− →5/2+ and reorientation 5/2+ →5/2+, respec-
tively. 

 

Figure 4.1.29 shows also the angular distribution of the 11B + 9Be inelastic scatter-
ing. The description of the transition to the 6.792 MeV (1/2+) excited state of 11B is rather 
poor in the full angular range. The incoherent sum of the CRC cross sections for all the 
transitions (solid curve <Σ(11B*+9Be*)>) gives a good description of the data at the forward 
angles. The transition to the 6.743 MeV (7/2−) excited state of 11B 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 11B in the 6.743 MeV (7/2−) excited state 
and in the deuteron transfer. The solid curve <Σ11B*>, 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 11B, well describes the data at θCM > 90o.  

Figure 4.1.30 shows the angular distributions of the 11B + 9Be inelastic scattering 
for the transitions to the 7.978 MeV (3/2+) + 7.940 MeV (1/2−) (9Be) excited states of 9Be 
and 11B, unresolved in the experiment at forward angles. The dashed curves <7.94>, 
<7.98> and <Σ(11B*+9Be*)> show the CRC cross sections for the individual transitions and 
their incoherent sum, respectively, at θCM < 90o. 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 11B. The solid curves <Σ(11B*+9Be*)> 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 
11B are presented in Fig. 4.1.30. The dashed curve <d> shows the direct deuteron transfer, 
which gives a non-negligible contribution only at θCM > 150o (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 11B 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 
transitions to the 7.976 MeV (3/2+) + 7.940 MeV 
(1/2−) (9Be) excited states of 11B and 9Be (the full 
points and the curve Σ(11B*+9Be*)) and for the transi-
tions to the 7.976 MeV (3/2+) excited state of 11B 
(the open squares at large angles and the solid 
curve <7.98>) and for the transition to the 8.560 
MeV (3/2−) excited state of 11B. The dashed 
curves <7.94> and <7.98> show the CRC cross 
sections for the individual transitions. The solid 
curves Σ(11B*+9Be*) are incoherent sums of these in-
dividual transitions. The dashed curve marked by 
<d> represents the CRC cross section for the deu-
teron transfer. 

 
 
 

 

Fig. 4.1.31. Diagrams of the one- and two-step transfers in the 9Be(11B, 
9Be)11B and 9Be(11B, 11B)9Be reactions. and transitions to the excited states of 
11B and 9Be. The transitions of the 11B and 9Be reorientations are marked with 
arc arrows. 
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Table 4.1.8. Parameters of the energy dependence for the OM potential 

of the 11B + 9Be elastic scattering. 
Xi V0 WS rV rW aV aW 
 (MeV) (MeV) (fm) (fm) (fm) (fm) 

Xi
min 9.1 4.0 0.788 1.236 0.680 0.680 

Xi
max 270.9 12.5 1.146 1.360 0.770 0.770 

EXi(MeV) 13.1 12.0 13.175 12.000 16.200 16.200 
EXi(MeV) 5.9 4.0 1.100 1.600 3.200 3.200 

 
The energy dependence parameters EXi, ΔEXi, Xi

max and Xi
min of the optical poten-

tial of the 9Be + 11B 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 9Be and 11B 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.  
 
 
 

 
 

Fig. 4.1.32. Transitions to the excited states of 9Be. 
The transitions of the 9Be reorientations are marked 
with arc arrows. Transitions to the excited states of 
11B are shown in Fig. 4.1.15. 

Fig. 4.1.33. Energy dependence of the OM poten-
tial parameters for the 11B + 9Be interactions. 
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4.1.5.  The elastic and inelastic scattering of 11B + 7Li nuclei, optical potential 
and 7Li deformation parameters. 
The angular distributions of the 11B + 7Li elastic and inelastic scattering [13] were 

measured at ELAB(11B) = 44 MeV for the transitions to the ground and excited states of 7Li 
and 11B. 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 7Li + 
11B 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%.  

Fig. 4.1.34. Angular distributions of 11B + 7Li 
elastic scattering at ELAB(11B) = 44 MeV. The 
curves show the OM and CRC angular distribu-
tions of the potential scattering (curves <OM>), 
reorientations of 7Li and 11B (curves <reor>) and 
transfers (other curves). The solid curves repre-
sent the coherent sums of these processes. 

Fig. 4.1.35. Angular distributions of 11B + 7Li ine-
lastic scattering at ELAB(11B) = 44 MeV for the tran-
sition to the 0.478 MeV (1/2−) state of 7Li and 2.125 
MeV (1/2−) and 5.02 MeV (3/2−) excited states of 
11B. The curves show the CRC angular distributions 
of collective nature excitations (dotted curves) and 
α-cluster transfers (curves <α>). Solid curves repre-
sent the coherent sums of these processes. 

 
In the first step of analysis, the 11B + 7Li elastic scattering data at ELAB(11B) = 44 

MeV (ECM = 17.11 MeV) (this work) and ELAB(7Li) = 34 MeV (ECM = 20.78 MeV [108, 
109]) were analyzed within OM. In the second step, the obtained OM parameters {Xi} 
were used as the input in the CRC fit. The CRC calculations were performed including 
the elastic and inelastic scattering, reorientations of 7Li and 11B, and the α-cluster and p + 
p transfers in the coupling-channel scheme. The deduced OM parameters {Xi} are listed 
in Table 4.1.10.  
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In the CRC analysis, the 11B + 7Li elastic and inelastic scattering for the transitions 
to the ground and excited states of 7Li and 11B (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 7Li are shown in Fig. 4.1.40 and of 11B 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 11B + 7Li scatter-
ing are presented in Fig. 4.1.39.  

We assume that the rotations and vibrations of the deformed 7Li and 11B nuclei 
dominate in the low-energy excitations. The deformation parameters are listed in Table 
4.1.9.  
 

Contributions of the reorienta-
tion and transfer reactions to the elastic 
scattering data were calculated. They 
are shown in Fig. 4.1.34 and 4.1.41 by 
the curves labeled process name 
(curves reor show the cross section of 
the 7Li and 11B reorientations, the curve 
pt corresponds to the coherent sum of p 
+ t and t + p transfers, and so on). One 
can see that the contribution of most 
transfer reactions to the elastic scatter-
ing are negligible. Only the α-cluster 
and sequential p + p transfers (curves α 
and pp, respectively) give small contri-
butions to the data at large angles. Fig-
ure 4.1.34 and 4.1.41 shows that the re-
orientations of 7Li and 11B (curves 
reor) cause mostly the large-angle en-
hancement of the elastic scattering. The 
coherent sums of the potential scatter-
ing, reorientations, and the transfers of 
α and p + p (solid curves) describe the 
11B + 7Li elastic-scattering data quite 
satisfactorily. 

The angular distributions of the 11B + 7Li inelastic scattering at ELAB(11B) = 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 11B + 7Li* and 11B* + 7Li 
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 α and pp in Figs. 4.1.34 − 4.1.38, 4.1.41 and 4.1.42). The reorienta-
tions of 7Li and 11B in excited states were found to give small contributions to the data.  

 
 
 

Table 4.1.9. Deformation parameters of 7Li and 11B  
(βλ for R = 1.25A1/3 fm). 
Nuclei Ex 

(MeV) 
Jπ λ δλ  

(fm) 
βλ Ref. 

7Li 0.0 3/2– 2 2.0 0.84 [109] 
 0.478 1/2– 2 2.0 0.84 [109] 
 4.630 7/2– 2 2.0 0.84  
   4 1.0 0.42  
 6.680 5/2– 2 2.0 0.84  
   4 1.0 0.42  
 7.460 5/2– 2 2.0 0.84  
   4 1.0 0.42  
 9.670 7/2– 2 2.0 0.84  
   4 1.0 0.42  
 9.850 3/2– 2 2.0 0.84  
11B 2.125 1/2– 2 1.2 0.43 [8] 
 4.445 5/2– 2 1.2 0.43 [8] 
   4 1.0 0.36 [8] 
 5.020 3/2– 2 1.2 0.43 [8] 
 6.743 7/2– 2 1.2 0.43 [8] 
   4 1.0 0.36 [8] 
 6.792 1/2+ 1 1.0 0.36 [8] 
 7.286 5/2+ 1 1.0 0.36 [8] 
   3 1.2 0.43 [8] 
 7.978 3/2+ 1 1.0 0.36 [8] 
   3 1.2 0.43 [8] 
 8.560 3/2+ 2 1.8 0.65 [8] 
 8.920 5/2+ 2 1.2 0.43  
   4 1.0 0.36  
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Table 4.1.10. Parameters of the Woods-Saxon OM potentials. 
Channels ECM(MeV) V0(MeV) rV(fm) aV(fm) Ws(MeV) rW(fm) aW(fm) 
7Li9.85+

11B 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 
7Li9.67+

11B 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 
7Li+11B8.92 8.19 100.5 0.860 0.587 7.2 1.350 0.542 
 11.86 150.6 0.806 0.624 8.0 1.274 0.586 
7Li+11B8.56 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 
7Li+11B7.98 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 
7Li7.47+

11B 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 
7Li+11B7.29 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 
7Li+11B6.79 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 
7Li+11B6.74 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 
7Li6.68+

11B 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 
7Li+11B5.02 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 
7Li4.63+

11B 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 
7Li+11B4.45 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 
7Li+11B2.13 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 
7Li0.48+

11B 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 
7Li+11B 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 A of OM 
parameters satisfactorily describes the data only to θCM ≈ 140o. 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 7Li (Fig. 4.1.36) as well as to the excited 
states of 11B (Fig. 4.1.37) were unresolved in the experiment at the forward hemisphere 
angles. As one can see, transitions to the excited states of 7Li dominate in the both cases. 
The solid curves Σ and ΣB 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 7Li 
dominates the data for the unresolved excited states 9.67 MeV (7/2−) + 9.85 MeV (3/2−) 
of 7Li.  
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Fig. 4.1.36. The same as in Fig. 4.1.35 but for the 
4.63 MeV (7/2−) and 6.68 MeV (5/2−) excited 
states of 7Li and the 4.445 MeV (5/2−), 6.743 MeV 
(7/2−), and 6.793 MeV (1/2+) excited states of 11B. 
Curves Σ and ΣB show the incoherent sums of 
these transitions, respectively. 

Fig. 4.1.37. The same as in Fig. 4.1.35 but for the 
7.467 MeV (5/2−) excited state of 7Li and the 7.286 
MeV (5/2+), and 7.978 MeV (3/2+) excited states of 
11B. 

 

Fig. 4.1.38. The same as in Fig. 4.1.35 but for the 
9.67 MeV (7/2−) and 9.85 MeV (3/2−) excited 
states of 7Li and the 8.559 MeV (3/2−) and 8.92 
MeV (5/2−) excited states of 11B. 

Fig. 4.1.39.. Diagrams of one- and two-step transfers 
contributing to the 11B + 7Li elastic- and inelastic-
scattering calculations. 
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Fig. 4.1.40. The coupling schemes for the transi-
tions to the excited states of 7Li. Coupling 
schemes for the transitions to the excited states of 
11B are shown in Fig. 4.1.15. 

Fig. 4.1.41. Angular distributions of 7Li + 11B 
scattering at the energy ELAB(7Li) = 34 MeV [108, 
109] for the transitions to the ground states of 
these nuclei (upper panel) and 0.478 MeV (1/2−) 
state of 7Li (lower panel). The curves are the same 
as those in Fig. 4.1.34 but for the energy 
ELAB(7Li)=34 MeV. 

 

The obtained OM parameter sets {Xi} = {V, WS, rV, rW, aV, aW} for the excited 7Li 
and 11B are given in Table 4.1.10.  

The energy dependence of the 11B + 7Li optical potential parameters is described 
in the next sub-Section 4.1.6 together with the energy dependence of the 10B + 7Li optical 
potential parameters 

In the11B + 7Li elastic channel, the potential scattering and the reorientations of 7Li 
and 11B dominate at the forward and backward angles, respectively. The rotational transi-
tions to the excited states of 7Li and 11B dominate the inelastic channels. The contribu-
tions of the one-step and two-step transfers to the elastic and inelastic channels are small. 
The α-cluster and the sequential proton + proton transfers dominate the transfer channels.  

As the result, the 11B + 7Li OM parameters for the ground and excited states of 7Li 
and 11B, as well as the deformation parameters of these nuclei were deduced. It was also 
found that the OM parameter WS for the 11B* + 7Li channels with the 4.445 MeV (5/2−), 
5.021 MeV (3/2−), and 7.286 MeV (5/2−) states of 11B is smaller (weaker absorption) 
when compared to the other states of these nuclei. The energy dependence of the 11B + 
7Li OM parameters for the ground and excited states of 7Li and 11B was obtained at ener-
gies ECM = 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 11B at energy ELAB(7Li) = 34 MeV [108, 109]. 

 

4.1.6. The elastic and inelastic scattering of 10B + 7Li nuclei, optical potential 
and 10B deformation parameters. 
The angular distributions of the 10B + 7Li elastic and inelastic scattering were 

measured at the energy ELAB(10B) = 51 MeV (ECM(10B) = 21 MeV) [15]. The present data 
and data taken from the literature at ELAB(7Li) = 24 MeV [102] and ELAB(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 11B + 
7Li scattering [13] (isotopic effect). It was found that the 11B + 7Li potential parameters 
fail to describe the 10B + 7Li 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 10B + 7Li at ELAB(10B) 
= 51 MeV are shown in Fig. 4.1.43 The data for the elastic scattering at ELAB(7Li) = 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 10B + 7Li at ELAB(10B) = 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%.  

 

 

Fig. 4.1.44. Angular distributions of the 7Li(10B, 
10B) elastic scattering at the energies ELAB(7Li) = 
24 MeV [102] (upper panel) and ELAB(7Li) = 39 
MeV [103] (lower panel). The curves are the 
same as described for Fig. 4.1.43 but for other 
energies and potential parameters. 

 

The optical potential parameters 
were fitted in the framework of the optical 
model to obtain a good description of the 
elastic scattering data for θCM < 90o. The 
optimal set of these parameters was used 
as the initial one in the CRC-calculations.  

The 10B + 7Li elastic and inelastic scattering for the transitions to the ground and 
excited states of 10B + 7Li, reorientations of 7Li and 10B 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 10B + 7Li 

Fig. 4.1.43. Angular distributions of the 7Li(10B, 
10B) elastic scattering at the energy ELAB(10B) = 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 7Li (curve <r.7Li>, 10B (curve <r.10B>), transfer 
of 3He-cluster (curve <3He>) and sequential trans-
fers of protons (curve <pp>), neutrons (curve 
<nn>), p + d (curve <pd>), α + n (curve < αn>) 
and n + 2p (curve <n2He>). The curves <A2> and 
<B2> represent the coherent sums of CRC-
calculations of all processes for A2- and B2-
parameters, respectively (see Table 4.1.12).   
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scattering calculations, are presented in Fig. 4.1.47. The transitions to the excited states of 
10B are shown in Fig. 4.1.48 and to excited states of 7Li in Fig. 4.1.15.  

We assume that the rotations of the deformed 7Li and 10B nuclei as well as vibra-
tions dominate in the low-energy excitations. The deformation parameters of 7Li taken 
from [13], were used in the present CRC-calculations. The deformation lengths of δλ for 
10B were fitted. The values of these parameters for 10B, estimated in the present work and 
presented in Ref. [104-107], are listed in Table 4.1.11.  
 

  
Fig. 4.1.45. Angular distributions of the 10B + 7Li 
inelastic scattering at ELAB(10B) = 51 MeV for the 
transition to the excited states of 7Li. The curves 
<Ai> and <Bi> (i = 4, 8, 13, 15) show the CRC 
cross sections for collective nature excitations of 
7Li calculated with Ai- and Bi-parameters, respec-
tively (see Table 4.1.12). 

Fig. 4.1.46. Angular distributions of the 7Li + 10B 
inelastic scattering at ELAB(10B) = 51 MeV for the 
transition to the excited states of 10B. The curves 
are the same as described for Fig. 4.1.45 but for 
excited states of 10B and other potential parame-
ters. 

 
The curves shown in Fig. 4.1.43 represent the OM- and CRC- calculations with 

parameters Ai (i = 1 - 15) listed in Table 4.1.12. The parameters An (n = 1 - 3) were first 
obtained from the OM-fitting to the 10B + 7Li elastic-scattering data at the angles θCM < 
90o. Then, they were corrected in the CRC-calculation.  

The values of cV and cW, presented in Table 4.1.12, will be used for explaining the 
isotopic effects.  
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One can see from Fig. 4.1.43 that the 
potential scattering (curves <OM>) domi-
nates at the forward angles. The large-angle 
scattering are mainly caused by reorienta-
tions of 7Li and 10B. The transfer contribu-
tions are small compared to the calculated 
cross-section of the elastic scattering chan-
nel. The curve <A2> shows the coherent 
sum of all the processes.  

It is shown in Fig. 4.1.44 that the 
same effect is observed also in the descrip-
tion of the 10B + 7Li data at ELAB(7Li) = 24 
MeV [102] and 39 MeV [103] with the po-
tential parameters A1 and A3, fitted to the 
data (see Table 4.1.12). The curves <A1> 
and <A3> are the results of the CRC calcula-
tions of the coherent sums all the processes 
for the above parameters.  

It is interesting to compare the ob-
tained 10B + 7Li parameters with those of the 
11B + 7Li scattering. The last parameters 
were calculated using their energy depend-
ence coefficients [13] for corresponding en-
ergies. The calculated 11B + 7Li parameters 

are listed in Table 4.1.12 as the Bi-sets (i = 1 - 15). One can see that the 10B + 7Li absorp-
tion potentials are deeper than those of the 11B + 7Li scattering, at the same energies.  

The CRC-calculations of the 10B + 7Li scattering with the Bi-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 Ai and Bi. The parameters Bi 
do not correctly describe the 10B + 7Li data at large angles.  

From the above analysis, one can conclude that there is a remarkable difference 
between the 10B + 7Li and the 11B + 7Li 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 δλ of 10B listed in Table 
4.1.11 and the same parameters for 7Li taken from ref. [13]. The parameters δλ for 10B 
were fitted to the inelastic scattering data.  

 
Table 4.1.12. Parameters of Woods-Saxon potential for the 10B + 7Li scattering (rC = 1.25 fm). 

Nuclei ECM Set V rV aV WS rW aW cV cW 
 (MeV)  (MeV) (fm) (fm) (MeV) (fm) (fm)   
7Li+10B 14.12 A1 150.0 0.790 0.660 11.0 1.250 0.660 9.88 10.10 
  B1 176.1 0.795 0.646 9.2 1.257 0.611 10.26 10.73 
 21.00 A2 189.9 0.790 0.660 14.5 1.250 0.660 10.11 10.38 
  B2 189.1 0.792 0.676 10.9 1.250 0.645 10.09 10.41 
 22.94 A3 191.8 0.790 0.660 14.8 1.250 0.660 10.12 10.40 
  B3 187.2 0.792 0.678 10.9 1.250 0.647 10.06 10.38 
7Li0.478+

10B 20.52 A4 191.8 0.790 0.660 11.0 1.250 0.660 10.12 10.10 
  B4 189.3 0.792 0.675 10.8 1.250 0.644 10.10 10.41 

Table 4.1.11. Deformation parameters of 10B.  
Ex 
(MeV) 

Jπ λ δλ  
(fm) 

βλ (a) Ref. 

0.000 3+ 2 1.8 0.67  
0.718 1+ 2  0.67 (p,p’) [107] 
  2  0.62 (d,d’) [105] 
  2  0.37 (3He,3He’)  

[104] 
  2 1.8 0.67  
2..154 1+ 2  0.69 (n,n’) [106] 
  2  0.49 (p,p’) [107] 
  2  0.61 (d,d’) [105] 
  2  0.36 (3He,3He’)  

[104] 
  2 1.8 0.67  
  4 1.0 0.37  
3.587 2+ 2  0.45 (p,p’) [107] 
  2  0.36 (3He,3He’)  

[104] 
  2 1.8 0.67  
  4 1.0 0.37  
  2 1.8 0.67  
  4 1.0 0.37  
5.110 2– 3  0.45 (p,p’) [107] 
 2– 1 1.0 0.37  
  3 1.0 0.37  
5.180 1+ 2 1.8 0.67  
  4 1.0 0.37  
(a) In this table βλ = δλ/R, R = 1.25A1/3 = 2.69 fm. 
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7Li+10B0.718 20.28 A5 187.0 0.790 0.650 12.3 1.230 0.650 10.17 10.21 
  B5 189.4 0.792 0.674 10.8 1.250 0.643 10.11 10.42 
7Li+10B2.154 18.84 A6 185.5 0.790 0.649 13.0 1.250 0.649 10.17 10.40 
  B6 189.4 0.792 0.671 10.8 1.250 0.640 10.13 10.46 
7Li+10B3.587 17.41 A7 182.5 0.790 0.645 8.8 1.250 0.645 10.19 10.06 
  B7 188.7 0.792 0.666 10.6 1.251 0.634 10.16 10.52 
7Li4.630+

10B 16.37 A8 184.4 0.790 0.640 11.9 1.252 0.640 10.24 10.43 
  B8 190.2 0.793 0.661 10.3 1.252 0.629 10.21 10.57 
7Li+10B4.774 16.22 A9 173.1 0.790 0.639 8.8 1.256 0.639 10.18 10.17 
  B9 189.9 0.793 0.661 10.3 1.252 0.628 10.21 10.58 
7Li+10B5.110 15.89 A10 168.3 0.791 0.636 7.5 1.251 0.636 10.18 10.01 
  B10 188.8 0.793 0.659 10.1 1.252 0.625 10.22 10.60 
7Li+10B5.920 15.08 A11 176.2 0.792 0.643 11.0 1.251 0.643 10.10 10.61 
  B11 184.4 0.794 0.653 9.8 1.254 0.619 10.25 10.66 
7Li+10B6.127 14.87 A12 174.5 0.792 0.642 10.8 1.252 0.642 10.10 10.59 
  B12 182.8 0.794 0.652 9.7 1.254 0.618 10.25 10.67 
7Li6.680+

10B 14.32 A13 170.7 0.793 0.648 9.9 1.256 0.648 10.12 10.18 
  B13 178.2 0.795 0.648 9.4 1.256 0.613 10.26 10.72 
7Li7.467+

10B 13.53 A14 164.2 0.795 0.641 9.2 1.259 0.641 10.14 10.21 
  B14 170.2 0.797 0.641 8.9 1.259 0.605 10.28 10.80 
7Li9.670+

10B 11.33 A15 144.2 0.809 0.619 7.7 1.281 0.619 10.29 11.46 
  B15 142.0 0.811 0.619 7.7 1.281 0.579 10.38 11.19 
 

 

Fig. 4.1.48. Coupling schemes for the transitions 
to the excited states of 10B. The circles denote re-
orientations processes. The coupling schemes for 
the transitions to the excited states of 7Li are 
shown in Fig. 4.1.15. 
 

In the conclusion one can state, that 
in the 10B + 7Li elastic channel, the potential scattering and reorientations of 7Li and 10B 
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 10B is stronger than for 11B at 
large-momentum transfer.  

Fig. 4.1.47. Diagrams of one- and two-step trans-
fers contributing to the 10B + 7Li elastic-scattering 
calculations. 
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The parameters of the energy de-
pendence of the optical potential parame-
ters Xi = Xi

min; Xi
max; EXi ; ΔEXi,, estimated 

for the 10B + 7Li 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 10B + 7Li, 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 10,11B + 7Li 
scattering arises from the difference in the 
structure of the 10B and 11B. The observed 
isotopic effect for the 10,11B + 7Li systems is 
due to different reaction channels possible 
for the two isotopes.  

 

 

 

Table 4.1.13. Energy dependence of the 10B + 7Li OM potential parameters. 
Xi V0  

(MeV)  
WS  
(MeV)  

rV  
(fm)  

rW  
(fm)  

aV  
(fm)  

aW  
(fm)  

Xi
min  110.0  6.0  0.790  1.246  0.550  0.550  

Xi
max 270.0  15.0  0.890  1.430  0.660  0.660  

EXi (MeV)  12.5  14.5  9.100  8.700  10.000  10.000  
ΔEXi (MeV)  3.5  2.5  1.400  1.800  3.000  3.000  

 

The energy dependence of the optical potential parameters for 11B + 7Li, taken 
from [13] paper, are also shown in Fig. 4.1.50, together with energy dependence of the 
14N + 7Li OM parameters for V and WS (curves 14N) taken from sub-Section 4.3.1. One 
can see that the parameters for the 14N + 7Li interaction achieve their maxima at higher 
energies than in the case of 11B + 7Li scattering. This effect is due to the higher potential 
barrier for the first system.  

Table 4.1.14. Energy dependence of the 11B + 7Li OM potential parameters 

Xi  V0  
(MeV)  

WS  
(MeV)  

rV  
(fm)  

rW  
(fm)  

aV  
(fm)  

aW  
(fm)  

Xi
min  113.1  7.0  0.792 1.250  0.550  0.500  

Xi
max

  307.0  10.9  0.899 1.412  0.680  0.650  
EXi (MeV)  11.7  13.6  9.044 8.970  11.000  11.000  
ΔXi (MeV)  3.1  1.6  1.490 1.633  3.000  3.000  

 

Fig. 4.1.49. Energy dependence of the 10B + 7Li 
[15] potential parameters (dots and solid curves) 
versus the same for the 11B + 7Li interaction [13] 
(dashed curves). 
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Fig. 4.1.50. Energy dependence of OM potential 
parameters for the interaction of 7Li and 11B in 
ground and excited states versus the same for 
the 14N + 7Li interaction (curves 14N) [7]. Note 
that V = V0 –- ΔV. 

Fig. 4.1.51. Energy dependence of cV and cW for the 
10B + 7Li potential parameters versus the same for the 
11B + 7Li interaction.  
 
 

 
The values of  

ln cV = ln(V exp (RV/aV)), 
ln cW = ln(WS 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:  
ln cV = 10.33 − 0.0204E + 0.0005E2 for 7Li + 10B, 
ln cV = 10.99 − 0.0686E + 0.0012E2 for 7Li + 11B, 
ln cW = 12.16 − 0.2368E + 0.0070E2 for 7Li + 10B, 
ln cW = 13.87 − 0.3307E + 0.0079E2 for 7Li + 11B. 
One can see a noticeable difference between the cW 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 7Li + 10B elastic channel, the potential scattering and reorientations of 7Li and 10B 
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 10B shows it 
to be more strongly absorbing at large-momentum transfer than that for 11B. The energy 
dependence of the 7Li + 10B potential parameters for the ground and excited states of 7Li 
and 10B was obtained. It was found that this energy dependence is different from that of 
the 7Li + 11B interaction [13] especially for the imaginary potential. The observed iso-
topic effect for the 7Li + 10,11B systems is indicative of the different reaction channels 
possible for the two isotopes. 
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4.2. The 12C + 9Be scattering. 
 

Scattering of 12C + 9Be nuclei, optical potential and influence of 9Be reorienta-
tion processes. 
This sub-Section is devoted to the study of the energy dependence of the optical 

model potential for the 12C + 9Be interaction in a rather broad range of energy ECM = 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 ΔVW(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 
16O + 28Si [255] and  + 40Ca [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 6Li or 7Li such as 6,7Li + 28Si [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 9Be and the transfer reactions were in-  

 
Fig. 4.2.1. Angular distributions of the 9Be(12C, 
12C)9Be elastic and inelastic scattering at the en-
ergy ELAB(12C) = 65 MeV. The solid curves Σ and 
dashed curves <OM>, <reor.>, <CRC -el.>, 
<3He>, <n+α>, and <α+n> show the angular dis-
tributions corresponding to the sum of all proc-
esses, OM elastic scattering, 9Be reorientation, 
CRC elastic scattering and 3He-cluster, sequential 
n + α and α + 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 9Be(12C, X) reactions.  

The angular distributions of elastic 
and inelastic scattering of 12C ions by the 
9Be nuclei at 65 MeV for the transitions to 
the 1.68 MeV (1/2+) and 2.429 MeV states 
of 9Be nucleus are shown in Fig. 4.2.1. Our 
data [4] at ECM = 27.86 MeV (ELAB(12C) = 
65 MeV) are in good agreement with the 
data of Ref. [156] at very close ECM = 
28.57 MeV.  

 

Fig. 4.2.2. Angular distributions of the 9Be(12C, 
12C)9Be elastic scattering at the energies 
ELAB(12C) =12, 15 and 18 MeV [151] . The solid 
curves Σ and dashed curves <reor.>, <CRC-el.>, 
<3He> show the angular distributions corre-
sponding to the sum of all processes, 9Be reorien-
tation, CRC elastic scattering and 3He-cluster 
transfer, respectively. 

 

The OM potential parameters ob-
tained from the analysis of our experimen-
tal data of the elastic scattering 12C + 9Be 
at ELAB(12C) = 65 MeV and others at the 
energies ECM = 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 θCM ≈ 
0o – 150o at ECM = 5.14 MeV to θCM ≈ 0o – 60o at ECM = 90.46 MeV. Therefore, any 
analysis of the 12C + 9Be 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 9Be reorientation and the transfer 
reactions.  

The values of deformation parameters of the 9Be nucleus parameters, obtained 
from the CRC analysis of inelastic scattering, are given in Table 4.2.2. It was found that 
the deformation length δ2 = 2.4 fm (β2 = 1.4), which is in a good agreement with the val-
ues obtained in Ref. [165] (δ2 = 2.448 fm), Ref. [155] (δ2 = 2.5 fm), Ref. [166] (δ2 = 2.9 
and 2.5 fm), Ref. [167] (δ2 = 1.97 fm ), and Ref. [168] (δ2 = 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 λ = 4 and deformation length δ4 = 0.4 fm was added into calcula-
tions.  

  
Fig. 4.2.3. Angular distributions of the 9Be(12C, 
12C)9Be elastic scattering at the energies ELAB(12C) 
= 21 MeV [151], 25.34 MeV [163] and 65 MeV. 
The solid curves Σ and dashed curves <reor.>, 
<CRC-el.>, <3He> show the angular distributions 
corresponding to the sum of all processes, 9Be re-
orientation, CRC elastic scattering and 3He-cluster 
transfer, respectively. 

Fig. 4.2.4 Angular distributions of the 12C(9Be, 
9Be)12C elastic scattering at the energies 
ELAB(9Be) = 14, 20 and 26 MeV [159 – 161]. The 
solid curves Σ and dashed curves <reor.>, <CRC-
el.>, <3He> show the angular distributions corre-
sponding to the sum of all processes, 9Be reorien-
tation, CRC elastic scattering and 3He-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 WS 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 WCRC obtained in the analysis are given in Table 4.2.1.  

The angular distributions of the 12C + 9Be 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 Σ (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 9Be 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 3He-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 + α and α + n transfers.  

At higher energies (ECM = 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 (A 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.  
 

  
Fig. 4.2.5. Angular distributions of the 12C(9Be, 
9Be)12C elastic scattering at the energies 
ELAB(9Be) = 27 MeV [153], 39.68 MeV [162] and 
40 MeV [153] open square . The solid curves Σ 
and dashed curves <reor.>, <CRC-el.>, <3He> 
show the angular distributions corresponding to 
the sum of all processes, 9Be reorientation, CRC 
elastic scattering and 3He-cluster transfer, respec-
tively. 

Fig. 4.2.6. Angular distributions of the 12C(9Be, 
9Be)12C elastic scattering at the energies ELAB(9Be) 
= 43.75 MeV [162], 50 MeV [164] and 158.3 
MeV [153] . The solid curves Σ and dashed curves 
<reor.>, <CRC-el.>, <3He> show the angular dis-
tributions corresponding to the sum of all proc-
esses, 9Be reorientation, CRC elastic scattering 
and 3He-cluster transfer, respectively. 



 71

 
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 Xi

min, Xi
max, EXi and 

ΔEXi 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 12C + 9Be elastic scatter-
ing (R = r(A1/3

T + A1/3
P), i=V,W,C) 

P ELAB ECM V rV aV WS WCRC rW aW rC 
 MeV MeV MeV fm fm MeV MeV fm fm fm 
12C 12.00 5.14 108.0 0.843 0.76 4.9 3.5 1.35 0.60 0.843 
12C 15.00 6.43 115.0 0.810 0.79 5.5 3.8 1.34 0.60 0.810 
12C 18.00 7.71 118.0 0.797 0.80 7.0 5.3 1.31 0.57 0.797 
9Be 14.00 8.00 140.0 0.794 0.80 7.0 6.5 1.28 0.60 0.794 
12C 21.00 9.00 145.9 0.793 0.76 8.0 7.0 1.27 0.60 0.793 
12C 25.34 10.86 161.8 0.793 0.80 8.5 6.5 1.27 0.68 0.793 
9Be 20.00 11.43 167.1 0.789 0.80 8.6 8.0 1.27 0.68 0.789 
9Be 26.00 14.86 172.9 0.791 0.80 12.0 9.9 1.25 0.60 0.791 
9Be 27.00 15.43 174.1 0.791 0.76 12.0 9.9 1.25 0.60 0.791 
9Be 39.68 22.67 180.0 0.789 0.80 15.0 12.2 1.25 0.68 0.789 
9Be 40.00 22.86 180.0 0.789 0.80 15.0 12.2 1.25 0.68 0.789 
9Be 43.75 25.00 181.4 0.789 0.80 15.5 13.0 1.25 0.68 0.789 
12C 65.00 27.86 181.4 0.789 0.76 16.0 14.5 1.25 0.68 0.789 
9Be 50.00 28.57 181.4 0.789 0.80 16.0 14.5 1.25 0.68 0.789 
9Be 158.30 90.46 132.0A 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 δλ and βλ for the 9Be nucleus. 

Ex(MeV) Jπ λ δλ(fm) βλ 
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 



 72

of 6Li and 7Li ions on heavy nuclei [162 – 164]. The anomaly was observed for the 7Li + 
138Ba elastic scattering and not observed for the 6Li + 138Ba scattering [164]. The absence 
of the anomaly for the 6Li + 138Ba scattering was explained by the fact that the breakup 
threshold for the 6Li nucleus is lower than its first exited state [164]. The 9Be nucleus has 
a structure similar to the 7Li nucleus and one can expect the existence of the threshold 
anomaly for the 9Be + 12C scattering. The results of our investigations of 9Be + 12C scat-
tering are presented in this section.  

It can be seen from Fig. 4.2.8 that the potential radius parameters rV and rW have a 
weak energy dependence at energies above the Coulomb barrier. The parameters aV and 
aW have a tendency to increase with rising energy. WS converges to a constant at higher 
energies. The dispersion term ΔV(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 ECM = 12 – 30 MeV. This peak can be consid-
ered as the threshold anomaly of the 12C + 9Be elastic scattering, although it only slightly 
exceeds the uncertainty of V. The dispersion term ΔV(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 12C + 9Be elastic scattering. 
Xi V0 WS WCRC rV rW aV aW 
 (MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) 
Xi

min 0.00 0.00 0.00 0.78 1.25 0.71 0.50 
Xi

max 202.00 19.12 18.00 1.22 1.41 0.84 0.73 
EXi(MeV) 1.87 12.86 15.51 1.90 4.90 9.00 9.00 
ΔEXi(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 9Be + 12C interaction. The 
values of Ea, EW, Eb and Wmax are for simple pa-
rametrization of V and W parameters [4]. The 
Coulomb barrier height is ECoul. = 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 9Be reorientation 
process in the cross section at large angles. 
This is in good agreement with an analogous 
result obtained earlier for the 9Be + 40Ca 
elastic scattering [168]. At the same time, we 
found a rather small contribution of the 3He-
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 9Be + 12C elastic 
scattering. 
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4.3. The 14N + 7Li, 12C scattering. 
 

4.3.1.  Scattering of 14N + 7Li 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 

14N + 7Li elastic scattering – the so called anomalous large-angle scattering (ALAS). The 
ALAS mechanism was already considered in sub-Section 4.1.2 for 11B + 13C [9] and sub-
Section 4.1.4 for 11B + 9Be [8] nuclei interaction. It seems that each individual reaction 
has its own ALAS mechanism: weak absorption, quasi-molecular resonances, sequential 
α-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.  

 
Fig. 4.3.1. Angular distributions of the elastic 
scattering 14N + 7Li at ELAB(14N) = 110 MeV. The 
dashed curves <7Be>, <nn>, <pp>, <3He + α>, 
<p + 6Li>, <n + 6Be>, <d + 5Li>, <t + 4Li> show 
the CRC cross sections for individual mecha-
nisms corresponding to diagrams shown in Fig. 
4.3.4. The curves marked by <OM> and <7Li-
reor>, <14N-reor> show the OM and 7Li, 14N re-
orientation cross sections, respectively. The solid 
curves Σ shows the coherent sum of CRC cross 
sections for the potential elastic scattering and 
reorientation of 7Li. 

Fig. 4.3.2. Angular distributions of the inelastic 
scattering 14N + 7Li at ELAB(14N) = 110 MeV for 
the transitions to the 3.948 MeV (1+) (see the up-
per panel) and to the 4.915 MeV (0−) + 5.106 MeV 
(2−) states of 14N and to the 4.63 MeV (7/2−) state 
of 7Li (see the lower panel). The curves in the up-
per panel show the cross sections for the rotational 
transition with (solid curve) and without (curve 
<off-CC>) channel coupling and the CRC cross 
section for the successive exchange of neutrons 
corresponding to the second and third diagrams 
shown in Fig. 4.3.4 (curve <nn>). The solid curie 
Σ4.63+5.11 in the lower panel represents the incoher-
ent sum of CRC cross sections for transitions to 
the 4.63 MeV state of 7Li and 5.106 MeV state of 
14N. 
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The angular distributions of the elastic and inelastic scattering of the 14N ions on 
the 7Li nuclei together with the reaction 7Li(14N, 15N)6Li at ELAB(14N) = 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. 

 
 
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 7Li and 14N as well as reorien-
tation of 7Li and 14N were included in the 
coupling channel scheme. The deformation 
length parameters, δ2 of 7Li and δ1, δ2, δ3 of 
14N, were used to describe the deformation 
of the optical potential. These parameters 
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 7Li + 14N 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 WCRC. The obtained optical 
potential parameters and the deformation pa-
rameters δλ (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, 3He, 
α) and exotic (4,5,6Li, 6,7,8Be) clusters were 

included in the present calculations. 
 
 

Fig. 4.3.3. Angular distributions of the inelastic 
scattering 14N + 7Li at ELAB(14N) = 110 MeV for 
the transitions to the 6.204 MeV (1+), 6.444 MeV 
(3+) and 7.967 MeV (2−) states of 14N and to the 
6.68 MeV (5/2−) and 7.47 MeV (5/2−) states of 
7Li. The curves <Ex> present the CRC cross sec-
tions for the individual transitions. In the upper 
panel, the solid curves ΣN*+Li* and ΣN* show the 
incoherent sums of the CRC cross sections for the 
transitions to the states 1+(14N) + 3+(14N) + 
5/2−(7Li) 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 7Li is included in the standard 
way or is artificially doubled, respectively. 
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Table 4.3.1 Parameters of Woods–Saxon optical potentials for the reactions 7Li(14N,X) 
(R = ri(A1/3

T + A1/3
P ), i = V,W) 

T+P ELAB 
(MeV) 

ECM 
(MeV) 

V 
(MeV) 

rV 
(fm) 

aV 
(fm) 

WS 
(MeV) 

WCRC 
(MeV) 

rW 
(fm) 

aW 
(fm) 

rC 
(fm) 

6Li+14N 19.5a 5.85 80.0 0.980 0.662 6.5 6.5 1.161 0.662 1.25 
14N+6Li 32.0b 22.40 164.0 0.803 0.720 20.0 18.0 1.100 0.720 1.25 
14N+7Li 36.0c 24.00 169.0 0.798 0.730 21.0 19.0 1.100 0.730 1.25 
7Li+14N 110.0 36.67 205.0 0.798 0.740 22.5 20.5 1.000 0.740 1.25 
8Li+13N  28.15 190.0 0.793 0.735  19.5 1.021 0.735 1.25 
6Li+15N  40.25 208.0 0.805 0.740  9.0 1.000 0.740 1.25 
8Be+13C  46.37 165.2 0.793 0.760  7.0 1.250 0.760 1.25 
5He+16O  47.78 204.0 0.815 0.740  9.0 1.000 0.740 1.25 
6He+15O  33.99 206.5 0.805 0.739  9.0 1.000 0.739 1.25 
9Be+12C  43.09 157.0 0.789 0.799 19.4 17.5 1.250 0.661 1.25 
10B+11B  33.72 122.5 0.788 0.782 10.9 9.6 1.240 0.570 1.25 
10Be+11C  31.18 124.2 0.788 0.782  9.5 1.240 0.570 1.25 
Data from: a[124], b[125], c[123]. 
 

Table 4.3.2 Deformation parameters of the nuclei 6Li, 7Li and 14N (βλ for R = 1.25A1/3 fm). 
Nucleus δ1(fm) β1 δ2(fm) β2 δ3(fm) β3 
6Li   1.20 0.53   
7Li   1.20 0.50   
14N 0.40 0.13 0.10 0.03 1.00 0.33 

 
 

At present only the 
data of elastic scattering 
14N + 7Li for ELAB(7Li) = 
36 MeV [123] exist. We 
included into the com-
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 14N + 6Li at 
ELAB(14N) = 19.5 MeV 
[124] and ELAB(6Li) = 32 
MeV [125]. We have 
found that the OM pa-
rameters for the elastic 

scattering of 6Li and 7Li on 14N 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 14N + 6Li and 14N + 7Li to obtain the energy 
dependence of the OM parameters, similarly as in [4, 6] for the elastic scattering 12C + 
9Be and 12C + 11B.  

 
Fig. 4.3.4. Diagrams of the one- and two-step processes for the elastic 
and inelastic scattering of 7Li(14N, 14N)7Li and 7Li(14N, 7Li)14N included 
in the present analysis. Diagrams of the one- and two-step processes for 
the 7Li(14N, 15N)6Li and 7Li(14N, 6Li)15N reactions are show in Fig. 5.3.1.
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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 14N + 7Li. 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 7Li or 14N 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 7Li and 14N. 
The deformation length parameter δ2 = 0.1 fm for 14N 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 14N. The parameter δ2 for 7Li was fitted to 
the data of both the elastic and inelastic scattering, i.e. for the transition to the ground and 
7.467 MeV (5/2−) excited states of 7Li, respectively. In both cases we have obtained δ2 = 
1.2 fm for 7Li. The contributions of the reorientations of 7Li and 14N are presented in the 
upper panel of Fig. 4.3.1. One can see that the reorientation of 7Li dominates at large an-
gles and satisfactorily describes the observed backward-angle enhancement of the elastic 
scattering 14N + 7Li. 

The reorientation of 7Li dominates in the backward elastic scattering 14N + 7Li also 
at energy ELAB(7Li) = 36 MeV, as one can see from the lowest panel in Fig. 4.3.5 (curve 
<reor>). In contrast, the elastic scattering 14N + 6Li at ELAB(14N) = 19.5 MeV is com-
pletely of the potential type (the upper panel of Fig. 4.3.5). However, at ELAB(6Li) = 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 
14N* + 7Li for the transitions to the 3.95MeV (1+), 5.11 MeV (2−), 6.20 MeV (1+) + 6.44 
MeV (3+) and 7.97 MeV (2−) excited states of 14N (see Figs. 4.3.2 and 4.3.3). Due to a 
small quadrupole deformation of 14N, the reorientation of 14N* gives a small contribution 
to the large-angle inelastic scattering if the quadrupole deformation of excited 14N* 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 (5/2−) excited state of 7Li 
with the artificially doubled reorientation amplitude of 7Li* (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 7Li* (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 14N, 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 14N + 7Li at ELAB(14N) = 110 MeV for the transition 1+ → 1+ to the 
3.95 MeV (1+) excited state of 14N, suggesting the rotational nature of this state. Here the 
deformation length parameter δ2 = 0.1 fm for 14N from [1] has been used. Now, one can 
conclude that the observed ALAS is due to the strong channel coupling and weak absorp-
tion.  

 
Fig. 4.3.6. Energy dependence of the OM poten-
tial parameters for the interaction 14N+6,7Li. The 
lines were obtained by fitting the parameteriza-
tion to the experimentally found points.  

The deformation length parameter 
δ1 = 0.4 fm for 14N, 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 (2−) excited state of 14N (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 (0−) excited state of 14N contributes very little to the experimental data. The 
transitions 1+→ 2− (λ = 1, 3, δ1 = 0.4 fm, δ3 = 1.0 fm) and 3/2− → 7/2− (λ = 2, 4, δ2 = 1.2 

Fig. 4.3.5. Angular distributions of the elastic scat-
tering 6Li + 14N at ELAB(14N) = 19.5 MeV (data from 
Ref. [127]) and ELAB(6Li) = 32 MeV [128] and the 
elastic scattering 7Li + 14N at ELAB(7Li) = 36 MeV 
[129]. The dashed curves <reor> and <OM> show 
the cross sections of reorientation of 7Li and 14N or 
6Li and 14N and optical-model calculations, respec-
tively. The solid curves Σ represent the coherent 
sums of potential elastic scattering and the relevant 
reorientation.  
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fm) to the 5.11 MeV state of 14N and 4.63 MeV (7/2−) state of 7Li give comparable con-
tributions at forward directions (curves <5.11> and <4.63>). The deformation length pa-
rameters δλ obtained in the analysis of the inelastic scattering for the transitions 1+ → 1+ 
(reorientation of 14N and inelastic scattering), 1+ → 2− (14N excitation), 3/2− → 3/2− (re-
orientation of 7Li) and 3/2− → 7/2− (7Li excitation) are listed in Table 4.3.2 where we 
have also collected the corresponding deformation parameters βλ = δλ/R calculated for R 
= 1.25A1/3.  

The deformation length parameters δλ from Table 4.3.2 have been used in the CRC 
calculations for the transitions to several excited states of 14N and 7Li. 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 14N + 6,7Li were done. As was mentioned above, except 
of the 14N + 7Li 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 14N + 6,7Li is shown in Fig. 4.3.6.  
 
Table 4.3.3 Parameters of energy dependence for OM parameters for the elastic scattering 6,7Li + 14N. 
Xi V0 rV aV WS WCRC rW aW 
 (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) 
Xi

min 109.5 0.800 0.64 3.4 3.2 0.987 0.64 
Xi

max 289.5 1.000 0.74 22.3 20.2 1.180 0.74 
EXi(MeV) 22.5 12.000 13.00 13.4 13.2 23.200 13.00 
ΔEXi(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, 3He, α) and 
exotic (4,5,6Li, 6,7,8Be) clusters, which usually lead to the enhancement of the cross section, 
give rather negligible contribution to the elastic scattering 14N + 7Li. The results of the 
complete analysis of the data of the elastic scattering 14N + 7Li lead to the conclusion that 
the reorientation of 7Li 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 7Li and 14N could be precisely deduced in the CRC analysis of both the elastic and ine-
lastic scattering 14N + 7Li. The deformation parameter of 7Li 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 14N + 7Li at ELAB(14N) = 110 MeV for the transitions to the low-energy excited 
states of 7Li and 14N, 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 7Li(14N, 
15N)6Li at ELAB(14N) = 110 MeV is dominated by the neutron transfer. The heavy-cluster 
transfer of 8Be and the two-step transfers were found to be completely negligible for this 
reaction. 
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4.3.2.  Scattering of 14N + 12C nuclei, the optical potential and 12C and 14N de-
formation lengths. 
The study of various quasi-elastic processes included in the collision of 14N ions 

with 12C nuclei at ELAB(14N) = 116 MeV [1] are presented in this sub-Section. The interac-
tion of 14N ions with 12C 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 14N + 14C reaction at the same beam energy have 
been already studied [216]. In the present sub-Section, we investigate isotopic effects for 
the 12C and 14C nuclei by comparison of the corresponding elastic scattering of the 14N 
ions.  

 
The angular distribution of the 14N 

+ 12C elastic scattering at ELAB(14N) = 116 
MeV is shown in Fig. 4.3.7 (upper panel) 
and the angular distribution of the 14N + 
14C [216] elastic scattering at the same 
beam energy is shown in Fig. 4.3.7 
(lower panel). The experimental data 
were analyzed using the optical model 
(OM) and coupled reaction channels 
(CRC) models. The obtained parameters 
of the 14N + 14C OM potential are given 
in Table 4.3.4. The parameters of this po-
tential were used as the starting point in 
the analysis of the 14N + 12C elastic scat-
tering. At the second step, the aV, aW and 
WS parameters, were fitted in order to de-
scribe the 14N + 12C angular distribution. 
The fitted parameters are close to the cor-
responding values of the 14N + 14C 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.  

 
 
 
 

 
 

 
Fig. 4.3.7. Angular distributions of the 14N + 12C and 
14N + 14C elastic scattering at ELAB(14N) = 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 π± - exchange (curve <π>). The curves Σ corre-
spond to total angular distributions including all the 
processes. 
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Table 4.3.4. Parameters of Woods-Saxon optical model potentials 

(R = ri(A
1/2

T + A1/3
P), i = V, W) 

T + P V  
(MeV) 

rV  
(fm) 

aV 
(fm) 

WS 
(MeV) 

rW 
(fm) 

aW 
(fm) 

rC 
(fm) 

Ref. 

14C+14N 150 0.812 0.708 35.40 0.958 0.789 1.200 [216] 
12C+14N 150 0.812 0.722 29.75 

(35.75a) 
0.958 0.796 0.812  

13C+13N 150 0.812 0.900 35.75 0.958 0.500 0.812  
11C+15N 150 0.812 0.722 35.75 0.958 0.796 0.812  
a For optical model 

Figure 4.3.7 shows that the OM angular distributions describe the 14N + 12C and 
14N + 14C 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 14N + 12C and 14N + 14C data the backward hemisphere are 
shown in Fig. 4.3.8. The reorientation of the 14N 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 
scattering of 14N + 14C nuclei 
and the reorientation of the 14N 
as well as all the transfers 
shown in Fig. 4.3.8, were in-
cluded in the coupling scheme 
of the CRC calculation. The in-
clusion of the transfer proc-
esses into CRC calculations did 
not noticeably modify the CRC 
elastic and inelastic cross sec-
tion. The potential determined 
in the CRC analysis is pre-
sented in Table 4.3.4.  

The angular distribution 
of the 12C(14N, 13C)13N 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 aV and aW parameters were fit-
ted. The resulting parameters differ significantly from the corresponding values for the 
14N + 12C initial channel. The fitted parameters of the 13N + 13C potential are given in Ta-
ble 4.3.4. The p-transfer (<p> curve) is dominant in the 12C(14N, 13C)13N reaction. The 
two-step d+n-transfer (<d+n> curve) was rather negligible.  

The 13N + 13C potential was successfully used in the CRC analysis of the 12C(14N, 
13C)13N reaction for the transitions to the 3.68 MeV (3/2−) and 3.85 MeV (5/2+) excited 
states of the 13C nucleus. The both states were unresolved in the experiment due to the 
beam energy spread. The 12C(14N, 15N)11C reaction peak is also expected at the same en-

Fig. 4.3.8. Diagrams of possible transfer processes for the 
12C(14N, X) and 14C(14N, 14C)14N reactions. 
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ergy position due to the kinematical conditions. It was found that 12C(14N, 13N)13C3.68 and 
12C(14N, 15N)11C reactions give only small contributions to the cross sections. The miss-
ing strength is expected to be due to the 12C(14N, 13N)13C3.85 process. However, the 13C3.85 
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 Sx for 13C3.85 by fit-
ting the CRC cross section (sum of the 12C(14N, 13N)13C3.68, 

12C(14N, 15N)11C and 12C(14N, 
13N)13C3.85 reactions) to the experimental data. The value of Sx found from the fit is simi-
lar to Sx 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.  
 

 
Fig. 4.3.9.. Angular distributions of the 12C(14N, 
13C)13N reaction at the energy E(14N) = 116 MeV. 
The curves show the CRC cross-sections for the p- 
and d+n transfers (curves <p> and <d+n>, respec-
tively). 

Fig. 4.3.10. Angular distribution of the 12C(14N, 
13N)13C*3.68+3.85 + 12C(14N, 15N)11C reactions at 
the energy E(14N) = 116 MeV for the transitions 
to the ground states of ejectiles and to the 3.68 
Mev (3/2−) + 3.85 MeV (5/2−) excited states of 
the 13C nucleus. The curves present the CRC 
cross-sections for the different reactions (curves 
<5/2->, <3/2-> and <15N>). The curve Σ repre-
sents an incoherent sum of the cross sections for 
these reactions. 

 
Table 4.3.5. Deformation lengths δλ of the 12C and 14N nuclei. 

Nuclei Ex (MeV) Jπ λ δλ (fm) Ref. 
12C 4.439 2+ 2 –1.07 [217] 
14N 3.948 1– 2 0.10  
 4.915 0– 1 0.50  
 5.106 2– 1 0.50  
   3 1.10  
 

The summed angular distribution of the 12C(14N, 14N)12C*4.44 and 12C(14N, 
14N*3.95)

12C inelastic scattering to the 4.44 MeV (2+) excited state of the 12C nucleus and 
to the 3.95 MeV (1+) excited state of the14N 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 δ2 for the 0+ → 2+ transition in the 12C 
nucleus was taken from the 12C + α elastic scattering [217]. The deformation length δ2 for 
the 1+ → 1+ transition in the 14N nucleus was fitted. The deformation lengths δλ 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 (θCM < 
30o). The 0+ → 2+ transition in the12C nucleus (short dashed curve <2+>) dominates in 



 82

this angular range. The incoherent sum of these two transitions (solid curve Σ) satisfacto-
rily describes the data.  

The summed angular distributions of the 12C(14N, 14N4.9+5.1)
12C inelastic scattering 

to the 4.915 MeV (0−) and 5.106 MeV (2−) states of 14N nucleus unresolved in the ex-
periment due to the beam energy spread, and 12C(14N, 13N)13C 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 12C(14N, 13N)13C reaction was not important at 
small angles (Fig. 4.3.12, short dashed curve <n>). The deformation lengths for the 1+ → 
0− and 1+ → 2− transitions were determined in the fit of the CRC cross section to the ex-
perimental data. The obtained values of δ1 and δ3 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 α-particle inelastic scattering on 14N target [218].  
 

 
Fig. 4.3.11. Angular distribution of the12C(14N, 
14N)12C*4.44+

12C(14N, 14N*3.95)
12C inelastic scatter-

ing at energy E(14N) = 116 MeV for the transitions 
to the ground and 4.44 MeV (2+) excited state of 
12C nucleus and 3.95 MeV (1+) excited state of the 
14N nucleus. The curves represent the CRC cross-
sections for these two reactions (curves <2+> and 
<1+>). The curve Σ is an coherent sum of cross sec-
tion for both reactions. 

Fig. 4.3.12. Angular distribution of the12C(14N, 
14N*4.9+5.1)

12C inelastic scattering + 12C(14N, 
13N)13C reaction at the energy E(14N) = 116 MeV 
for transitions to the 4.9 MeV (0−) + 5.11 MeV 
(2−) excited states for the 14N nucleus. The 
curves correspond to the CRC cross-sections for 
the different reactions (curves <2−>, <0−> and 
<n>). The curve Σ shows an incoherent sum of 
these cross sections. 

 
The backward angles angular distributions of the 12C + 14N elastic scattering is 

presented in Fig. 4.3.13. The potential scattering, reorientation of the 14N nucleus and 
p+n, n+p as well as d-cluster transfers contribute to the 12C + 14N elastic scattering. The 
inelastic channels included in the coupling scheme significantly modify the angular dis-
tributions of the 14N + 12C 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 θCM < 140o. The deuteron transfer (curve <d>) becomes noticeable at 
θCM > 160o. The reorientation of the 14N 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 12C(14N, 14N)12C process in the 14C(14N, 14N)14C reaction, the re-
orientation of the 14N nucleus is crucial, especially in the angular range θCM ≈ 60o – 140o. 
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The inclusion of the reorientation leads to better description of the experimental data of 
the 14C(14N, 14N)14C reaction in comparison to the earlier analysis [216].  

Isotopic effects for the 14N + 12C and 14N + 14C elastic scattering were studied. No 
strong dependence of the optical potential on the difference in the structure of the 12C and 
14C nuclei (14C nucleus has the close 1p neutron shell) was observed. We have already 
studied quasi-elastic processes in the 14N + 14C reaction at the same beam energy [216]. 
The investigation of the isotopic effects for the 12C and 14C nuclei by the comparison of 
the corresponding elastic scattering of the 14N ions is presented in this sub-Section. For a  

precise determination of difference be-
tween the angular distributions of the 
above mentioned scattering, the follow-
ing function: P(θ) = (σ12C(θ) – 
σ14C(θ))/(σ12C(θ) + σ14C(θ)) was intro-
duced. σ12C(θ) and σ14C(θ) denote the 
angular distributions of the 14N + 12C 
and 14N + 14C elastic scattering, respec-
tively. The P(θ) 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(θ) indicates that there is a sys-
tematic shift between the oscillations in 
the 14N + 12C and 14N + 14C 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 14N + 12C and 14N + 14C 
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(θ) is primarily due to the difference 
between the 12C and 14C nuclear radii 
R14C – R12C ≈ 0.1 fm, to the reduced 
mass μ and to the difference between 
the energies ECM of the 14N + 12C and 
14N + 14C channels (E14C – E12C ≈ 4.46 
MeV). The fit of the aV, aW  and WS 
parameters for the 14N + 12C potential 
leads only to quite small modifica-
tions. This means that the difference in 
the shell structure between the 12C and 

14C nuclei (14C nucleus has a close 1p neutron shell) does not have a significant influence 
on the OM potential parameters.  

 
Fig. 4.3.13. Angular distribution of the 12C + 14N elastic 
channel in the backward hemisphere at the energy 
E(14N) = 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 <pn+np>) transfers and the transfer of the d-
cluster (curve <d>). The curve Σ represent the total an-
gular distribution for all these processes.  

Fig. 4.3.14. The function P(θ) for the 14N + 12C and 14N 
+ 14C elastic scattering at the energy E(14N) = 116 MeV. 
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The following conclusion can be drawn out: The contributions of the different 
processes to the backward 14N + 12C 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 12C and 14N nuclei 
were obtained by fitting to the 14N + 12C inelastic scattering data. The optical potential for 
the radioactive  13N + 13C channel was obtained using the data of the 12C(14N, 13C)13N re-
action. The optical potential was successfully tested with the 12C(14N, 13N)13C and 
12C(14N, 13N)13C*3.68+3.85 reactions. 
 
4.4. The 7Li + 16O and 18O + 7Li scattering. 

 
Scattering of 7Li + 16O and 18O + 7Li nuclei, optical potentials and 18O defor-
mation parameters. 
The angular distributions of the 18O + 7Li elastic and inelastic scattering were 

measured at the energy ELAB(18O) = 114 MeV (ECM(18O) = 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 18O + 7Li scattering 
and the reaction channels dominating the scattering. The deformation parameters for the 
18O inelastic scattering were obtained. The extracted potentials for 18O + 7Li system were 
compared to those previously obtained for the 7Li + 16O elastic scattering at ELAB(7Li) = 
42 MeV. [20]. The structure and reaction Q-values for both the reactions are quite differ-
ent.  

 
Fig. 4.4.1. The angular distributions of 18O + 7Li 
elastic scattering at energy ELAB(18O) = 114 MeV. 
The curves show the OM and CRC angular dis-
tributions of the potential scattering (curves 
<OM>), reorientation of 7Li (curves <reor>) and 
transfers (other curves). The solid and dashed 
<B1> curves represent the coherent sum of these 
processes, calculated with the potential parame-
ters A and B1 (see Table 4.4.2), respectively. 
 

The measured angular distributions 
of the elastic and inelastic scattering of 18O 
+ 7Li are shown in Figs. 4.4.1, 4.4.6, 4.4.7, 
while the data of the 7Li + 16O elastic scat-
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 7Li + 18O 
and 7Li + 16O data. The angular distribution 
data of the 7Li+16O elastic and inelastic 
scattering included in the analysis are 
shown in Figures 4.4.2, 4.4.3, 4.4.4 and 

4.4.5 represent the OM and CRC calculations performed with the conventional potential 
parameters listed in Table 4.4.1 The sets Ai of these parameters were obtained with both 
the OM and CRC fitting procedures. The sets Bi 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: 
 
 
cV = lnCV  = ln(V exp(RV/aV)),              cW = lnCW  = ln(WS exp(RW/aW )). 
 

 

Fig. 4.4.2. Angular distribution of the 7Li + 16O 
elastic scattering at ELAB(7Li) = 42 MeV. The 
curves show the OM cross section (curves 
<M>) and CRC calculations for the reorienta-
tion of 7Li (curves <reor>), 9B-cluster transfer 
(curve <9B>), sequential transfers of neutrons 
(curve <nn>), protons (curve <pp>), clusters 
d+d (curve <dd>), t+t (curve <tt>), α+α (curve 
<αα>), p+8Be (curve <p8Be>), and α + 5Li 
(curve <α5Li>). The solid curves show the co-
herent sum of all processes. 
 

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 Ai parameters, 7Li 
reorientation and most important transfers 
(n+n, p+p and 9B cluster transfers). One can 
see that the potential scattering dominates at 
the forward angles (curves <OM>) and the 
7Li reorientation is most important at the 

backward angles (curves <reor>). Transfers, including the α-particle transfers (curves 
<αα>, <α5Li>), are negligible at all energies (see Fig. 4.4.2). All the data are successfully 
described using the Ai parameters. Figures 4.4.3 and 4.4.5 show also the CRC-angular 
distributions calculated with the Bi parameters (curves <Bi >). One can see that the <Ai > 
and <Bi > 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 
ECM = 6.26 MeV) and by the close values of cV and cW (see Table 4.4.1) for the Ai and Bi 
parameters at 34 MeV. 

 
Table 4.4.1. Parameters of the 7Li + 16O potentials. The Ai parameters are the results of both OM and 

CRC fits. The Bi parameters are taken from the indicated references. 
ELAB 
(MeV)  

ECM. 
(MeV)  

Sets  V  
(MeV)  

rV  
(fm)  

aV 
(fm)  

WS 
(MeV) 

rW  
(fm)  

aW 
(fm)  

rC  
(fm)  

cV  cW  

9 
[133] 

6.26 A1 59.0 0.980 0.651 4.5 1.250 0.651 1.25 10.75 10.02 

13 
[133] 

9.04 A2 86.2 0.980 0.673 6.0 1.220 0.673 1.25 10.91 9.83 

36(16O) 
[131]  

10.96  A3  95.6  0.802  0.648  4.5  1.250  0.648  1.25  10.05  10.06  

  B3 10.5  0.848  0.658  3.4  0.848  0.658  0.56  8.06  6.94  
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[131] 
20 
[130]  

13.91  A4  
154.3  0.970  0.690  11.3  1.283  0.690  1.25  11.27  10.67  

  B4[130] 33.1  0.980  0.850  10.3b  1.063  0.720  1.42  8.61  7.88  
34 
[135]  

23.17a  A5  
181.0  0.860  0.730  15.4  1.300  0.730  1.25  10.42  10.63  

  A15  181.0  0.802  1.000  15.4  1.300  1.000  1.25  8.75  8.50  
34 
[135]  

23.65  A6  
180.7  0.802  0.700  15.4  1.206  0.700  1.25  10.28  10.37  

  B6 

[135] 
240.6  0.676  0.730  16.3  1.182  0.710  0.74  9.59  10.17  

36 
[132]  

25.04  A7  
179.6  0.807  0.700  15.6  1.203  0.700  1.25  10.30  10.37  

  B7 

[132] 
189.5  0.688  0.743  21.3  1.137  0.821  0.74  9.35  9.20  

42  29.22  A8  175.1  0.802  0.700  16.0  1.200  0.700  1.25  10.24  10.37  
50 
[134]  

34.78  A9  
170.8  0.802  0.700  16.5  1.200  0.700  1.25  10.22  10.38  

  B9 

[134] 
170.3  0.688  0.777  11.4  1.194  0.951  0.74  9.06  8.00  

9, 20,  
36  

 B10 

[133] 
195.0  0.680  0.740  

55.0b  
0.680  0.740  0.68  9.35  8.08  

aThe potential parameters for the 0.478 MeV excited state of 7Li. 
bThe surface imaginary potential. 
 

The optical potential parameters for the 18O + 7Li 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 7Li + 16O optical-model parameters, derived 
from the energy dependent analysis of [20] (sets B1–B12), are given in Table 4.4.2. One 
can see that the values ln(CV ) ≈ 10.7 and ln(CW) ≈ 11.3 are constant for all Bi -
parameters, e.g., these parameters are almost energy independent in the given energy 
range. 

 
Table 4.4.2 Parameters of Woods–Saxon potential for 7Li + 18O scattering. 

EEX 
(MeV) 

Jπ ECM 
(MeV) 

Sets V 
(MeV) 

rV 
(fm) 

aV 
(fm) 

WS 
(MeV) 

rW 
(fm) 

aW 
(fm) 

lnCV lnCW 

    7Li  +  18O       
0.0   31.92  A  174.5  0.806  0.900  13.0  1.470  0.900  9.22  9.97  
   B1  172.9  0.802  0.660  14.9  1.250  0.660  10.66  11.29  
    7Li*  +  18O       
0.478  1/2−  31.44  B2  173.3  0.802  0.660  14.8  1.250  0.660  10.66  11.28  
4.652  7/2−  27.29  B3  176.7  0.804  0.660  14.5  1.250  0.660  10.70  11.26  
6.604  5/2−  25.24  B4  178.3  0.807  0.660  14.2  1.250  0.660  10.73  11.24  
7.454  5/2−  24.45  B5  178.9  0.808  0.660  14.1  1.250  0.660  10.74  11.23  
    7Li  +  18O*       
1.982  2+  29.94  B6  174.5  0.803  0.660  14.7  1.250  0.660  10.68  11.27  
3.555  4+  28.36  B7  175.8  0.803  0.660  14.6  1.250  0.660  10.69  11.27  
3.634  0+  28.28  B8  174.3  0.803  0.660  14.8  1.250  0.660  10.68  11.28  
   A2n 77.0 1.050 0.950 29.6 0.878 0.810 9.35 8.30 
3.920  2+   28.00  B9  176.1  0.804  0.660  14.6  1.250  0.660  10.69  11.27  
4.456 1−  27.46 B10 176.6 0.804 0.660 14.5 1.250 0.660 10.70 11.26 
5.098  3−  26.82  B11  177.1  0.805  0.660  14.5  1.250  0.660  10.71  11.26  
5.255  2+   26.66  B12  177.2  0.805  0.660  14.4  1.250  0.660  10.71  11.25  
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Fig. 4.4.4. Angular distribution of 7Li+16O inelas-
tic scattering for the transition to the 0.478 MeV 
(1/2−) state of 7Li at ELAB(7Li)= 34 MeV [135]. 
The curve shows the CRC-calculations for the ro-
tational model with the A5 and A15 (see Tables 
4.4.1 and 4.4.2) sets of potential parameters 
(curves <A5> and <A15>, respectively), for the 
neutron excitation in the 7Li = 6Li+n system 
(curve <6Li+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 7Li and 18O 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. 

4.4.10 and 4.1.40.  
In the present calculations the deformation parameters from [136, 13] were used 

for 7Li δ2 = 2.0 fm, δ4 = 1.0 fm. The 18O deformation parameters δλ 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 7Li for 7Li+16O were calculated within 
the rotational model. The deformation parameters obtained in analysis of the 7Li+11B 
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. 

 

 
Fig. 4.4.3 Angular distributions of the 
16O(7Li,7Li)16O elastic scattering at ELAB(7Li) = 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 
7Li (curves <reor>) calculated with the Ai pa-
rameters (see Table 4.4.1). The <Ai > and <Bi > 
curves (i = 2, 4, 7, 9) represent the CRC coherent 
sum of potential scattering and 7Li reorientation 
for the Ai and Bi parameters, respectively. 
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Fig. 4.4.5. Angular distribution of 7Li(16O, 
16O)7Li elastic scattering at ELAB(16O) = 36 MeV 
[135]. The curves are the same as described for 
Fig. 4.4.3. 
 
 
 
 
 
 
 
 

Table 4.4.3. Deformation parameters of 18O 
Ex 
(MeV) 

Jπ λ δλ βλ Ref. Ex 
(MeV) 

Jπ λ δλ βλ Ref. 

1.982  2+  2  
1.51  0.46  

π+ [137] 
4.456  

1−  
 

1  1.00  0.30  
This 
work  

   2.43 0.74 π− [137] 5.098 3−  3 1.38 0.42 n [138] 
   1.07  0.33  n [138]     1.01  0.31  p [138]  

   1.18  0.36  p [138]     1.45  0.44  p [39]  

   1.04  0.32  p [139]     0.90  0.28  p [140]  

   0.98  0.30  p [140]     1.61  0.49  p [141]  

   1.07  0.33  p [141]     1.33  0.41  α [142] 

   0.99  0.30  α [142]  
   

0.68  0.21  
18O 

[145]  
   

1.00  0.30  

18O 
[143–
145] 

   
1.19  0.36  Average 

   1.25  0.38  
Average 

   
1.00  0.30  

This 
work 

   1.00  0.30  
This 
work  

5.255  
2+   

2  0.52  0.16  n [138]  

3.555  4+  4  0.92  0.28  p [141]     0.58  0.18  p [141]  

   1.00  0.30  
This 
work  

   0.55  0.17  
Average 

3.920  
2+   

2  0.52  0.16  n [138]     1.00  0.30  
This 

work 
   0.43  0.13  p [138]        
   0.81  0.25  p [141]        
   0.62  0.19  α [142]        
   0.60  0.18  Average       
   1.00  0.30  This 

work  
      

βλ = δλ/R, R = 1.25 A1/3 = 3.28 fm. 
 

At present, there is only one set of the inelastic-scattering data for the system 
7Li+16O and it consists of cross sections for the 7Li 0.478 MeV state at at ELAB(7Li) = 34 
MeV (ECM = 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 7Li deformation length of δ2 = 2.0 fm [13] and the 
potential parameters A5 (see Tables 4.4.1 and 4.4.2) and A15 (curves <A5> and <A15>, re-
spectively), the single-particle excitation model for neutron excitation in the system 7Li = 
6Li+n (curve <6Li+n*>) and sequential transfers of neutrons (curve <nn>) and protons 
(curve <pp>). The parameters A15 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 A6 for the ground state of 7Li because they 
require larger values for the geometrical parameters rV , rW, aV , and aW. The parameters 
A15 with aV = aW = 1.0 fm describe well the first oscillation, but fail in explaining the oth-
ers.  

 
Fig. 4.4.7. The same as in Fig. 4.4.6 but for the ex-
cited states of 18O. Curve Σ shows the incoherent 
sum of 3.555-MeV rotational model transition and 
3.635-MeV 2n-cluster excitation of 18O (curve 
<B8,A2n>), (see Tables 4.4.1 and 4.4.2). 

 
Figure 4.4.6 shows the angular distri-

butions of the 18O + 7Li elastic scattering 
data and OM and CRC calculations for the potential scattering (curves <OM>), reorienta-
tion of 7Li (curves <reor>) and transfers. The solid and <B1> curves represent the coher-
ent sums of all the processes calculated with the potential parameters A and B1, respec-
tively. One can see that the potential scattering dominates at forward angles. The large-
angle scattering is due to the reorientation of the 7Li ground state. Transfer processes con-
tribute weakly to the elastic scattering channel. The parameters B1 (curves <B1>), ob-
tained from the energy dependence of the potential parameters for the 7Li + 16O elastic 
scattering [20], fail to describe the 18O + 7Li elastic scattering data. One can see, that the 

 
Fig. 4.4.6. The angular distributions of 18O + 7Li 
inelastic scattering at energy ELAB(18O) = 114 
MeV for the transitions to the excited states of 
7Li and the 4.456 MeV state of 18O. The curves 
<A> and <Bi > (i = 2, 4, 5, 10) (see Tables 4.4.1 
and 4.4.2) show the CRC calculations for collec-
tive excitations using A and Bi potential parame-
ters, respectively. 



 90

curve <B1> 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 A, for which ln(CV ) ≈ 9.2 and ln(CW) ≈ 10.0. 
These potential parameters are smaller than those for B1 (see Table 4.4.2). The fitted A 
and predicted B1 potentials differ mainly in the geometry parameters. While for the set A 
the values are rW  = 1.47 fm and aV  = aW  = 0.9 fm the corresponding values for the set B1 
are rW = 1.25 fm and aV  = aW  = 0.66 fm. It was found that the slope of the calculated an-
gular distribution mainly depends on the imaginary part of the 18O + 7Li 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 18O + 7Li potential. It consists of the real part of the po-
tential B1 and of the imaginary part of the potential A.  

The measured and calculated angular 
distributions of the 18O + 7Li inelastic scat-
tering are shown in Figs. 4.4.6 and 4.4.7, 
which show the cross-sections for the ex-
cited states in 7Li and 18O. The solid <A> 
and dashed <B1> curves represent the CRC-
calculations within the rotational and vibra-
tional models with the parameters A and B1, 
respectively. One can see that the parame-
ters B1 fail to describe the data. A good de-
scription of the data was achieved using the 
potential parameters A and the deformation 
parameters δλ for 7Li from [146, 147] and δλ 
for 18O, which are listed in Table 4.4.1 with 
the notation of “This work”. In this table, 
we give also the δλ values taken from other 
works which were obtained from different 
analyses of the inelastic-scattering data of 
π±-mesons, nucleons, α-particles and 18O 
ions. One can see that in many cases the δλ 
values for 18O 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 18O.  

The 3.555 MeV (4+) and 3.635 MeV 
(0+) states of 18O were not resolved in the 
present experiment. The angular distribution 
for the sum of the transitions to these states 
is shown in Fig. 4.4.7. In this figure, the dot-
ted curve <A> represents the rotational tran-
sition 0+ → 4+ to the 3.555 MeV (4+) state of 
18O. The transition 0+ → 0+ to the 3.635 
MeV (0+) state of 18O was assumed to be the 
2n-cluster excitation in the system 18O = 16O 

+ 2n. In the CRC-calculations for these transitions, the potentials B8 and A2n were used 

Fig. 4.4.9. Diagrams of one- and two-step transfers 
contributing to the 7Li + 16O elastic-scattering cal-
culations. 
 

Fig. 4.4.8. Diagrams of one- and two-step trans-
fers contributing to the 18O + 7Li elastic-
scattering calculations. 
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for 7Li + 16O and 7Li + 2n interactions, respectively. The potential A2n of the 7Li + 2n in-
teraction was assumed to be close to that of the 7Li + d interaction [148]. In Figure 4.4.7, 
the curve <B8,A2n> represent the CRC-calculation for the particle-excitation transition 0+ 
→ 0+ to the 3.635 MeV (0+) state of 18O. The incoherent sum of both the transitions (solid 
curve Σ) describes the data satisfactorily. 

The optical 
potential parameters, 
obtained from the 
7Li + 16О experimen-
tal data analysis are 
shown in Fig. 4.4.11 
as the full circles 
(see Table 4.4.1). 
The lines represent 
approximations of 
energy dependences 
of potential parame-
ters. A similar en-

ergy dependences for the 7Li + 11В and 7Li + 14N 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. 

 
Fig. 4.4.12. Real V(r) and imaginary W(r) 
potentials of the 18O + 7Li elastic scattering for the 
parameters A (curves VA and WA) and B1 (curves 
VB1 and WB1 ) 
 

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 18О + 7Li nuclei were done. 
There was no such experimental data in the literature before.  

The 18О + 7Li potential parameters, obtained from the analysis of the 18О + 7Li 
scattering data for ECM = 31.92 MeV are shown in Table 4.4.4. The 7Li + 16О potential 

 
Fig. 4.4.10 Coupling schemes for the transitions to the excited states of 7Li 
and 18O. Coupling schemes for the transitions to the excited states of 7Li are 
shown in Fig. 4.1.40. 

 
Fig. 4.4.11. Energy dependence of OM parame-
ters for the 7Li + 16O scattering versus the same 
for the scattering of 7Li + 11B [13] and 7Li + 14N 
[7]. 
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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 7Li + 16О potential 
parameters for the 18О + 7Li scattering are shown in Fig. 4.4.1 as the <B1>. One can see 
that the 18О + 7Li potential with the 7Li + 16О potential parameters cannot describe well 
the experimental data. It is visible from Table 4.4.4 that the 7Li + 16О and 18О + 7Li 
potentials differ in the parameters aV, aW and rW. The real and imaginary parts of the 18О 
+ 7Li 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 (VA, WA lines) than the 
potentials with the 7Li + 16О parameters (VB, WB lines). It can be concluded that the tail 
of the 18О + 7Li potential show the halo structure of the 18О nucleus as in the case of 18О 
= 16О + 2n system (two neutrons and closed 1p-shell). 
 

 

 

 

Fig. 4.4.13. 7Li + 16,18O data plotted as a func-
tion of momentum transfer. The data show that 
the elastic scattering from 18O is more strongly 
absorbed than that for 16O. 

Fig. 4.4.14 Energy dependence of the cV and cW 
relations for the Ai and Bi parameters of the 7Li 
+ 16O scattering potential. 
 

 
Further evidence which shows that the 7Li + 16O scattering requires a different po-

tential from that for the scattering by 18O 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 16O data does not decrease as rapidly at larger momentum transfer as does 
the 18O data, which means that the imaginary potential for 16O is weaker then that for 18O. 
Figure 4.4.12 shows the actual potentials. As it has been anticipated, the 18O 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 
16O and 18O is almost the same and large (~ 6 MeV), it would not play a major role in the 
elastic scattering. 

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

nuclei 
ЕCM 

(MeV) 
V0  

(MeV) 
rV 

(fm) 
aV 

(fm) 
WS 

(MeV) 
rW 

(fm) 
aW 

(fm) 
7Li + 16O 31.92 172.9 0.802 0.660 14.9 1.250 0.660 
18O + 7Li 31.92 174.5 0.806 0.900 13.0 1.470 0.900 
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The energy dependence of the conventional-potential parameters of the 7Li+16O in-
teraction, reported in Table 4.4.1 was fitted with the parameters Xi (E) = Xi

max, Xi
min, EXi, 

ΔEXi. These parameter sets are shown in Table 4.4.5 and the resulting fits are shown in 
Fig. 4.4.11. The relations 
CV = V exp(RV/aV),    CW = W exp(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 cV = lnCV  and cW = 
lnCW values for both Ai and Bi parameters which are fitted to the lines: 
cV (E) = −0.022E + 10.92   for Ai sets,  
                0.010E + 8.90   for Bi sets, 

cW(E) = 0.016E + 9.98   for Ai sets,  
             0.038E + 7.59   for Bi sets, 

where E = ECM. The values of cV and cW 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 7Li+16O potential parameters.  

Table 4.4.5. Energy dependence of the 7Li + 16O potential parameters. 
Xi V0 WS rV rW aV aW 
 (MeV) (MeV) (fm) (fm) (fm) (fm) 
Xmin 92.6 5.0 0.802 1.200 0.587 0.587 
Xi

max 262.7 16.0 1.160 1.360 0.703 0.703 
EXi(MeV) 13.0 13.0 13.400 12.400 10.100 10.100 
ΔEXi(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 WS, because 
cW(11B) ≈ 7.6, cW(14N) ≈ 8.8, 
cW(16O) ≈ 10.3, and cV (11B) ≈ cV (14N) ≈ cV (16O) ≈ 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 7Li by 18O produces the potential very different 
from that for the scattering by 16O. The fact that the 7Li + 18O scattering system is more 
absorbing than the 7Li + 16O system can be seen when comparing the elastic data for 18O 
scattering with that for 16O. 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 7Li. Now, 
this effect has been observed for the targets of A = 7 to A = 18.  

The existing 7Li + 16O scattering data at the energies of ECM = 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 7Li + 
11B and 7Li + 14N. 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 reactions with light exotic nuclei in the exit channel 

 
5.1. The 9Be(11B, 10, 12B), 9Be(11B, 12C) and 12C(11B, 15N) reactions. 

 
5.1.1. The 9Be(11B, 10B)10Be reaction, ALAS and isotopic effects. The 10B + 

10Be 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 10B + 10Be interaction us-
ing the one-nucleon transfer reaction 9Be(11B, 10B)10Be [10].  

The 11B + 9Be elastic and inelastic scattering data at ELAB(11B) = 45 MeV (ECM = 
20.25 MeV) [8] and the data known from the literature at ECM = 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 11B + 9Be scattering in sub-Section 
4.1.4. 

The study of isotopic effects in the 10B + 9Be, 11B + 9Be and 10B +10Be interactions 
using the 10B + 9Be scattering data at ECM = 8.42 - 19.47 MeV [223], 21.05 MeV [224], 
47.37 MeV [225] and the data for the 9Be(11B, 10B)10Be reaction at ELAB(11B) = 45 MeV 
for the transitions to the ground and excited states of 10B and 10Be (ECM = 12.02 - 15.61 
MeV for the 10B + 10Be channel) are also described.  

The 9Be(11B, 10B)10Be 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 θCM = 90o and large interference phenomena at θCM ~ 90o 
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 9Be(11B, 10B)10Be reaction at ELAB(11B) = 45 MeV 
for the transitions to the ground and to the 0.718 MeV (1+), 1.740 MeV (0+), 2.154 MeV 
(1+), 3.587 MeV (2+) excited states of 10B and to the 3.368 MeV (2+) excited state of 10Be 
were obtained from the analysis of the energy spectra of 10B and 10Be. 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 θCM = 90o, which is due to similarity of the 9Be(11B, 10B)10Be 
and 9Be(11B, 10Be)10B reaction mechanisms. 

The data for the 9Be(11B, 10B)10Be reaction at ELAB(11B) = 45 MeV were analyzed 
within the OM and the CRC method. For the entrance reaction channel (9Be + 11B) we 
used a set of the OM parameters {Xi} = {V, rV, aV, WS, rW, aW} obtained from our previ-
ous analysis of the 11B + 9Be elastic scattering at ECM = 8.8 – 22.0 MeV [8]. The set of 
parameters {Xi} at ECM = 20.25 MeV (ELAB(11B) = 45 MeV) is listed in Table 5.1.1. 

There are no data in the literature for the 10B + 10Be elastic scattering which can be 
used to obtain the OM potential for the exit channel of the 9Be(11B, 10B)10Be reaction. 
Therefore, the OM parameters for this channel were obtained from the energy-dependent 
OM parameters of the 11B + 9Be and 10B + 9Be elastic scattering. For this purpose, the 
study of energy dependence of the 10B + 9Be OM parameters using the data of [223, 224] 
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are included. The energy dependence of the 11B + 9Be OM parameters was obtained in [8] 
(see Fig. 5.1.7). 

 
 

Fig. 5.1.1. Angular distribution of the 9Be(11B, 
10B)10Be reaction at the energy ELAB(11B) = 45 
MeV for the transitions to ground states of 10B 
and 10Be (upper panel) and to the 0.718 MeV 
(1+) excited state of 10B (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 
CRC angular distributions of the neutron and 
proton transfers for the sets A and B of the 10B 
+ 10Be OM parameters, respectively. 

In the OM and CRC calculations the 
10B + 9Be the elastic and inelastic scatter-
ing as well as the reorientations of 9Be and 
10B, and the proton transfer reaction 
10B(9Be, 10B)9Be were included in the cou-

pling scheme. The sets {Xi} of the 10B + 9Be 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 9Be(11B, 10B)10Be 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 T + P scattering. 
T + P  Ecm  

(MeV) 
 V  

(MeV) 
rV  

(fm) 
aV 

 (fm) 
WS 

(MeV) 
rW  

(fm) 
aW  

(fm) 
Ref.  

11B + 9Be  20.25  187.3 0.788 0.730  10.4  1.236  0.730  [8] 
11B + 9Be 8.80  81.0 1.150 0.690 7.0 1.350 0.690 [223] 
 14.85   153.8  0.860  0.716  9.2  1.250  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] 
10B + 9Be 8.42  87.0 0.950 0.710 7.6 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] 
10B + 10Be  15.61 A 154.7 0.823 0.721 10.0 1.248 0.721  
  B 154.0 0.800 0.696 12.0 1.259 0.696  
10Be + 10B0.71 14.89 A 147.6 0.850 0.716 9.7 1.254 0.716  
  B 147.8 0.805 0.696 11.5 1.262 0.696  
10Be + 10B1.74  13.87  A  137.0  0.912  0.709  9.2  1.266  0.709   
  B 138.4 0.815 0.696 10.8 1.269 0.696  
10Be + 10B2.15  13.45  A 132.6  0.944  0.707  9.0  1.272  0.707   
  B 134.4 0.820 0.696 10.5 1.273 0.696  
10Be3.36 + 10B  12.24  A  119.4  1.039  0.700  8.4  1.293  0.700   
  B 122.5 0.840 0.696 9.7 1.287 0.696  
10Be + 10B3.59  12.02  A 117.0  1.053  0.699  8.3  1.298  0.699   
  B 120.3 0.845 0.696 9.5 1.290 0.696  
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Fig. 5.1.2. The same as in Fig. 5.1.1 but for the 
transitions to the 1.74 MeV (0+) (upper panel) and 
2.154 MeV (1+) (lower panel) excited states of 
10B.  

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 
10Be (upper panel) and 3.587 MeV (2+) excited state 
of 10B (lower panel). 

 
The angular distributions of 

the 9Be + 10B and of the 9Be + 11B 
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 
11B + 9Be elastic scattering data, it 
was found [8] that ALAS effect is 
mainly caused by the reorienta-
tions of 9Be and 11B (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 10B + 9Be the elastic scattering data were analyzed using the CRC 
method. The elastic and inelastic scattering, excitation of 9Be (up to the level of 7.94 
MeV), the reorientations of 9Be and 10B as well as the proton transfer were included into 
the coupling scheme. The deformation parameters of 9Be were taken from [8]. Contribu-

Fig. 5.1.4. Diagrams of the one- and two-step processes for 
the 9Be(11B,10B)10Be and 9Be(11B,10Be)10B reactions.  
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tions of the two-step transfers to the 10B + 9Be elastic scattering were also analyzed. They 
were found to be small. 

 

 
Fig. 5.1.5. Angular distributions of the 9Be + 11B elastic scattering at the energies ECM = 8.42, 14.21, 
19.47 MeV [223], 21.05 MeV [224], 47.37 MeV [225] (left panel) and the 11B + 9Be elastic scattering 
at the energies ECM = 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 9Be, 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 9Be reorientation is the dominant 
process. The 10B + 9Be 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 10B + 10Be elastic scattering was found 
in the literature. Therefore, in the analysis of the 9Be(11B, 10B)10Be reaction, the OM pa-
rameters obtained in the analysis of the 11B + 9Be and 10B + 9Be 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 9Be(11B, 10B)10Be and 9Be(11B, 10Be)10B 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 θCM = 90o. 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 10Be or to 3.587 MeV (2+) excited state of 10B these 
sets give significantly different angular distributions around 90o. The set A of the OM pa-
rameters for the exit channel of the reaction 9Be(11B, 10B)10Be provides satisfactory de-
scription of the data for all transitions in the whole angular range. The energy depend-
ences of the 10B + 10Be 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 11B + 9Be elastic scattering in 
[8]. The optical potential parameters for the interactions of 10B + 10B (open squares) and 
10B + 11B (solid squares) at ECM ≈ 4 - 19 MeV [5] are also placed for comparison in Fig-
ure 5.1.7. One can see that the energy dependence of the 10B + 10,11B OM parameters dif-
fer somewhat from the energy dependence of the+ 10,11B + 9,10Be OM parameters, espe-
cially at low energies. This difference can be caused probably by a different Coulomb in-
teraction in the 10B + 10,11B and 10,11B + 9,10Be 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 9Be(11B, 10B)10Be 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 10B and 10Be are shown in 
the upper panel of Fig. 5.1.1. The dashed curves <2pp+p2p>, <2nn+n2n>, <dn+nd>, 
<dp+pd>, <α3He+3Heα> and <αt+tα> 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, α + 3He and 3He 
+ α, t+d and d+ t, α + t and t + α, respectively. One can see that for the transition to the 
ground states of 10B and 10Be all these two-step transfers give only small contributions. 
The sequential transfers with the t-, 3He- and α-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 10B or 10Be in the 9Be(11B, 10B)10Be 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 θCM = 90o 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 (1+) excited 
states of 10B (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 10B + 9Be and 11B + 9Be elastic scattering, an auxiliary quantity D(θ) is shown 
in Fig. 5.1.6 
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where σ10B(θ) and σ11B(θ) are the cross sections σ(θ)/σR(θ) (σR(θ) is the Rutherford cross-
sections) for the 10B + 9Be and 11B + 9Be elastic scattering, respectively. The data at the 
same laboratory energies for both reactions are taken. One can see that the D(θ) 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 R9Be+10B and R9Be+11B. This 
difference of radii is correctly accounted for in the CRC calculations. As the result, D(θ) 
calculated using CRC (solid curves) satisfactorily describes the observed structure of os-
cillations in the experimental D(θ). The value of D(θ), calculated using CRC for the 10B + 
9Be elastic scattering with the OM parameters of the 11B + 9Be 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(θ) is worse, especially at large angles. 

The energy dependent OM parameters for the 10B + 9Be and11B + 9Be 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 {Xi} = {V, rV, aV ,WS, rW, aW} were parameterized by 
the functional forms described in Chapter 3.  

The EXi, ΔEXi, Xi
max and Xi

min 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 10B + 9Be and 11B + 9Be OM parameters are clearly 
different. Some differences are also observed for the parameters rV and aV = aW at low en-
ergies.  

 
Table 5.1.2 Energy dependence of the 10B + 9Be optical potential parameters. 

Xi V0 WS rV rW aV aW 
 (MeV) (MeV) (fm) (fm) (fm) (fm) 
Xi

min 29.5 1.9 0.788 1.250 0.690 0.690 
Xi

max 250.5 16.9 1.000 1.400 0.700 0.700 
EXi(MeV) 12.5 11.9 10.000 10.000 10.000 10.000 
ΔEXi(MeV) 5.5 5.1 2.000 2.000 10.000 10.000 
 

A following conclusion can be made for this sub-Section. The 9Be(11B,10B)10Be 
reaction proceeds mainly through the one-step neutron and proton transfers and therefore 
can be successfully used for estimation of the 10B + 10Be OM parameters as an alternative 
method to the standard analysis of the 10B + 10Be elastic scattering data. 
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Fig. 5.1.7. Energy dependence of the OM parame-
ters of 10B + 9Be (solid triangles and solid curves), 
11B + 9Be (empty circles and dashed curves), 10B + 
10Be (solid circles), 10B + 10B (empty circles and 
dotted curves) and 10B + 11B (solid circles and dot-
ted curves). 
 
 

 
5.1.2. The 9Be(11B, 12B)8Be reaction and the 12B + 8Be optical potential.  
This sub-Section is devoted to the study of the 9Be(11B, 12B)8Be reaction (see 

[18]). For the 9Ве(11В, 12В)8Ве 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 12B + 8Be. Such determination can be done in 
the framework of the coupled-reactions-channel method. The angular distributions of the 
9Be(11B, 12B)8Be reaction at ELAB(11B) = 45 MeV for the ground excited states of 12B and 
8Be nuclei are shown in Figs. 5.1.8 and 5.1.9.  

The differential cross sections of the 9Be(11B, 12В)8Be reactions were analyzed us-
ing the optical model and the CRC method with inclusion of the elastic and inelastic scat-
tering of 9Be + 11B 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 9Ве(11В, 12В)8Ве reaction are shown in Table 5.1.3. The CRC cross sections of the 
9Ве(11В, 12В)8Ве 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  

Fig. 5.1.6. The difference D(θ) = [σ10B(θ) − 
σ11B(θ)]/[σ10B(θ) + σ11B(θ)] between the cross 
sections σ10B(θ) = σ/σR(θ) of the 10B + 9Be 
elastic scattering and σ11B(θ) = σ/σR(θ) of the 
11B + 9Be elastic scattering at energies 
ECM(10B + 9Be) and ECM(11B + 9Be), respec-
tively (marked by ECM(10B)/ECM(11B)). The 
curves represent the CRC D(θ) calculated for 
respective OM parameters of the 10B + 9Be 
and11B + 9Be scattering (solid curve) and for 
the case when the 11B + 9Be OM parameters 
were used for the both scattering (dashed 
curve).  
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Fig. 5.1.8. The differential cross sections of the 
9Be(11B, 12B)8Be reaction for ELAB(11B) = 45 MeV 
energy for transitions to ground states of the 12B 
and 8Be nuclei. The lines – the CRC-cross sections 
of nucleons and cluster transfers. The explanations 
are included in the text. 

Fig. 5.1.9. The differential cross sections of the 
9Be(11B, 12B)8Be reaction for ELAB(11B) = 45 
MeV energy for excited states of the 12B and 
8Be nuclei. The curves – CRC-cross sections for 
neutron transfer reactions. 

 
in the full angular range. The CRC 
cross sections well describe the ex-
perimental data for the optical-
potential parameters of the exit 12В 
+ 8Ве channel (see Table 5.3.1). It is 
also visible that this potential is dif-
ferent from the entrance 9Ве + 11В 
channel potential in the WS value 
(less by about 3 MeV). 
Analysis of the 9Ве(11В, 12В)8Ве re-
action for the excited states of 12В 
and 8Ве (see Fig. 5.1.9) has shown 
that also in this case the t-cluster 
transfer and the two-step transfers 
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 12В*
0.953 + 8Ве and 12В + 

8Ве*
2.94 nuclei interaction in the excited states is almost equal to that for the 12В + 8Ве nu-

clei interaction in the ground states.  
 
 

 
Fig. 5.1.10. The diagrams of one- and two-step transfer re-
actions of 9Be(11B, 12B)8 and 9Be(11B, 8Be)12B.  



 103

Table 5.1.3. Parameters of optical model potentials.  
Reaction  V, rV, aV, WS, rW, aW, 

    channel MeV fm fm MeV fm fm 
9Be + 11B 187,3 0,788 0,730 10,4 1,236 0,730 
8Be + 12B 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 9Ве(11В, 

12В)8Ве reaction for the ground and excited states of the 12В and 8Ве 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 12В + 8Ве nuclei 
interactions.  

 
5.1.3. The 9Be(11B, 12C)8Li reaction and comparison with the 9Be(11B, 12B)8Be 
and 9Be(11B, 10Be)10Be reactions. 
This sub-Section is devoted to comparison of the 9Ве(11В, 12В)8Ве, 9Ве(11B, 

12C)8Li, 9Ве(11В, 12В)8Ве, and 9Ве(11B, 10В)10Ве reactions for ЕLAB(11В) = 45 MeV (see 
[19]). For the 9Ве(11В, 12В)8Ве and 9Ве(11B, 10В)10Ве reactions, the obtained previously 
experimental data were used [8]. For the 9Ве(11B, 12C)8Li reaction, the differential cross 
sections for transitions to the ground states of 12C and 8Li nuclei and to the levels 4.439 
MeV (2+) of 12C nucleus and 0.981 MeV (1+), 2.261 MeV (3+), 3.21 MeV (1+), 5.4 MeV 
(2+) of the 8Li nucleus were measured at ЕLAB(11В) = 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 9Ве(11В, 12В)8Ве [18] 
and 9Ве(11В, 12С)8Li reactions is important for investigation of the shell structure of the 
9Ве, 11В, 12В and 12С nuclei and for studies of isobaric effects in the optical potential of 
interaction of the 12В + 8Ве and 12С + 8Li nuclei. The structure peculiarities of these nu-
clei are taken into account in the spectroscopic amplitudes of nucleons in the 12В  11В + 
n, 12С  11В + р, 9Ве  8Ве + n and 9Ве  8Li + р 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 9Ве(11В, 
12В)8Ве and 9Ве(11В, 12С)8Li reactions can give some information about nuclear struc-
tures and nuclear interactions.  

Besides the isobaric effects mentioned above, also isotopic effects in the 9Ве(11В, 
12В)8Ве [18] and 9Ве(11B, 10В)10Ве [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 12В  11В + n and 11В  10В + n, 9Ве  8Ве + n and 10Ве 
 9Be + 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 9Ве + 11B, 
12В + 8Ве and 10В + 10Ве 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 12С + 8Li nuclei interactions, 
the 9Ве(11В, 12С)8Li reaction was used. The optical potential for the entrance channel was 
taken from the analysis of the elastic scattering of 9Ве + 11В nuclei in the wide energy 
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range [8]. Earlier our group obtained the optical potentials of the 12В + 8Ве and 10В + 
10Ве nuclei interactions from the 9Ве(11В, 12В)8Ве [18] and 9Ве(11B, 10В)10Ве [10] reac-
tions.  
 

The differential cross 
sections for transitions to 
ground and excited states of 
12C and 8Li nuclei in the 
9Be(11B, 12C)8Li reaction for 
ЕLAB(11B) = 45 MeV are 
shown in Figs. 5.1.11 and 
5.1.12. For transitions to the 
ground states of 12C and 8Li 
(Fig. 5.1.11) and to the levels 
0.981 MeV (1+) of 8Li and 
4.439 MeV (2+) of 12С (Fig. 
5.1.12, left side), the differ-
ential cross sections were 
measured in the full angular 
range, except of a small re-
gion around middle angles. 
The differential cross sec-
tions for large angles were 
obtained from the analysis of 
the lithium-isotope spectra. 
For transitions to the 2.261 
MeV (3+), 3.21 MeV (1+) 
and 5.40 MeV (2+) levels of 
8Li, the differential cross sec-

tions (Fig. 5.1.12, right side) were obtained from the analysis of the carbon-isotope spec-
tra only, because 8Li in these states decays to fragments, not achieving the detectors. 
Then, for these transitions, the cross sections for CM < 90O only were obtained.  

One can see that only for transitions to the ground states of 12C and 8Li (Fig. 
5.1.11) and to the 0.981 MeV (1+) level of 8Li (Fig. 5.1.12, left side), sharp oscillations at 
CM < 90o can be observed in the differential cross sections of the 9Be(11B, 12C)8Li reac-
tions. For other transitions, the angular dependences have rather poor oscillation struc-
ture.  

The experimental differential cross sections for transitions to the ground and ex-
cited states of 12С and 8Li in the 9Be(11B, 12С)8Li reaction were analyzed using the CRC 
method with the elastic and inelastic scattering of the 11B + 9Be 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.  
 

 
Fig. 5.1.11. The differential cross sections for the 9Be(11B, 12C)8Li 
reaction at ELAB(11B) = 45 MeV energy and for ground states of 12C 
and 8Li nuclei. Lines – the CRC cross sections for one- and two-
step transfer reactions. The reaction diagrams are shown in Fig. 
5.1.13. 
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Fig. 5.1.12. The differential cross sections at the ELAB(11B) = 45 MeV energy and for transfers to levels of 
0.981 MeV (1+) of 8Li nuclei and 4.439 MeV (2+) of 12C nuclei (left panel) and to levels of 2.261 MeV 
(3+), 3.21 MeV (1+) and 5.4 MeV (2+) of 8Li nuclei (right panel). Lines – the CRC- cross sections for for 
proton transfers (curves <p>) and 3He cluster transfers (lines <3He>). 
 

Table 5.1.4. Parameters of optical model potentials.  

Reaction ECM V, rV, aV, WS, rW, aW, Ref. 

channel MeV MeV fm fm MeV fm fm  

9Be + 11B 20.25 187.3 0.788 0.730 10.4 1.236 0.730  

8Li + 12C 19.32 187.3 0.791 0.730 5.0 1.236 0.730  

8Be + 12B 21.95 187.3 0.791 0.730 7.0 1.236 0.730 [18] 

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

 
For the entrance channel of the 9Be(11B, 12С)8Li reaction, the energy-dependent 

optical potentials obtained from the experimental data of elastic scattering of 11B + 9Be 
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 9Be(11B, 12С)8Li 
reaction were fitted to the experimental data. The obtained parameters of the optical po-
tentials of the 12С + 8Li interactions are also shown in Table 5.1.4. One can see that the 
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optical potentials of the 11B + 9Be and 12С + 8Li interactions noticeably differ only in the 
depth of imaginary parts (WS = 10.4 MeV for 11B + 9Be and WS = 5.0 MeV for 12С + 8Li).  

The parameters of optical potentials for interactions of the 12B + 8Be [18] and 10B 
+ 10Be [10] nuclei, necessary for analysis of the 9Be(11B, 12В)8Ве and 9Be(11B, 12С)8Li, 
9Be(11B, 10В)10Ве, 9Be(11B, 11В)9Ве and 9Be(11B, 12В)8Ве reactions are also shown in Ta-
ble 5.1.4. 

The CRC cross sections of the 9Ве(11В, 12С)8Li reaction for the ground states of 
the 12С + 8Li 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 
3Не-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 3Не transfers. This curve 
is 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.  
 

 
 

Fig. 5.1.13. The diagrams of one- and two-step 
transfers in the 9Be(11B, 12C)8Li and 9Be(11B, 
8Li)12C reactions.  

Fig. 5.1.14. The differential cross sections of the 
9Be(11B ,10B)10Be, 9Be(11B, 12B)8Be and 9Be(11B, 
12C)8Li reactions for ELAB(11B) = 45 MeV energy 
and ground states of nuclei in exit channels. Lines 
– the CRC-cross sections. 

 
The CRC cross sections for the 9Ве(11В, 12C)8Li reaction for the excited states of 

12С and 8Li are shown in Fig. 5.1.12. This is apparent that the proton transfers (line <р>) 
also dominate here and the 3Не transfers and two-step transfers are also small. The coher-
ent sum of the CRC cross sections for the proton and 3Не transfers (solid lines p+3He) are 
practically equal to the CRC cross sections for proton transfers. Then, the experimental 
data of the 9Ве(11В, 12C)8Li reaction for the excited states of the 12С and 8Li are also well 
described by the CRC cross sections.  

Isobaric effects appears in the 9Ве(11В, 12В)8Ве and 9Ве(11В, 12С)8Li reactions. The 
differential cross sections for the 9Ве(11В, 12В)8Ве reaction (full points and solid line) and 
9Ве(11В, 12С)8Li reaction (open points and dotted line) for the ground states of nuclei in 
exit channels for ELAB(11B) = 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 12В + 8Ве channel ECM 
= 21.35 MeV and for the 12С + 8Li channel ECM = 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 А12B+8Be = S12B11B+n·S9Be8Be+n  1,35 and 
А12C+8Li = S12С11B+р·S9Be8Li+p  1.04 and also on the binding energy of neutrons in the 
12В  11В + n (Еn = 3.370 MeV) and 9Ве  8Ве + n (Еn = 1.665 MeV) systems and the 
binding energy of protons in the 12С  11В + р (Еp = 15.957 MeV) and 9Ве  8Li + р (Еp 
= 16.887 MeV) systems. Then, a larger probability of the 9Be(11B, 12В)8Ве reaction in 
comparison to the 9Be(11B,12С)8Li reaction is due to А12B+8Be > А12C+8Li, relation and also 
due to fact that the binding energy of neutrons in the 12В and 9Ве nuclei is smaller than 
the proton binding energy in the 12С and 9Ве 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 
9Be(11B, 12В)8Ве and 9Be(11B, 12С)8Li reactions, the asymmetry D1(θ) (full points and 
solid line) is shown in Fig. 5.1.15  
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As one sees from Fig. 5.1.15, the asymmetry D1 has an oscillatory shape, accord-

ingly to the relative shift of oscillations in the angular distributions of the 9Ве(11В, 
12В)8Ве and 9Ве(11В, 12С)8Li reactions. The mean value of asymmetry is D1  1.  

One can conclude from Table 5.1.4, that the optical potentials for the 12В + 8Ве 
and 12С + 8Li channels are different only in WS  (WS = 7 MeV for 12В + 8Ве and WS = 5 
MeV for 12С + 8Li) parameters. The isobaric effects in the 9Ве(11В, 12В)8Ве and 9Ве(11В, 
12С)8Li reactions only slightly affect the optical potentials in exit channels.  

Isotopic effects appear also in the 9Ве(11В, 12В)8Ве and 9Ве(11В, 10B)10Be reac-
tions. The differential cross sections for these reactions at ELAB(11B) = 45 MeV are shown 
in Fig. 5.1.14. It is visible that the cross sections of these reactions slightly differ for CM 
> 25o, 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 9Ве(11В, 12В)8Ве and 9Ве(11В, 10B)10Be re-
actions can be explained in the following way. The values of product of the spectroscopic 
amplitudes А10B+10Be  1.89 for the is larger than similar value А12B+8Be  1.35 for the 
9Ве(11В, 12В)8Ве reaction. But the binding energies of neutrons in the12В  11В + n (Еn = 
3.370 MeV), 9Ве  8Ве + n (Еn = 1.665 MeV) system are smaller than binding energies 
of neutrons in the 11B  10В + n (Еn = 11.454 MeV), 10Ве  9Ве + n (Еn = 6.812 MeV) 
systems. The asymmetry  
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of the differential cross sections for the 9Ве(11В, 12В)8Ве and 9Ве(11В, 10B)10Be reactions 
at ELAB(11B) = 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 D2() for small angles.  

One can see from Table 5.1.4 that the optical potentials of the 12В + 8Ве and 10B + 
10Be channels noticeably differ only in depths of the real and imaginary parts.  

 

As a conclusion 
of this sub-Section we 
emphasize that big dif-
ferences (isobaric ef-
fect) in the differential 
cross sections for the 
9Ве(11В, 12В)8Ве and 
9Ве(11B, 12C)8Li reac-
tions were found. The 
isotopic effects in the 
differential cross sec-
tions for 9Ве(11В, 
12В)8Ве and 9Ве(11B, 
10В)10Ве reactions at 
ЕLAB(11В) = 45 MeV 
were also observed.  

 
 

5.1.4. The 12C(11B, 15N)8Be reaction and 8Be + 15N optical-model potential. 
The analysis of the 12C(11B, 15N)8Be reaction, measured for the transitions to the 

ground and excited states of 8Be and 15N at ELAB(11B) = 49 MeV is presented in this sub-
Section (see [11]). We have found in the literature only the experimental data of the 
12C(11B, 8Be)15N reaction for a few angles at ECM ≈ 10 - 17 MeV [226]. Those data were 
used together with our data to study the energy dependence of the 8Be + 15N OM parame-
ters. This is impossible when a standard method using elastic scattering is applied be-
cause 8Be is unbound. The 12C(11B, 15N)8Be and 12C(11B, 8Be)15N 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 α- and t-cluster transfers. 

As a result, the angular distributions of the 12C(11B, 15N)8Be reaction at ELAB(11B) = 
49 MeV were obtained for the transitions to the ground and excited states of 8Be and 15N 
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%. 
 

 
Fig. 5.1.15. The angular dependence of asymmetry D1(θ) of cross sections 
of the 9Be(11B, 12B)8Be and 9Be(11B, 12C)8Li reactions (full circles and 
solid line) and D2(θ) of cross sections of the 9Be(11B, 12B)8Be and 9Be(11B, 
10B)10Be reactions (open circles and dashed line) for ELAB(11B) = 45 MeV 
energy and ground states of nuclei in exit channels. The curves D1 and D2 
are the CRC-cross sections asymmetries. 
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Fig. 5.1.17. Angular distribution of the 12C(11B, 
15N)8Be reaction at the energy ELAB(11B) = 49 MeV 
for the transition to the 2.94 MeV (2+) excited state 
of 8Be. The dashed curves <α> and <t> present the 
angular distributions for the α- and t- cluster trans-
fers, respectively. The solid curve Σα+t shows the 
coherent sum of these transfers. 
 

The angular distributions of the 
12C(11B, 15N)8Be reaction for the ground and 
excited states of 8Be and 15N at ELAB(11B) = 
49 MeV (ECM = 25.57 MeV), as well as the 

data of the 12C(11B, 8Be)15N reaction at ECM = 10 - 17 MeV [226], which are known from 
the literature, were analyzed within the coupled-reaction-channel method. The data of the 
12C(11B, 8Be)15N 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 σ(θ,E) given in [226] at θCM 
= 12.2o, 20.0o, 36.2o, 44.2o and 52.0o. These angular distributions are shown in Fig. 
5.1.19. 

The OM parameters {Xi} = {V; rV; aV; WS; rW; aW} for the entrance 11B + 12C 
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 
(MeV) 

V 
(MeV) 

rV 
(fm) 

aV 
(fm) 

WS 
(MeV) 

rW 
(fm) 

aW 
(fm) 

11B + 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  5.9  1.252  0.670  
17.00  229.3  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 + 15N 
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  

 
Fig. 5.1.16. Angular distribution of the 12C(11B, 
15N)8Be reaction for the transitions to the ground 
states of 15N and 8Be at the energy ELAB(11B) = 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 Σα+t shows the coherent sum of 
the α- and t-cluster transfers (see curves <α> and 
<t>, respectively).  
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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  4.3  1.250  0.400  
26.26  252.0  0.796  0.400  4.3  1.250  0.400  
29.20  252.6  0.796  0.400  4.3  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 11B or 12C, which correspond 
to the diagrams presented in Fig. 5.1.20. It was found that, in the 12C(11B, 15N)8Be reac-
tions, the α- and t-cluster transfers dominate at the forward and backward angles, respec-
tively, for all transitions to the ground and excited states of 8Be and 15N. Next, a coherent 
sum of the α- and t-cluster transfers was fitted to the data for each transition by the varia-
tion of the OM parameters for the 8Be + 15N 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 α- 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 12C(11B, 15N)8Be reaction for 
the transition to the ground states of 8Be and 15N. 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 α-transfer (curve <α>) 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 α- and t-cluster transfers (solid curve Σα+t) 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 + 3He and 3He + n (curve <n3He + 3Hen> shows their 
coherent sum), n + d and d + n (curve <nd + dn>), p + α and α + p (curve <pα + αp>) 
contribute weakly to the 12C(11B, 15N)8Be reaction.  

The angular distribution of the 12C(11B, 15N)8Be reaction for the transition to the 
2.94 MeV (2+) excited state of 8Be and to the ground state of 15N is shown in Fig. 5.1.17. 
One can see that the α-cluster transfer (dashed curve <α>) dominates at the angles θCM < 
50o and that contributions of the α- and t-cluster transfers (curves <α> and <t>, respec-
tively) appear in the region θCM ≈ 50o - 90o. As in the case presented above, the two-step 
transfers are negligible for this transition. The coherent sum of the α- and t-cluster trans-
fers (solid curve Σα+t) satisfactorily describes the data.  

The angular distributions of the 12C(11B, 15N)8Be reaction at ELAB(11B) = 49 MeV 
for the transitions to the 5.270 MeV (5/2+) + 5.299 MeV (1/2+), 6.324 MeV (3/2−), 7.155 
MeV (5/2+) + 7.301 MeV (3/2+) and 7.567 MeV (7/2+) excited states of 15N are shown in 
Fig. 5.1.18. The contributions of the α-cluster transfers (dashed curves <α>) 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 θCM = 90o. The coherent sums 
of the α- and t-cluster transfers (solid curves) satisfactorily describe all data. The transi-
tion to the 5.299 MeV (1/2+) excited state of 15N only weakly contributes to the data of 
unresolved transitions to the 5.270 MeV (5/2+) + 5.299 MeV (1/2+) excited states of 15N. 
The transition to the 7.301 MeV (3/2+) excited state of 15N is also weak in comparison to 
the 7.155 MeV (5/2+) excited state of 15N.  

The experimental angular distributions of the 12C(11B, 8Be)15N reaction at the en-
ergies ECM = 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 8Be + 15N OM parameters. 
Xi V0 

(MeV) 
WS 
(MeV) 

rV 
(fm) 

rW 
(fm) 

aV 
(fm) 

aW 
(fm) 

Xi
min 69.7 0.8 0.8 1.25 0.30 0.30 

Xi
max 270.3 4.4 1.1 1.60 0.40 0.40 

EXi(MeV) 18.1 18.6 5.0 5.00 4.80 4.80 
ΔEXi(MeV) 1.7 1.7 2.0 2.00 1.13 1.13 

 
The optical-model parameters for the 8Be + 15N channel deduced from the CRC 

analysis of the 12C(11B, 15N)8Be and 12C(11B, 8Be)15N 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 {Xi} for different energies were parameterized by the functional forms 
introduced in Section 3.4.  
 

 
Fig. 5.1.18. Angular distributions of the 12C(11B, 
15N)8Be reaction at the energy ELAB(11B) = 49 
MeV for the transitions to the 5.27 MeV (5/2+) + 
5.299 MeV (1/2+), 6.324 (3/2−), 7.155 MeV 
(5/2+) + 7.301 MeV (3/2+) and 7.567 MeV (7/2+) 
excited state of 15N. The angular distributions for 
the α- and t-cluster transfers are presented by 
dashed curves <α> and <t>, respectively. The 
solid curves represent the coherent sums of the α- 
and t-cluster transfers. 
 

The energy-dependent parameters 
Xi

min, Xi
max, EXi and ΔEXi were fitted in or-

der to describe the energy dependences of 
the OM parameters Xi. As the result, the 
sets of these parameters were estimated for 
the 8Be + 15N 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 8Be + 13C channel 
(open triangles and dashed curves) ob 

tained in our previous work [3]. Except for rV and rW , rather large differences between 
the OM parameters of the 8Be + 13C and 8Be + 15N channels can be seen. At energies ECM 
> 0 MeV the parameters aV  and aW are much smaller for the 8Be + 15N channel than for 
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the 8Be + 13C one (see the lower panel in Fig. 5.1.21). This is probably caused by closing 
the neutron p-shell in the 15N nucleus. The energy interval of the fast rise of WS for the 
 

 
Fig. 5.1.19. Angular distributions of 
the 12C(11B, 8Be)15N reaction at the en-
ergies ECM = 10 - 17 MeV for the tran-
sitions to the ground states of 8Be and 
15N (data from [226]). The dashed 
curves <α> and <t> show the angular 
distributions of the α- and t-cluster 
transfers, respectively. The solid 
curves present the coherent sum of 
these transfers. 
 

8Be + 15N channel is shifted rela-
tively to its counterpart for the 8Be 
+ 13C channel (see panel for WS 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 WS 
(EN = 18.6 MeV for 8Be + 15N and 

EC = 11.39 MeV [3] for 8Be + 13C). The corresponding points EN and EC are marked on  
 

 
Fig. 5.1.20. Diagrams of the one- 
and two-step processes for the 
12C(11B, 15N)8Be and 12C(11B, 
8Be)15N reactions.  
 
the ECM axis of WS in Fig. 
5.1.21. The energy shift ∆ENC = 
EN - EC = 7.21 MeV is probably 
due to differences between the 
8Be + 13C and 8Be + 15N poten-
tial barriers. The fast WS 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 lg. The Veff(r) potentials were calculated using the 
8Be + 13C OM parameters from ref. [3] At ECM = 11.39 MeV (V0 = 159.0 MeV, rV = 0.87 
fm, aV = 0:723 fm, rC = 0.87 fm) and the 8Be + 15N OM parameters at ECM = 18.63 MeV 
from Table 5.1.5. It was found that for both the 8Be + 13C and 8Be + 15N systems the graz-
ing orbital momenta are lg = 21. This is illustrated in Fig. 5.1.22 where the effective po-
tentials Veff(r) are shown: dashed curve: for the 8Be + 13C system, solid curves: for the 8Be 
+ 15N system. The grazing potential barrier for the 8Be + 13C system at EC = 11.39 MeV is  



 113

 
Fig. 5.1.22. Effective potential Veff(r) for the 8Be 
+ 15N (solid curves) and 8Be + 13C (dashed curve) 
channels. Parameters of the OM potential for the 
8Be + 13C channel are taken from Ref. [3]. 
 
lower than for the 8Be + 15N system at EN 
= 18.63 MeV. Such a difference between 
the grazing potential barriers for these sys-
tems is probably the reason of the energy 
shift of the fast growth of WS discussed 
above. The OM parameters V(E) of 8Be + 
15N and 8Be + 13C are also shifted in a 
similar way.  

The following conclusion can be made. The two-step processes are negligible in 
the 12C(11B, 15N)8Be and 12C(11B, 8Be)15N reactions for all transitions. The coherent sums 
of the α- 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 12C(11B, 15N)8Be and 12C(11B, 8Be)15N reactions and the cluster spectro-
scopic amplitudes, the OM parameters for the 8Be + 15N channel were obtained from the 
analysis of experimental data at different energies. The energy dependence of the OM pa-
rameters for the 8Be + 15N channel was derived as a result of our procedure. Differences 
between the energy dependence of the OM parameters for the 8Be + 15N and 8Be + 13C 
channels were discussed and explained by the differences of potential barriers in both 
channels. 
 
5.2. The 9Be(12C, 13C) and 9Be(12C, 11B) reactions. 
 

5.2.1. The 9Be(12C, 13C)8Be reaction and the optical potential for the 8Be + 13C 
interaction.  
This sub-Section is devoted to investigation of the 9Be(12C, 13C)8Be reaction [3]. 

The energy-dependent optical-model potential for the 12C + 9Be elastic scattering (en-
trance channel) was recently obtained in the work [4] and described in Section 4.2.  

Fig. 5.1.21. Energy dependence of the OM poten-
tial parameters for the 8Be + 13C (open triangles and 
dashed curves) (ECoul = 5.59 MeV (CM)) [3] and 
8Be + 15N (solid circles and curves) (ECoul = 6.27 
MeV (CM)) channels. EN and EC are the points of 
fast growths of WS. 
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The mechanism of the 9Be(12C, 13C)8Be reaction was carefully studied and the re-
sults are presented in this sub-Section. Two OM potentials for the 13C + 8Be 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 12C + 9Be elastic scattering. Some differences were found.  

The angular distributions for the 9Be(12C, 13C)8Be reaction at ELAB(12C) = 65 MeV 
for the transitions to the ground states of the 8Be and 13C nuclei and to excited states of 
the 13C nucleus are shown in Figs. 5.2.1 and 5.2.2. 

The angular distributions of the 9Be(12C, 13C)8Be reaction at ELAB(12C) = 65 MeV 
(ECM = 27.86 MeV) for the transitions to the ground and excited states of 13C and 8Be nu-
clei together with similar data at ELAB(12C) = 12, 15 MeV (ECM = 5.14, 6.43 MeV) [222] 
and ELAB(9Be) = 20 MeV (ECM = 11.43 MeV) for the 12C(9Be, 8Be)13C reaction [153] were 
analyzed within the CRC model. This model uses the energy-dependent OM potential 
found in [4] for the 12C + 9Be 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 13C + 
8Be 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 9Be(12C, 13C)8Be reaction at ELAB(12C) = 65 MeV (ECM = 
27.86 MeV) for the transitions to the ground and excited states of 13C and 8Be nuclei to-
gether with similar data at ELAB(12C) = 12, 15 MeV (ECM = 5.14, 6.43 MeV) [222] and 
ELAB(9Be) = 20 MeV (ECM = 11.43 MeV) for the 12C(9Be, 8Be)13C reaction [153] were 
analyzed within the CRC model. This model uses the energy-dependent OM potential 
found in [4] for the 12C + 9Be 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 13C + 
8Be 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 (5/2−) excited states of the 9Be nucleus were included in the coupled channel-
scheme. The excited states of 9Be were assumed to be rotational and the deformation pa-
rameters obtained in [4] were used in the CRC calculations. 

The spectroscopic amplitudes Sx 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 13C were fitted to the corresponding data at ELAB(12C) = 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 Σ0 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 9Be(12C, 13C)8Be and 12C(9Be, 
8Be)13C reactions at all beam energies considered here. The α transfer (dashed curves 
<α>) contributes to the angular distributions only at large angles. Figure 5.2.1 shows that 
the two-step transfers 3He + n and d + d (dashed curves <3He+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)8Be and 12C(9Be, 8Be)13C re-
actions are suitable for studying the 8Be + 13C interaction at different energies. 

 

 
Fig. 5.2.3. Diagrams of one- and two-step transfer 
processes relevant for the 9Be(12C, 13C)8Be reac-
tion. 

 
The values of the OM potential pa-

rameters V, WS = WCRC, rV,rW, aV, aW, rC = rV 
obtained in the fitting procedure. The pa-
rameters aV and aW were fitted independently 
from each other. It was found that the CRC 
angular distributions are more sensitive to 
the variation of the parameter aV than to the 
variation of the parameter aW. The best de-
scription of the data was observed for almost 
identical values of aV and aW . Thus, in the 
following we put aV = aW. The CRC cross 
sections calculated as a  

 
 
Fig. 5.2.4. Angular distributions of the 9Be(12C, 
13C)8Be reaction at the energy ELAB(12C) = 12 
MeV [222] for the transitions to the ground states 
of the 13C and 8Be nuclei upper panel and to the 
3.09 MeV (1/2+) and 3.85 MeV (5/2+) excited 
states of the 13C nucleus middle and lower panels, 
respectively . The dashed curves <n>, <α> and 
solid curve Σ show the angular distributions cor-
responding to the n, α transfers and a coherent 
sum of these processes calculated within the 
CRC model, respectively. The meaning of the 
dotted curve Σ0 is the same as in Fig. 5.2.1 but at 
ELAB(12C) = 12 MeV. 

 

coherent sum of the n- and α- transfer transi-
tion amplitudes for the 9Be(12C, 13C)8Be and 
12C(9Be, 8Be)13C reactions are shown in Figs. 
5.2.1, 5.2.2 and Figs. 5.2.4 – 5.2.6 using the 
solid curves Σ, Σ2.94+3.09 and Σ3.68+3.85. As it can 
be seen from the figures, a good description of 
all experimental data is achieved.  
 

 

 
Fig. 5.2.3. Diagrams of one- and two-step trans-
fer processes relevant for the 9Be(12C, 13C)8Be re-
action.  
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Fig. 5.2.5. The same as in Fig. 5.2.2 at the en-
ergy ELAB(12C) = 15 MeV [222] . 
 

It should be noticed that the OM 
potentials for the interactions of the 8Be 
and 13C nuclei in their ground and ex-
cited states can differ only by their spin-
dependent parts. The depth of the spin-
dependent part of the OM potential for 
the nucleus–nucleus interaction is con-
siderably smaller than the corresponding 
depth of its central part. For this reason, 
the values of OM potential parameters 
obtained for the excited states of nuclei 
(ignoring spin effects) in order to study 
the energy dependence of the 13C + 8Be 
OM potential at the corresponding rela-
tive center-of-mass energies (see Table 
5.2.1) were used. 
 
 
 

 
Table 5.2.1. Parameters of the Woods–Saxon optical potentials. 

System ECM 
(MeV) 

V 
(MeV) 

rV 
(fm) 

aV 
(fm) 

WCRC 
(MeV) 

rW 
(fm) 

aW 
(fm) 

rC 
(fm) 

Ref. 

9Be+12C 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] 
8Be+13C3.85 4.57 91.3  1.146  0.354   0.52   1.517  0.354   1.146   
8Be+13C3.09 5.34 100.0 1.127 0.371 0.64 1.500 0.371 1.127  
8Be+13C3.85 5.86 105.5 1.114 0.385 0.70 1.490 0.385 1.114  
8Be+13C3.09 6.62 110.0 1.030 0.390 0.80 1.451 0.390 1.030  
8Be+13C 8.42 129.0 0.950 0.440 1.70 1.400 0.440 0.950  
8Be+13C 9.71 147.0 0.950 0.660 2.40 1.370 0.670 0.950  
8Be+13C3.85 10.86 148.0 0.894 0.664 2.76 1.336 0.664 0.894  
8Be+13C3.68 11.03 149.0 0.885 0.671 2.81 1.333 0.671 0.885  
8Be+13C3.09 11.62 159.0 0.870 0.723 3.50 1.325 0.723 0.870  
8Be+13C 14.71 170.0 0.830 0.750 5.50  1.280 0.750 0.830  
8Be+13C3.85 27.28 170.9 0.793 0.760 6.97 1.250 0.760 0.793  
8Be+13C3.68 27.45 170.9 0.793 0.760 6.97  1.250 0.760 0.793  
8Be+13C3.09 28.05 171.5 0.793 0.760 7.00 1.250 0.760 0.793  
8Be2.94+

13C 28.20 171.5 0.793 0.760 7.00 1.250 0.760 0.793  
8Be+13C 31.14 170.2 0.793 0.760 7.00 1.250 0.760 0.793  
10B+11B 18.00 169.6 0.788 0.760 10.00 1.250 0.760 0.788  
 

The measured 9Be(12C, 13C)8Be reaction data, together with the angular distribu-
tion of the 9Be(12C, 13C)8Be reaction at ELAB(12C) = 12, 15 MeV and the 12C(9Be, 8Be)13C 
reaction at ELAB(9Be) = 20 MeV [153] for the transitions to the ground states of the 8Be 
and 13C nuclei and to the 3.09 MeV, 3.85 MeV excited states of the 13C 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 12C + 9Be channel and spectro-
scopic amplitudes. It was found that the n-transfer dominates in the 9Be(12C, 13C)8Be and 
12C(9Be, 8Be)13C reactions at all energies studied. This simplified the fit of the OM poten-
tial to the 8Be + 13C 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 13C + 8Be 
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 Xi

min, Xi
max, EXi and ΔEXi 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.  

 
 
Fig. 5.2.6. Angular distributions of the 
9Be(12C,8Be)13C reaction at the energy 
ELAB(8Be) = 20 MeV [153] for the transitions to 
the ground states of the 13C and 8Be nuclei up-
per panel and to the 3.09 MeV (1/2+) and 3.68 
MeV (3/2−) + 3.85 MeV (5/2+) excited states of 
the 13C nucleus (middle and lower panels), re-
spectively. The dashed curves <n>, <α> and 
solid curve Σ show the angular distributions 
corresponding to the n, α transfers and coherent 
sum of these processes calculated within the 
CRC model, respectively. The dashed curves 
Σ3.68, Σ3.85 and solid curve Σ3.68+3.85 show the 
angular distributions calculated within the CRC 
model for the transitions to the 3.68 MeV, 3.85 
MeV excited states of the 13C nucleus and in-
coherent sum of these distributions, respec-
tively. The meaning of the dotted curve Σ0 is 
the same as in Fig. 5.1.1 but at ELAB(12C) = 20 
MeV. 
 

The energy dependences of the OM 
potential parameters for the 13C + 8Be and 
12C + 9Be [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 ECM < 50 MeV. The 
curve V(E) for the 13C + 8Be interaction shows only a smaller threshold anomaly in com-
parison with its counterpart for the 12C + 9Be interaction. This is due to the fact that 
WS(E)= WCRC(E) for the 13C + 8Be OM potential is smaller than for the OM potential of 
12C + 9Be interaction (the second panel of Fig. 5.2.7). Large differences are observed be-
tween the values of the parameters rV(E), rW(E) for the 13C + 8Be and 12C + 9Be interac-
tions (the third panel of Fig. 5.2.7) at energies ECM < 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 aV(E), aW(E) for the 13C + 8Be and 12C + 9Be sys-
tems at ECM < 15 MeV (lower panel of Fig. 5.2.7). For the 12C + 9Be interaction, the func-
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tions aV(E) and aW(E) are almost constant, whereas for the 13C + 8Be interaction these 
functions show a rapid variation at the energy ECM ≈ 9 MeV slightly above the Coulomb 
barrier energy (ECoul. = 5.59 MeV (CM)). These differences can be explained by the dif-
ferent structure and the breakup threshold of the 8Be and 9Be nuclei. 

 
Table 5.2.2. Energy dependence of the 13C + 8Be optical potential parameters. 

Xi V0 
(MeV) 

WS=WCRC 
(MeV) 

rV 
(fm) 

rW 
(fm) 

aV 
(fm) 

aW 
(fm) 

Xi
min 0.00 0.00 0.793 1.250 0.37 0.37 

Xi
max 199.38 7.00 1.300 1.620 0.76 0.76 

EXi(MeV) 3.76 11.39 6.850 7.480 9.57 9.57 
ΔEXi(MeV) 5.48 2.56 2.650 3.020 0.78 0.78 
 

The following conclusion can be 
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 9Be were included in the cou-
pled channel scheme. It was found that 
the n-transfer dominates in the 9Be(12C, 
13C)8Be and 12C(9Be, 8Be)13C reactions 
at all energies studied. This simplified 
the fit of the OM potential to the 13C + 
8Be channel experimental data. A regu-
lar behavior of the energy dependence of 
the OM potential parameters for the 13C 
+ 8Be interaction was found. A rapid 
variation of the aV and aW parameters 
was found at the energy slightly above 
to the Coulomb barrier (ECM = 5.59 
MeV). Energy dependences of the opti-
cal potentials for the 13C + 8Be and 12C + 
9Be interactions were compared. Large 
differences were found for WS in the 
whole energy range and for rV, rW, aV, aW 
at the energies ECM < 15 MeV. These 
differences can be explained by the dif-

ference in the structure and breakup threshold for the 8Be and 9Be nuclei.  
 
5.2.2.  The 9Be(12C, 11B)10B reaction, one- and two-step mechanisms.  
This sub-Section is devoted to the study of one- and two-step mechanisms in the 

9Be(12C;11B)10B reaction at ELAB(12C) = 65 MeV(see [5]). The angular distributions of this 
reaction were measured for transitions to the ground and low-excited states of 11B and 
10B. The estimated total statistical errors for each angle was lower than 10%. The data 
were normalized to the 12C + 9Be elastic scattering with the experimental uncertainty 

Fig. 5.2.7. Energy dependence of Woods–Saxon opti-
cal potential parameters for the 8Be + 13C (solid 
curves) (ECoul = 5.59 MeV (CM)) and 9Be + 12C [4] 
(dashed curves) interactions. 
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smaller than 20%. The total (statistical + systematical) errors of the data were estimated 
to be equal about 30%. The 9Be(12C;11B)10B reaction is often an intermediate step in other 
processes with light exotic nuclei.  

Because the lack of data for the 11B + 10B elastic scattering, the study of the 
9Be(12C;11B)10B reaction is difficult because both the OM potential for the 11B + 10B 
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 12C + 9Be channel was obtained in [4]. The data of the 10B + 10B elastic scat-
tering from [249] and the 9Be(12C;11B)10B reaction were included in the fitting procedure 
in order to obtain the energy dependence of the OM potential for the 10B + 10B and 11B + 
10B interactions. The energy dependence of the OM potentials for different systems such 
as 11B + 10B, 12C + 9Be [4] and 13C + 8Be [3] are compared in this sub-Section.  

The angular distributions for the 9Be(12C, 11B)10B reaction are shown in Figs. 5.2.8 
and 5.2.9. All these distributions are almost symmetric around θCM = 90o. This is typical 
for heavy ion reactions with a small difference of the reaction product masses. 

The parameters of the OM potential for the 12C + 9Be channel were taken from 
[14]. Probably, there are no published experimental data for the 11B + 10B elastic scatter-
ing. Therefore, the parameters of the OM potential for the 11B+ 10B channel were fitted 
using the data of the 9Be(12C, 11B)10B reaction for the transitions to the ground and ex-
cited states of the 10B and 11B nuclei. Due to a small kinetic energy of the ejectiles (ECM = 
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 11B + 10B scattering, the 10B + 10B scattering data at ECM = 
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 11B + 10B and 10B + 10B interactions at energies close 
to the Coulomb barrier. Thus, the data at ECM = 4.0 - 18.5 MeV were used in the analysis 
of energy dependence of the OM potential parameters for the 11B + 10B channel. 

The parameters of the OM potential for the 10B + 10B elastic scattering at ECM = 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 10B + 10B OM cross section nearby θCM = 90o is very sen-
sitive to the Coulomb radius rC, at such low energies. The best description of the 10B + 
10B angular distributions at ECM = 4.0 - 10.5 MeV were achieved for rC = 1.33 fm. The 
same value was used for rC in the 11B + 10B channel. 

The parameters of the OM potential for the 13C + 8Be intermediate channel were 
taken from [3]. The OM potential parameters for the 11C + 10Be intermediate channel 
were assumed to be the same as for the 11B + 10B 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 9Be(12C, 
11B)10B reaction at the energy ELAB(12C) = 65 MeV 
for the transitions to the ground states of the 11B 
and 10B nuclei (upper panel) and 1.74 MeV (0+, T = 
1) excited state of the 10B 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 Σ shows a sum of all 
processes calculated with the fitted OM parame-
ters. The long dashed line Σex=en represents calcula-
tions with the same OM potential parameters for 
the entrance and exit channel (see text). The curve 
Σtwo-step presents a sum of all two-step processes. 

Fig. 5.2.9. Angular distributions of the 9Be(12C, 
11B)10B reaction at the energy ELAB(12C) = 65 MeV 
for the transitions to the 0.718 MeV (1+), 2.154 
MeV (1+) and 3.587 MeV (2+) excited state of the 
10B nucleus and 2.125 MeV (1/2−) excited state of 
the 11B nucleus. The dashed curve Σp+d shows the 
CRC angular distribution for a sum of the proton 
and deuteron transfers and the curves Σ, Σ2.125, Σ2.154 
and Σ2.125+2.154 show the sums of all processes for 
the transitions to the corresponding excited states of 
the 10B and 11B nuclei. 

 

 
Fig. 5.2.10 Diagrams of the one- and two-step transfers for the 9Be(12C,11B)10B reaction. 
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The angular distributions of the 9Be(12C, 11B)10B reaction at ELAB(12C) = 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 9Be 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 9Be were assumed to be rotational and 
deformation parameters obtained in [4] were used in the CRC calculations.  

The CRC angular distributions of the 9Be(12C, 11B)10B reaction for the transitions 
to the ground and excited states of the 10B and 11B nuclei are shown in Figs. 5.2.8 and 
5.2.9. 

 
 
Fig. 5.2.11 Angular distributions of the 10B + 
10B elastic scattering at the energies ECM = 4, 
6.5 and 10.5 MeV [249]. The solid curves 
show the OM angular distributions. 

 
As a starting point of the CRC 

analysis, we have used the OM potential 
parameters of the 12C + 9Be entrance 
channel for the 10B + 11B exit channel as 
well as for the intermediate channels. In 
the upper panel of Fig. 5.2.8, the curve 
Σex+en presents the CRC cross-section for 
such parameters. It is apparent that the 

curve Σex+en does not describe the experimental data of the 9Be(12C, 11B)10B reaction for 
the transition to the ground states of the 10B and 11B 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 10B + 11B channel within the CRC model for each tran-
sition separately, using the 9Be(12C, 11B)10B 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 Σ (a sum of all processes) or Σindex (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 10B and 11B 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 Σ) satisfactorily 
describes the data of the 9Be(12C; 11B)10B reaction for the transition to the ground states 
of the 10B and 11B nuclei. 

For the transition to the 1.74 MeV (0+, T = 1) state of the 10B 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 Σtwo-step) is important only at large angles. The CRC cross section for this 
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transition corresponding to the sum of all processes (curve Σ) gives a good description of 
the data in the whole angular range. 

The angular distributions for transitions to the 0.718 MeV (1+) 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 10B and 11B, the proton transfer dominates in the whole 
angular range. The curves Σp+d present the CRC cross section for the sum of the proton 
and deuteron transfers. The two-step processes are important only nearby θCM = 90o, as 
one can see by comparing the sum of all the processes (curves Σ) with the sum of one-
step processes (curves Σp+d). 

The angular distribution for the transitions to the 2.125 MeV (1/2–) state of the 11B 
and to the 2.154 MeV (1+) state of the 10B nucleus, unresolved in the experiment, is 
shown in the central part of Fig. 5.2.9. The dashed curves Σ2.125 and Σ2.154 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 
Σ2.125+2.154) well describes the experimental data. 

 
Table 5.2.3 Parameters of Woods–Saxon optical potentials. 

System ECM  
(MeV) 

V 
(MeV)  

rV 
(fm)  

aV 
(fm) 

WCRC 
(MeV)  

rW 
(fm)  

aW  
(fm) 

rC  
(fm) 

Ref.  

9Be + 12C  27.86  181.4  0.789  0.760  14.500  1.250  0.680  0.789  [4] 
10B + 11B  18.49  148.4  0.787  0.770  4.000  1.250  0.551  1.330   
10B0.72 + 11B  17.78  145.9 0.840  0.788  2.900  1.257  0.560  1.330   
10B1.74 + 11B 16.75 141.5 0.832 0.770 2.400 1.250 0.540 1.330  
10B + 11B2.12 16.33 138.5  0.792 0.740 2.500 1.377 0.540 1.330  
10B2.15 + 11B 16.33 138.5  0.792 0.740 2.500 1.377 0.540 1.330  
10B3.59 + 11B  14.50 131.4  0.828 0.744 2.000 1.415 0.519 1.330  
10Be + 11C 15.95 136.7 0.813 0.754 2.200 1.354 0.536 1.330  
8Be + 13C  31.14  170.2 0.793  0.760  7.000  1.250  0.760  0.793  [3] 
10B + 10B  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 Xi

min, Xi
max , EXi and ΔEXi, ob-

tained using the fitting procedure for the OM potential of the 10,11B + 10B interactions, are 
listed in Table 5.2.4. The functional dependences of Xi(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 10B + 10B and 11B + 10B interactions.  

 
Table 5.2.4 Energy dependence of the 10B + 11B and 10B + 10B OM potential parameters. 

Xi V0 
(MeV) 

WS(10B+10B) 
(MeV) 

WCRC(10B+11B) 
(MeV) 

rV 
(fm) 

rW 
(fm) 

aV 
(fm) 

aW 
(fm) 

Xi
min 0.0 0.0 0.0 0.807 1.220 0.47 0.26 

Xi
max 179.9 9.2 10.4 1.420 1.785 0.78 0.56 

EXi(MeV) 4.9 15.2 20.4 5.000 14.345 10.69 12.39 
ΔEXi(MeV) 6.9 3.2 3.4 2.400 1.364 2.16 1.34 
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Fig. 5.2.13. A comparison of the energy dependence 
of the OM potential parameters for the 10,11B+10B 
(solid curves), 8Be + 13C (long-dashed curves) and 
9Be + 12C (short-dashed curves) interactions. 
 

There is a possibility to compare the 
energy dependence of the OM potential pa-
rameters for the 12C + 9Be [4] and 13C + 8Be 
[3] channels with the prediction for the 10,11B 
+ 10B channel described 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 WS for the 12C 
+ 9Be, 13C + 8Be and 10,11B + 10B channels by modification of aW, using the correlation 
between WS and aW. Some increase of WS for the 13C + 8Be 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 9Be(12C, 11B)10B reaction. The two-
step processes are important only in the angular region near θCM = 90o and at large angles 
for the transitions to the 1.74 MeV (0+, T = 1) excited states of the 10B nucleus.  

From the present analysis of the experimental data of the 9Be(12C, 11B)10B 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.  

 

 
Fig. 5.2.12. Energy dependence of the OM po-
tential parameters for the 10,11B+ 10B interac-
tions (ECoul = 5.80 MeV (CM) for 10B+ 10B and 
ECoul = 5.71 MeV (CM) for 11B+ 10B).  
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5.3. The 7Li, 12C(14N, 13, 15N) reactions. 
 

The 7Li(14N,15N) 6Li 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(14N) =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 ELAB = 110 MeV using the 14N ion beam. 
The angular distribution of the reaction 7Li(14N, 15N)6Li was obtained simultaneously at 
the same energy. The results are shown in Fig. 5.3.2.  

The experimental data of the reactions 7Li(14N, X) were analyzed within the CRC 
method. The elastic and inelastic scattering and the reorientation of 7Li and 14N were in-
cluded in the coupling channel scheme. The deformation length parameters, δ2 of 7Li and 
δ1, δ2, δ3 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 14N + 7Li 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 WCRC. The optical po-
tential parameters V , rV , aV , WS , WCRC, rW, aW, rC and the deformation parameters δλ 
(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, 3He, α) 
and exotic (4,5,6Li, 6,7,8Be) clusters were included in the present calculations. 
 

The experimental 
angular distribution of 
the reaction 7Li(14N, 
15N)6Li at ELAB(14N) = 
110 MeV is presented in 
Fig. 5.3.2. One can see 
an enhancement of the 
cross section at back-
ward angles. As in the 
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 

Fig. 5.3.1. Diagrams of the one- and two-step processes for the 7Li(14N, 
15N)6Li and 7Li(14N, 6Li)15N reactions included in the present analysis. 
Diagrams of the one- and two-step processes for the elastic and inelastic 
scattering of 7Li(14N, 14N)7Li and 7Li(14N, 7Li)14N are shown in Fig. 
4.3.4. 
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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 15N + 6Li. Therefore, it is not possible to obtain the OM 
parameters for the channel 6Li + 15N, using our standard method. In this situation, we ap-
plied the OM parameters predicted by the energy dependence for the elastic scattering 
6,7Li + 14N, In the CRC calculation only the parameter WCRC for the channel 15N + 6Li was 
fitted. It was found that WCRC (15N + 6Li) = 9 MeV allows to describe well the angular 
distribution for the 7Li(14N, 15N)6Li. 

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 8Be-cluster (curve <8Be>) and for the sequential transfer of two alpha particles (curve 
<αα>) are a few orders of magnitude smaller than the experimental data. The neutron 
transfer (curve <n>) in the reaction 7Li(14N, 15N)6Li at ELAB(14N) = 110 MeV is the domi-
nant process in the whole angular range.  
 

It has been found that one- 
and two-step transfers of the stan-
dard (d, t, 3He, α) and exotic (4,5,6Li, 
6,7,8Be) clusters, which usually lead 
to an enhancement of the cross sec-
tion, give a negligible contribution 
to the elastic scattering 7Li + 14N. 
The results of complete analysis of 
the data of the elastic scattering 7Li 
+ 14N lead to the conclusion that it is 
the reorientation of 7Li with its large 
quadruple deformation which pro-
vides the observed ALAS. 

In distinction to other cases 
known from the literature, the de-
formation parameters of 7Li and 14N 
could be precisely estimated in the 
CRC analysis of both the elastic and 
inelastic scattering 7Li + 14N. The 
deformation parameter of 7Li ob-
tained from the backward-angle 
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 7Li + 14N at ELAB(14N) = 110 
MeV for the transitions to the low-energy excited states of 7Li and 14N, 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 7Li(14N, 
15N)6Li at ELAB(14N) = 110 MeV is dominated by the neutron transfer. The heavy-cluster 

Fig. 5.3.2. Angular distribution of the reaction 7Li(14N, 
15N)6Li at ELAB(14N) = 110 MeV. The curves show the CRC 
angular distributions for the transfers of neutron (curve 
<n>), 8Be-cluster (<8Be>) and the sequential transfers α + 
α (<αα>), p + d (<pd>) and d + p (<dp>), corresponding to 
the diagrams shown in Fig. 5.3.1.  
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transfer of 8Be and the two-step transfers were found to be completely negligible for this 
reaction. 

 
 
5.4. The 14C(6Li, 6He) and 12C(7Li, 7Be) charge exchange reactions. 

 
5.4.1. The 14C(6Li, 6He)14N reaction (direct charge-exchange versus sequential 
nucleon transfers). 
The 14C(6Li, 6He)14N reaction, investigated at the 6Li 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 14N 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 (6Li, 6He) reaction [227 228], many experimen-
tal studies have shown that the direct charge-exchange mechanism dominates at 6Li ener-
gies of 30 – 50 MeV, and that its contribution increases with increasing beam energy 
[229 – 237]. Thus for a good description of the (6Li, 6He) 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 (6Li, 6He) 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 14N nucleus measured in the angular range of 7o - 26o 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 Jπ = (0−, 2−) and Jπ = (1−, 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 l = 0, 
whereas in the case of direct charge-exchange mechanism, the transition to the 1+ states 
proceeds through the l = 0 and l = 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). IV 
and IW 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 25o and 
35o. 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).  
 

 
Fig. 5.4.1. (a) Angular distributions of the 14C(6Li, 6He)14N reaction at 93 MeV for the first three states 
of 14N: gs (Jπ = 1+), Ex = 2.31 MeV (Jπ = 0+, T = 1) and Ex = 3.95 MeV (Jπ = 1+). The curves were ob-
tained by a polynomial fit of the 10th order to the experimental data. (b) The same as in (a) but for 
states at Ex = 4.92 − 5.11 MeV (Jπ = 0−, 2−), Ex = 5.69 − 5.83 MeV (Jπ = 1−, 3−), Ex = 7.03 MeV (Jπ = 
2+) and Ex = 8.49 MeV (Jπ = 4−).  
 
 
Table 5.4.1. The Woods-Saxon optical model parameters for 14C + 6Li used in the DWBA analysis.  
Set V0 

MeV 
rV 
fm 

aV 
fm 

W0 
MeV 

rW 
fm 

aW 
fm 

rC 
fm 

IV 
MeVfm3 

IW 
MeVfm3 

χ2/N 

A 254.0 0.580 0.787 67.0 0.666 1.043 0.741 378.16 177.08 13.9 
B 134.5 0.799 0.634 83.7 0.687 0.925 0.741 348.35 205.48 18.8 
C 160.6 0.803 0.657 61.7 0.803 0.924 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 V0 

MeV 
rV 
fm 

aV 
fm 

W0 
MeV 

rW 
fm 

aW 
fm 

rC 
fm 

14C+6Li 160.6 0.803 0.657 58.0 0.803 0.924 0.803 
13C+7Li 160.6 0.800 0.614 61.7 0.800 0.833 0.800 
15N+5He 160.6 0.812 0.657 61.7 0.812 0.924 0.812 
14N+6He 160.6 0.803 0.657 61.7 0.803 0.924 0.803 
 

The potentials for the intermediate channels 7Li + 13C in the np-transfer and for 
5He + 15N in the pn-transfer were chosen as follows. The OM potential for the 5He + 15N 
interaction was taken to be the same as for the 6Li + 14C channel, except for the parame-
ters rV, rW and rC, which were excluded from the fitting procedure. The radii of the poten-
tial in the 7Li + 13C channel were treated in the same way. The parameters V and W for 
this channel were taken to be the same as for the 6Li + 14C channel. The diffuseness pa-
rameters for the 7Li + 13C and 6Li + 14C channels were fitted using the experimental data 
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for 7Li + 13C scattering at E(7Li) = 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 14C and 14N nuclei were calculated using the Saxon-Woods po-
tential (r0 = 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 14N nucleus: 1+ (ground and 3.95 MeV 
states), 2− (5.1 MeV) and 4− (8.49 MeV).  
 

 
Fig. 5.4.3. Diagrams of two-step sequential one-
nucleon np- and pn-transfers for the 14C(6Li, 
6He)14N 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 14C(6Li, 7Li)13C(7Li, 6He)14N and 14C(6Li, 

Fig. 5.4.2. Optical model fits for the 6Li elastic 
scatering on 14C at 93 MeV and 7Li elastic scattering 
at 34 MeV on 13C. The dashed and solid lines for 6Li 
scattering correspond to the potentials A and C from 
Table 5.4.1, respectively. The solid line for 7Li scat-
tering shows elastic scattering calculated with the 
potential C from Table 5.4.2. The experimental data 
were taken from [238, 239].  
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5He)15N(5He, 6He)14N. These reactions are presented in Fig. 5.4.3. Not only the ground 
states, but also the excited states of the 13C, 15N and 7Li 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.  

 

Fig. 5.4.5. Angular distributions for the 14C(6Li, 
6He)14N reaction for transitions to the 1+ states of 
14N. The short dashed lines represent two-step 
transfer contributions. The long dashed lines corre-
spond to the direct charge-exchange contributions 
with Vc

στ = Vt
τ = 3.7 MeV. The solid line is an inco-

herent sum of both processes. The Vc
στ and Vt

τ pa-
rameters are strengths of the central spin-isospin 
and the tensor interaction, respectively [2]. 
 

The prior- and post-interactions were 
used for the first and second steps of sequen-
tial transfers, respectively. The one-particle 
bound-state wave functions were calculated 
using the standard procedure by fitting the 
depth of Woods-Saxon potential to obtain 

the nucleon binding energy. The geometrical parameters of the bound state potentials 

 
Fig. 5.4.4. Angular distributions for the 14C(6Li, 
6Li)14N reaction leading to the states of 14N at Ex 
= 2.31 MeV (Jπ = 0+, T = 1), Ex = 5.69 − 5.83 
MeV (Jπ = 1−, 3−) and Ex = 7.03 MeV (Jπ = 2+). 
The solid curves represent results of calculations 
for two-step sequential one-nucleon transfers. 
The short dashed and long dashes curves for the 
0+ transitions correspond to the calculations of 
pn- and np-transfers. The short dashed and long 
dashed curves describe contributions for 1− and 
3− levels, respectively. 
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were fixed at a = 0.65 fm and r = r0A
1/3/(AC

1/3+1) fm, where A and AC are the masses of 
the composite system and the core, respectively and r0 = 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+ (T = 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+, 1−, 3−, 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 (1+, 2−, 4−). 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 0o – 12.5o. Figure 5.4.6 shows the calculated cross 
sections for the other unnatural parity states (Jπ = 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 40o). 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 (6Li, 6He) 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 (6Li, 6He) reaction. Similar difficulties were found 
in the other charge-exchange reactions, particularly in (3He,t), (p,n) and in the inelastic 
proton scattering 14N(p,p’)14N for the transition to the 2.31 MeV (T = 1) state. The latter 
process is analogous to the 14C(p,n)14Ng.s. reaction.  
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Then, a following conclusion can be 
made. 

1). The two-step transfer mechanism 
well reproduces the experimental cross sec-
tions for the states of natural parity (0+ (Ex 
= 2.31 MeV, T = 1), 1−,3− (Ex = 5.69 – 5.83 
MeV) and 2+ (Ex = 7.03 MeV)) of the 14N 
nucleus.  

2). The direct charge-exchange 
mechanism dominates in transitions to the 
ground and excited (Ex = 3.95 MeV) 1+ 
states. The two-step transfer mechanism is 
responsible only for ~ 15% and less than 
10% of the experimental cross sections, re-
spectively.  

3). For transitions to the other un-
natural parity states (2−, 4−) the two-step 
mechanism is more important. Its contribu-
tions are about 50% and 70%, respectively.  

 
 
 
 
 

 
5.4.2. The 12C(7Li, 7Be)12B reaction (direct charge-exchange versus sequential 
nucleon transfers)  
The measurements of the angular distributions for transitions to the ground and 

excited states of 12B from the 12C(7Li, 7Be)12B 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 (θCM < 10o). 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 12C + 7Li 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 2.5o for the 12C(7Li, 7Be)12B 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%. 

Fig. 5.4.6. The same as in Fig. 5.4.5 but for transi-
tions to the 2− and 4− states in 14N. 
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Fig. 5.4.7. Energy spectra of 7Be from the 12C(7Li, 7Be)12B reaction at 2.5o for the 0 – 3 MeV (a) and 3 
– 8 MeV (b) transitions. The transitions with mutual excitation of 12C (Ex = 0.0, 0.95 and 1.67 MeV) 
and 7Be (Ex= 0.43 MeV, Jπ= 1/2−) 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 
7Li elastic scattering on the 12C 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 E 

(MeV) 
V 
(MeV) 

rV 
(fm) 

aV 
(fm) 

−W 
(MeV) 

rW 
(fm) 

aW 
(fm) 

rC 
(fm) 

Ref. 

12C+7Li 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] 
13C+6Li 93.0 257.5 0.577 0.82 60.6 0.71 1.07 0.73 [34] 
11B+8Be  165.6 0.79 0.76 7.0 1.25 1.25 0.76 [35] 
βT

2 =−1.17, βP
2 = 2.45.  

R = ri(A
1/3

T +A1/3
P ), i = V,W.  

* R = ri(A
1/3

T ), 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 6Li, 13C, 8Be and 
11B 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 12C + 7Li and exit 12B + 7Be channels of the 
two-step process. The cross-sections for elastic and inelastic scattering of 7Li on 12C into 
the excited 4.44 MeV (2+) (12C) and 0.48 MeV (1/2−) (7Li) 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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The identical de-
formation lengths for the 
real and imaginary parts 
of the potential were as-
sumed. Only the depth of 
the imaginary potential W 
and the quadrupole de-
formation length δ2 for the 
target and projectile were 
modified during the fitting 
procedure. The calculated 
cross sections well repro-
duce the experimental an-
gular distributions [242] 
for elastic and inelastic 
scattering to the 12C (2+) 
and 7Li(1/2−) states with 
parameters W = −19 MeV, 
δ2(

12C) = −1.17 fm and 
δ2(

7Li) = 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 6Li + 13C and 8Be + 11B channels were taken 
from previous studies [17, 18] and are presented in Table 5.4.3. The one-nucleon spectro-
scopic amplitudes (Sx) 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 r = 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 Ex = 0.95 MeV (2+), 4.5 MeV (2−, 4−), 1.67 MeV (2−), 2.62 MeV (1−), 3.39 MeV 
(3−), 3.76 MeV (2+), 5.8 MeV(3−) and 7.6 MeV(1−, 2−) states of 12B are shown in Figs. 
5.4.10 – 5.4.13. The differential cross sections for the three lowest excited states of 12B 
populated in the 12C(7Li, 7Be)12B 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 (7Li, 7Be) reaction.  
 

Fig. 5.4.8. A schematic representation of the direct one-step charge-
exchange mechanism for the 12C(7Li, 7Be)12B reaction (a) and diagrams 
for two-step sequential np—(b) and pn—(c) transfers.  
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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 6Li, 13C 
(diagram 3(b)) and 8Be, 11B (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 12B (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-
ized by the factors taken from a comparison 
of the calculated cross sections and the ex-
perimental data at E(7Li) = 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 

7Li on 12C at E(7Li) = 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 12B 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 (θ ≤ 10o) 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 10o equals about 50% for transition to the 
ground state and about 20 – 30% for transitions to the excited states. 

 
Fig. 5.4.9. Elastic and inelastic scattering of the 
7Li ions on the 12C nuclei at 78.7 MeV with exci-
tation of 4.44 MeV (2+) state of 12C and 0.48 MeV 
(1/2−) of 7Li. 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 δ2(

12C)= −1.17 fm and δ2(
7Li)= 2.45 fm 

was used in these calculations.  
 
Table 5.4.4. Normalization factors for calculated 
differential cross sections.  
Ex  [MeV] Jπ 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− 3.3 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 
4.46+4.52 2−+4− 1.0 1.5 
7.6 1− 1.0  
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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 (2−, 4−) states of the 12B nucleus 
populated in the 12C(7Li, 7Be)12B reaction. The 
open dots were obtained by the ΔE − 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 
(ΔS = 1) and non-spin-flip (ΔS = 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 
(3−) and 3.76 MeV (2+) excited states of 12B from 
the 12C(7Li, 7Be)12B 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 ΔS = 0 and ΔS = 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 10o, 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 (ΔS = 1) and non spin-flip (ΔS = 0) proc-
esses for the transitions to the states of 12B 

with normal parity in the (7Li, 7Be) 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 7Be (Ex = 0.43 
MeV, Jπ = 1/2−) in the exit channel gives the main contribution to the cross sections. Due 
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to this peculiarity, the (7Li, 7Be) reaction could be the unique tool to study the spin–
isospin (ΔS = 1, ΔT = 1) excitations of nuclei. Including the two-step processes into the 
analysis can facilitate description of the (7Li, 7Be) reactions at low energies (30 – 80 
MeV).  

The excitation function could give an additional information on the mechanism of 
the (7Li, 7Be) reaction. The cross sections of this reaction for the transitions to the ground 
(1+) and excited 0.95 MeV (2+) and 1.67 MeV (2−) states, measured around 0o at energies 
14, 21 and 26 MeV/n [247] are presented in Fig. 5.4.15. The data from the present study 
for 7Li 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.  

 
 

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 10o. The one-step process gives a 
significant contribution only in the region of 
small angles (< 10o). The fraction of this 
process in the transition to the ground (1+) 
state is about 50% and is about 20–30% for 
all other transitions.  
 

 
Fig. 5.4.12. Experimental angular distributions 
for the structures at Ex ≈ 5.8 MeV and 7.6 MeV 
of 12B nucleus. 
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Fig. 5.4.14. Angular distributions of the differen-
tial cross sections for the transitions to the ground 
(1+) and excited states of the 12B nucleus pro-
duced in the 12C(7Li, 7Be)12B reaction at E(7Li) = 
147 MeV. Experimental data are taken from Ref. 
[245]. The curves show the DWBA calculations 
for direct charge-exchange mechanism.  

 
 
Fig. 5.4.15. Excitation functions of the 12C(7Li, 
7Be)12B reaction for the transitions to the ground 
(1+) and excited Ex = 0.95 MeV (2+) and 1.67 
MeV (2−) states of 12B. 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. 
 

 
 
 
 
 
 
 
 

 
Fig. 5.4.13. Angular distributions for the transi-
tions to the ground (1+) and excited 0.95 MeV 
(2+) and 1.67 MeV (2−) states of the 12B nucleus 
which are accompanied by excited outgoing 7Be 
(Ex = 0.43 MeV, 1/2−). The meaning of the 
curves is the same as in Figs. 5.4.10, 5.4.11. 
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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 14C(6Li, 6He)14N reaction at energy ELAB(6Li) = 93 MeV, 
- elastic scattering of the 7Li + 16O nuclei at energy ELAB(7Li) = 42 MeV,  
- the 12C(7Li, 7Be)12B reaction. at energy ELAB(7Li) = 82 MeV, 
- elastic and inelastic scattering of the 10B + 7Li nuclei at energy ELAB(10B) = 51 MeV,  
- elastic and inelastic scattering of the 11B + 7Li nuclei at energy ELAB(11B) = 44 MeV,  
- elastic and inelastic scattering of the 11B + 9Be, 13C, 14C nuclei and the 9Be(11B, 

10B)10Be, 9Be(11B, 12B)8Be, 9Be(11B, 12C)8Li reactions for the transitions to the ground 
and low excited states of the exit channel nuclei at energy ELAB(11B) = 45 MeV,  

- elastic and inelastic scattering of the 11B + 12C nuclei and the 12C(11B, 15N)8Be reac-
tion at energy ELAB(11B) = 49 MeV, 

- elastic and inelastic scattering of the 12C + 9Be nuclei and the 9Be(12C, 13C)8Be, 
9Be(12C, 11B)10B reaction for transitions to the ground and low excited states of the 
exit channel nuclei, at energy ELAB(12C) = 65 MeV, 

- elastic and inelastic scattering of the 7Li + 14N nuclei and the 7Li(14N, 15N) 6Li reaction 
at energy ELAB(14N) = 110 MeV, elastic and inelastic scattering of the 14N + 12C nuclei 
at energy ELAB(14N) = 116 MeV, 

- elastic and inelastic scattering of the 18O + 7Li nuclei at the energy ELAB(18O) = 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: 5He + 16O, 6He + 15O, 8Li + 12C, 8Li + 13N, 8Be + 
13C, 8Be + 12B, 8Be + 13C, 8Be + 15N, 10Be + 10B, 10Be + 11C, 11C + 15N, 13C + 13N, 14C + 
6Li and 14C +14N,  

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 10B + 7Li interaction is dif-
ferent from that of the 11B + 7Li interaction, especially for the imaginary potential. An-
other example is the energy dependence of the OM potentials for the 13C + 8Be and 12C + 
9Be interactions. Large differences were found for the imaginary surface part, WS(E) of 
the optical potential in the investigated energy range and for the rV(E), rW(E), aV(E), 
aW(E) optical potential parameters at energies ECM < 15 MeV. These differences can be 
explained by distinctions of the structure and the breakup threshold in the 8Be and 9Be 
nuclei. In another experiment for the 9Be(11B, 10B)10Be reaction, a strong isotopic effect 
for the imaginary potentials of the 10B + 9Be and 11B + 9Be scattering and isobaric effects 
for the 10B + 10Be and 10B + 10,11B 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: 6,7Li, 9Be, 10,11B, 12,13,14C, 14N and 18O. The influence of 
these excitations on the scattering cross sections were investigated. For example, the rota-
tional excitations of 7Li and 11B dominate in the 11B + 7Li 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 14C nucleus in ground state was found to be negative, while the 
13C 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: 
-  in the 10B + 7Li and 11B + 7Li elastic scattering channels, the reorientation processes of 

the 7Li and 10B nuclei dominate at the backward angles.  
- in the 14N + 7Li elastic scattering, the reorientation of 7Li with its large quadrupole de-

formation provides the observed anomalous large-angle scattering (ALAS). 
- in the 11B + 9Be elastic and inelastic scattering it was found that the 9Be and 11B 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 9Be(12C, 12C) elastic and inelastic scattering, the 9Be nucleus reorientation proc-
esses dominate in the cross section at large angles.  

- in the 12C + 11B elastic scattering, the potential (Coulomb + nuclear) scattering plus 
reorientation of 11B play an important role at the intermediate angular region.  

- in the 11B + 7Li elastic channel, the potential scattering dominates at the forward an-
gles, while the reorientations of 7Li and 11B 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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- 9Be(12C, 9Be)12C, 9Be(12C, 13C)9Be and 9Be(12C 10,11B)11,10B. 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 11B + 7Li scattering.  
- in the 12C(11B, 15N)8Be reaction, the α-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, 3He, α) and exotic (4,5,6Li, 
6,7,8Be) clusters, which usually lead to the enhancement of the cross section, give a 
negligible contribution to the elastic scattering 14N + 7Li.  

- the contributions from one-step and two-step transfer reactions to the 11B + 14C elastic 
and inelastic scattering were found to be negligible.  

- in the 9Be(12C, 13C)8Be reaction, the n- and α-transfers dominate. 
- in the 9Be(11B, 10B)10Be 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 9Ве(11В, 12В)8Ве reaction for CM < 90о angles, the neutron transfer dominates. 
The two-step processes are small.  

- the one-step processes dominate in the 9Be(12C, 11B)10B reaction. The two-step proc-
esses are important only in the angular region nearby θCM = 90o 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 14N + 7Li lead to the conclusion 

that the observed anomalously large-angle scattering is the result of reorientation of 
7Li, 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 11B + 9B elastic and 
inelastic scattering, it was found that the 9Be and 11B 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, 3He, α) and exotic (4,5,6Li, 
6,7,8Be) clusters, which usually lead to the enhancement of the cross section, give a 
negligible contribution to the elastic scattering 14N + 7Li. The results of the complete 
analysis of the data for the elastic scattering 14N + 7Li lead to the conclusion that the 
reorientation of 7Li with its large quadruple deformation which provides the observed 
anomalous large-angle scattering.  

- it is very interesting to compare the ALAS phenomenon for the 11B + 12C and 11B + 
13C reactions. The ALAS is much stronger for the 11B + 12C than for the 11B + 13C re-
action. For the 11B + 12C, ALAS is described satisfactorily by the sum of the CRC 
cross section for the potential scattering, the 11B reorientation and the proton transfer. 
In the case of 11B + 13C, ALAS is caused by the two first mechanisms only. The pro-
ton transfer in the 11B + 12C elastic scattering leads to the observed difference between 
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the large angle scattering of 11B on 12C and on 13C. One can see that the 11B + 12C ine-
lastic ALAS is stronger than the ALAS for the 11B + 13C inelastic scattering, due to 
the proton transfer dominating in the 11B + 12C 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 9Be + 12C (Sec-
tion 4.2) 13C + 8Be, 12C + 9Be (sub-Section 5.2.1) and 10,11B + 10B (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. 
16O + 28Si [255] and  + 40Ca [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 8Be and 9Be 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 the13C + 
8Be and 12C + 9Be 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 aV(E), aW(E) for the 13C + 8Be and 12C + 9Be systems at ECM < 15 
MeV. For the 12C + 9Be interaction, the functions aV(E) and aW(E) are almost constant, 
whereas for the 13C + 8Be interaction these functions show a rapid variation at the energy 
ECM ≈ 9 MeV slightly above the Coulomb barrier energy (ECoul. = 5.59 MeV (CM)). 
These differences can be explained by the different structure and the breakup threshold of 
the 8Be and 9Be nuclei. 

The OM parameters for mentioned above 12C + 9Be and 13C + 8Be interactions 
were compared with the OM parameters for the 10,11B + 10B scattering (see Fig. 5.2.13). 
The significant differences for the depth WS 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 8Be + 13C and 8Be + 15N interactions were also com-
pared (see Fig. 5.1.21). We show also the energy dependence of the OM parameters for 
the 8Be + 13C channel (open triangles and dashed curves) obtained in our previous work 
[3]. Except for rV and rW , rather large differences between the OM parameters of the 8Be 
+ 13C and 8Be + 15N channels can be seen. At energies ECM > 10 MeV the parameters aV  
and aW are much smaller for the 8Be + 15N channel than for the 8Be + 13C one (see the 
lower panel in Fig. 5.1.21). This is probably caused by closing the neutron p-shell in the 
15N nucleus. The energy interval of the fast rise of WS for the 8Be + 15N channel is shifted 
relatively to its counterpart for the 8Be + 13C 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 WS discussed above. The energy interval of the fast rise of V of 8Be + 15N and 
8Be + 13C 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 7Li 
produces a large effect at backward angles in the elastic scattering of 110 MeV 14N on 7Li 
[7] has been cited in Ref.[260]. The deformation parameters and the spectroscopic factors 
for the 7Li (g.s.) and 6Li (g.s.) overlap the 1P3/2 and 1P1/2 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 7Li nucleus, 
taken from Ref. [7] were used in [269]. The deformation parameters of the 9Be 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 
is a very useful tool in nuclear physics. It would be interesting to perform the investiga-
tion of 7,6Li, 9Be, 12,13,14C(15N, X), 7,6Li, 9Be,12,13,14C(13N, X), 7,6Li, 9Be, 12,13,14C(17O, X), 
7,6Li, 9Be, 12,13,14C(18O, X) reactions, to obtain the information about their mechanisms as 
well as about interaction of 5Li with 18,19O, 14,16N, unstable nucleus 8Li with 16,17O, 12,14N, 
unstable 8Be with 18,19O, 16,17N and so on. 
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APPENDIX 
 

The spectroscopic amplitudes Sx of x-clusters in 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 Sx of x-clusters (or 
nucleons) in the A = C + x systems are given here in Appendix. Here the nLj are the quan-
tum numbers of the wave function for the relative motion of the cluster x and the core C 
in the A = C + x system.  
 
 
A  C  x  nLj  Sx  Ref. 

He 
4He 3H p 1S1/2 1.414 [20] 
5He 3H d 1P1 0.456 [20] 
   1P2 1.021  [20] 
6He 3H t 2S1/2 −1.333 [20] 
6He 5He n 1P3/2 1.437 [2] 

Li 
6Li 3H 3He 2S1/2 0.943 [20] 
6Li 5He p 1P1/2 0.572 [2] 
   1P3/2 −0.722 [2] 
7Li 3H α 2P1 1.091 [20] 
7Li 4He t 2P3/2 −1.091 [20] 
7Li 5He d 2S1 −0.674 [20] 
   1D1 −1.205 [20] 
   1D3 0.676 [20] 
7Li 6He p 1P3/2 0.805 [2, 7, 13, 15, 16, 20] 
7Li*0.478 

6He p 1P1/2 0.805 [13, 20]  
7Li 6Li n 1P1/2 −0.657 [7, 13, 14, 15, 16, 20] 
   1P3/2 −0.735 [7, 13, 14, 15, 16, 20]  
7Li*0.478 

6Li n 1P1/2 0.329 [20] 

   1P3/2 0.930 [20] 
7Li 6Li*2.18 n 1P3/2 0.738 [14] 
8Li 5He t 2P1/2

 −0.427 [19] 
   1F5/2 −0.581 [19] 
   1F7/2  0.570 [19] 
8Li 6He d 1D1/2 0.149 [19] 
8Li 7Li n 1P1/2 0.478 [7, 13, 15, 16, 19, 20] 
8Li 7Li*0.478 n 1P3/2 0.478 [20] 

Be 
7Be 6Li p 1P1/2 −0.657 [14] 
   1P3/2 −0.735 [14] 
7Be 6Li*2.18 p 1P3/2 0.738 [14] 

7Be*0.43 
6Li p 1P1/2 0.329 [14] 

   1P3/2 0.930 [14] 
8Be   3S0 1.225 [18] 
8Be 5He 3He 2P3/2 1.102 [18] 
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8Be 6Li d 2S1 1.217 [18] 
8Be  7Li  p  1P3/2  1.234  [7, 11, 13, 14, 15, 16, 18, 20]  
8Be  7Li*0.478  p  1P1/2  0.873  [13, 20] 
8Be 7Be n 1P3/2 −1.234 [3, 14, 18] 
8Be 7Be*0.43 n 1P1/2 −0.873 [14] 

8Be*2.94 
7Li p 1P1/2 −0.730 [14] 

   1P3/2 −0.730 [14] 
8Be*2.94 

7Be n 1P1/2 0.730 [14] 

   1P3/2 0.730 [14] 
8Be*2.94 

7Be*0.43 n 1P3/2 −0.730 [14] 
9Be  5He 3S3/2 0.810 [18] 

   2D3/2 0.536 [18] 
9Be 5He  3S0 −0.810 [19] 
   2P3/2 0.194 [19] 
9Be 6He 3He 2P3/2 −0.236 [10, 19] 
9Be 6Li t 2P1/2 −0.192 [10, 18] 
   2P3/2 −0.215 [10, 18] 
9Be 7Li d 2S1 −0.226 [7, 8, 10, 13, 15, 18, 19, 20]  
   1D1 0.111 [7, 8, 10, 13, 15, 18, 19, 20] 
   1D3 −0.624 [7, 8, 10, 13, 15, 19, 20] 
9Be 8Li p 1P1/2 −0.162  [18] 

   1P3/2 −0.324 [18] 
9Be 

8Li*0.981 
p 1P1/2 0.362 [19] 

   1P3/2 0.648 [19] 
9Be 

8Li*2.261 
p 1P1/2 −0.628 [19] 

9Be 
8Li*3.210 

p 1P1/2 −0.362 [19] 
   1P3/2 0.648 [19] 
9Be 

8Li*5.4 
p 1P1/2 −0.375 [19] 

9Be 7Be 2n 2S1 0.247 [18] 
   1D1 −0.122 [18] 
   1D3 0.683 [18] 

9Be 8Be n 1P3/2 0.866 [3, 4, 5, 8, 10, 11, 18, 19]  
9Be 8Be*2.94 n 1P1/2 −0.573 [3, 18] 

   1P3/2 0.573 [3, 18] 
10Be 6He α 2S1 −0.802 [10] 
10Be 7Li t 2P3/2 0.392 [7, 10, 13, 20] 
10Be 8Li d 1D2 0.646 [10, 19] 
10Be 9Li p 1P3/2 −1.217 [10] 
10Be 8Be 2n 2S0 −0.833 [3, 10] 
10Be 9Be n 1P3/2 1.406 [3, 4, 5, 8, 10, 18, 19] 
10Be*3.368 

8Li d 2S1 −0.722 [10] 

   1D1 0.065 [10] 
   1D3 −0.242 [10] 
10Be*3.368 

9Be n 1P1/2 0.968 [10] 

   1P3/2 0.968 [10] 
11Be 9Be 2n 3P1 0.644 [10] 
11Be 10Be n 2S2 −0.606 [10] 

B 
9B  7Li  2p 2S0  −0.247  [15] 
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   1D2  −0.430  [15] 
9B 8Be p 1P3/2 0.866 [18] 
10B  6Li  α 2D2  −0.125  [10, 15] 
10B  7Li  3He  1P3/2  0.419  [7, 10, 13, 15] 
   1F5/2  −0.104  [7, 10, 13, 15] 
   1F7/2  0.347  [7, 10, 13, 15] 
10B  8Li  2p 1D2  0.307  [10, 15] 
10B 8Be d 1D3 0.811 [3, 5, 10, 11, 15, 18]  
10B*0.718 

8Be d 1D1 0.811 [5, 10] 

10B*2.154 
8Be d 2S1 −0.833 [5, 10] 

10B*3.587 
8Be d 1D2 0.811 [5, 10] 

10B 9Be p 1P3/2 1.185 [4, 8, 18, 19] 
10B*0.718 

9Be p 1P1/2 −0.361 [5, 10] 

   1P3/2 −0.323 [5, 10] 
10B*1.740 

9Be p 1P3/2 0.994 [5, 10] 

10B*2.154 
9Be p 1P1/2 −0.663 [5, 10] 

   1P3/2 0.741 [5, 10] 
10B∗3.587 

9Be p 1P1/2 0.838 [5, 10] 
10B  9B  n  1P3/2  −1.185  [10, 15] 
11B 7Li α  3S0 −0.638 [7, 8, 10, 11, 13, 15, 18, 19, 20]  
   2D2 −0.422 [7, 8, 10, 11, 13, 15, 18, 19, 20] 
11B  7Li*0.478  α  2D2  −0.422  [13] 
11B  7Li*4.63  α  2D2  0.362  [13] 

   1G4  0.429  [13] 
11B  7Li*6.68  α  2D2  0.148  [13] 

   1G4  0.575  [13] 
11B  7Li*9.67  α  2D2  0.362  [13] 

   1G4  0.429  [13] 
11B  7Li*9.85  α  3S0  −0.638  [13] 

   2D2  −0.422  [13] 
11B*2.125  

7Li  α  2D2  0.596 [13] 

11B*4.445  
7Li  α  2D2  −0.049  [13] 

   1G4  −0.192  [13] 
11B*5.020  

7Li  α  3S0  −0.638  [13] 

   2D2  −0.422  [13] 
11B*6.743  

7Li  α  2D2  0.104  [13] 

   1G4  0.124  [13] 
11B*6.793  

7Li  α  2D2  0.596  [13] 

11B*7.286  
7Li  α  2D2  −0.049  [13] 

   1G4  −0.192  [13] 
11B  8Li  3He  1P1/2  0.160 [8, 13, 18, 19] 
   1F5/2  0.218  [8, 13, 18, 19] 
   1F7/2  0.214  [8, 13, 19] 
11B 8Li*0.98 

3He 2P1/2  0.053 [19] 
   2P3/2 −0.048 [19] 
   1F5/2  0.268 [19] 



 158

11B 8Li*2,261 
3He 2P3/2  0.268 [19] 

   1F5/2  0.078 [19] 
   1F7/2  0.268 [19] 
11B 8Li*3,21 

3He 2P1/2  0.053 [19] 
   2P3/2 −0.048 [19] 
   1F5/2  0.268 [19] 
11B 

8Li*5.4
 

3He 2P1/2  0.160 [19] 
   1F5/2  0.218 [19] 
   1F7/2  0.214 [19] 
11B 9Li 2p 2S0 0.576 [10] 
   1D2 0.456 [10] 
11B  8Be  t  2P3/2  0.641  [6, 8, 10, 11, 13, 18, 19]  
11B 8Be*2.94 t 2P1/2 −0.424 [11, 18] 

   2P3/2 0.424 [11, 18] 
   1F5/2 0.148 [11, 18] 
   1F7/2 −0.363 [11, 18] 
11B 9Be d 2S1 −0.607 [3, 4, 5, 6, 8, 9, 10, 11, 13, 18, 19]  
   1D1 −0.109 [3, 4, 5, 6, 8, 9, 10, 11, 13, 18, 19] 
   1D3 0.610 [3, 4, 5, 6, 8, 9, 10, 11, 13, 18, 19] 
11B*2.125 

9Be d 2S1 −0.768 [5, 8] 

   1D1 0.172 [5, 8] 
   1D2 0.515 [5, 8] 
11B*4.44 

9Be d 2S1 0.576 [8] 

   1D1 −0.064 [8] 
   1D2 0.220 [8] 
   1D3 −0.394 [8] 
11B*5.02 

9Be d 2S1 −0.607 [8] 

   1D1 −0.109 [8] 
   1D3 0.610 [8] 
11B*6.74 

9Be d 1D2 0.316 [8] 

   1D3 0.387 [8] 
11B*8.56 

9Be d 2S1 −0.384 [8] 

   1D1 0.279 [8] 
   1D2 −0.432 [8] 
   1D3 0.241 [8] 
11B 10Be p 1P3/2 0.699 [5, 6, 8, 9, 10, 11, 13, 18, 19] 
   1P5/2 −0.788 [8] 
11B 10Be*3.368 p 1P1/2 −0.930 [10] 

   1P3/2 0.930 [10] 
11B*2.125  

10Be  p  1P1/2  0.699 [5, 13]  
11B 9B 2n 2S0 −0.665 [10] 
   1D2 0.421 [10] 
11B 10B n 1P3/2 −1.347 [5, 6, 9, 10, 11, 13, 15, 18, 19]  
11B 10B*0.718 n 1P1/2 −0.268 [5, 10] 

   1P3/2 0.240 [5, 10] 
11B 10B*1.740 n 1P3/2 −0.494 [5, 10] 
11B 10B*2.154 n 1P1/2 −0.571 [5, 10] 

   1P3/2 −0.638 [5, 10] 
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11B 10B*3.587 n 1P1/2 −0.805 [5, 10] 
12B 8Li  2D2 0.496  [18] 
12B 8Li  2D2 0.544 [19] 
12B 9Be t 2P1/2 0.102 [8, 10, 18, 19] 
   2P3/2 0.091 [8, 10, 18, 19] 
   1F5/2 0.512 [8, 10, 18, 19] 
12B*0.953 

9Be t 2P1/2 −0.237 [18] 

   1F5/2 −0.323 [18] 
   1F7/2 0.316 [18] 

12B 10Be d 1D1 0.380 [10, 18] 
12B 10Be*3.368 d 2S1 0.746 [10] 

   1D1 0.046 [10] 
   1D2 0.060 [10] 
   1D3 0.020 [10] 
12B 10B 2n 1D2 −0.777 [10] 
12B 11B n 1P1/2 −0.734 [6, 9, 10, 11, 14, 18, 19]  
   1P3/2 0.821 [11, 14, 18, 19] 
12B 11B*2.12 n 1P1/2 −0.260 [14] 

   1P3/2 0.734 [14] 
12B*0.95 

11B n 1P1/2 0.330 [12, 14] 

12B*0.95 
11B*2.12 n 1P3/2 0.330 [14] 

12B*3.76 
11B n 1P1/2 0.330 [14] 

12B*3.76 
11B*2.12 n 1P3/2 0.330 [14] 

13B 11B 2n 2S0 0.623 [12] 
   1D2 0.197 [12] 
13B 12B n 1P1/2 −0.238 [18] 

   1P3/2 0.213 [18] 
C 

11C 7Li 4Li 2P1 −0.007 [7] 
   2P2 0.464 [7] 
   2P3 0.233 [7] 
   1F1 −0.063 [7] 
   1F3 0.190 [7] 
11C 8Be 3He 2P3/2 0.641 [11] 
11C 9Be 2p 2S0 0.665 [4, 10] 
   1D2 −0.421 [4, 10] 
11C  10B  p  1P3/2  1.347  [15, 10] 
11C 10B*0.718 p 1P1/2 −0.268 [5] 

   1P3/2 0.240 [5] 
11C 10B*1.740 p 1P3/2 0.494 [5] 
11C 10B*2.154 p 1P1/2 −0.571 [5] 

   1P3/2 −0.638 [5] 
11C 10B*3.587 p 1P1/2 −0.805 [5] 
12C 7Li 5Li 3S3/2 −0.793 [7, 20] 
   2D3/2 −0.525 [7, 20] 
12C 8Be  3S0 0.821 [3, 4, 6, 11, 18, 19] 
12C 8Be*2.94  2D2 −0.919 [3, 11]  
12C 9Be 3He 2P3/2 1.224 [3, 4, 5, 6, 8, 11, 18, 19]  
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12C 9B t 2P3/2 −1.124 [19] 
12C 10Be 2p 2S0 0.800 [4, 6, 10] 
12C 10B d 1D3 1.780 [3, 4, 6, 10, 11, 19] 
12C 10B*0.718 d 1D1 1.165 [5, 10] 
12C 10B*2.154 d 2S1 −1.386 [5] 
12C 10B*3.587 d 1D2 1.504 [5] 
12C  11B  p  1P3/2  −1.706  [4, 5, 6, 8, 9, 10, 11, 13, 14, 18, 19] 
12C 11B*2.125 p 1P1/2 −1.206 [5, 6, 13, 14] 
12C  11B*5.021  p  1P3/2  −1.706 [6, 13]  
12C  11B*6.793  p  1P1/2  −1.206   [13] 

12C*4.44 
11B p 1P1/2 −0.505 [6, 19] 

   1P3/2 −0.505 [6, 19] 
12C 11C n 1P3/2 1.706 [1, 3, 4, 5, 6, 11]  
13C 7Li 6Li 3S1 −0.124 [7] 
   2D1 −0.039 [7] 
   2D2 −0.116 [7] 
13C 9Be α 2D2 0.504 [3, 4, 8, 9, 10, 18, 19]  
13C*3.088 

9Be α 3P1 0.500 [3] 

13C*3.684 
9Be α 3S0 −0.539 [3] 

   2D2 −0.356 [3] 
13C*3.854 

9Be α 3P1 −0.400 [3] 
13C 10Be 3He 2P1/2 0.170 [9, 10] 
13C 10B t 1F5/2 0.108 [9, 10] 
   1F7/2 0.747 [9, 10] 
13C 10B*0.718 t 2P1/2 −0.654 [10] 

   2P3/2 0.231 [10] 
13C 11B d 2S1 −0.263 [3, 5, 6, 8, 9, 10, 11, 18, 19]  
   1D1 −0.162 [3, 5, 6, 8, 9, 10, 11, 18, 19]  
   1D2 −0.485 [3, 5, 6, 8, 9, 10, 11, 18, 19]  
13C 11B*2.12 d 2S1 0.093 [5, 9] 

   1D1 −0.457 [5, 9] 
13C 11B*4.44 d 1D2 −0.111 [9] 

   1D3 −0.417 [9] 
13C 11B*5.02 d 2S1 −0.263 [9] 

   1D1 −0.162 [9] 
   1D2 −0.485 [9] 
13C 11B*6.74 d 1D3 0.814 [9] 
13C 11B*8.56 d 2S1 −0.263 [9] 

   1D1 −0.162 [9] 
   1D2 −0.485 [9] 
13C*3.68 

11B d 2S1 −0.208 [9] 

   1D1 0.102 [9] 
   1D3 −0.573 [9] 
13C 12B p 1P1/2 0.283 [9, 14] 
   1P3/2 0.801 [9, 14] 
13C 12B*0.95 p 1P3/2 −0.736 [14] 
13C 12B*3.76 p 1P3/2 −0.736 [14] 
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13C*3.68 
12B p 1P1/2 −0.448 [14] 

   1P3/2 0.401 [14] 
13C*3.68 

12B*0.95 p 1P1/2 −0.520 [14] 

13C*3.68 
12B*3.76 p 1P1/2 −0.520 [14] 

13C 11C 2n 1D2 −0.559 [3] 
13C 12C n 1P1/2 0.601 [1, 3, 4, 5, 6, 9, 11, 14, 19]  
13C 12C*4.44 n 1P3/2 −1.124 [1] 
13C 12C*9.64 n 1D5/2 0.111 [12, 197] 

13C*3.08 
12C n 2S1/2 0.957 [12, 197] 

13C*3.08 
12C*4.44 n 1D5/2 0.291 [12, 197] 

13C*3.68 
12C n 1P3/2 0.601 [1, 3, 14]  

13C*3.68 
12C*4.44 n 1P1/2 0.745 [1] 

   1P3/2 −0.745 [1] 
13C*3.85 

12C n 1D5/2  0.550 [3] 
14C 10Be α 3S0 −0.566 [10] 
14C 11B t 2P3/2 −0.368 [9, 10, 18] 
14C 12B d 1D1 −1.01 [18] 
14C 12C 2n 2S0 0.615 [3, 12]  
14C*7.01 

12C 2n 1D2 0.300 [12] 

14C*8.32 
12C 2n 2D2 0.300 [12] 

14C 13C n 1P1/2 −1.094 [3, 9] 
14C 13C*3.68 n 1P3/2 −1.024 [2] 

14C*6.09 
13C n 2S1/2 −0.994 [12, 250] 

   1D3/2 0.105 [12, 250] 
N 

13N 7Li 6Be 2D2 0.134 [7] 
13N 11B 2p 1D2 0.559 [6] 
13N 12C p 1P1/2 0.601 [1, 6, 11] 
13N 12C*4.44 p 1P3/2 −1.124 [1] 
14N 7Li 7Be 3S3/2 −0.048 [7] 
   2D1/2 −0.050 [7] 
   2D3/2 0.097 [7] 
   2D5/2 0.062 [7] 
   1G5/2 −0.072 [7] 
14N 8Li 6Be 2D2 −0.243 [7] 
14N 8Be 6Li 2D1 −0.167 [7] 
14N 9Be 5Li 3S3/2 −0.056 [7] 
   2D1/2 −0.059 [7] 
   2D3/2 −0.037 [7] 
   2D5/2 −0.089 [7] 
   1G5/2 −0.348 [7] 
14N 10Be 4Li 2P1 0.024 [7] 
   1F1 0.219 [7] 
14N 10B α 2D2 0.111 [7]  
   1G4 0.740 [7] 
14N 11B 3He 2P1/2 −0.107 [6, 7, 9, 10, 11, 19] 
   2P3/2 −0.096 [6, 7, 9, 10, 11, 19] 
   1F5/2 −0.292 [6, 7, 9, 10, 11, 19] 
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14N 11C t 2P1/2 0.107 [7] 
   2P3/2 0.096 [7] 
   1F5/2 0.292 [7] 
14N 12C d 1D1 0.246 [6, 7, 11, 19]  
14N 12C*4.44 d 1D1 0.515 [1] 

   1D2 −0.664 [1] 
   1D3 0.786 [1] 
14N*3.95 

12C d 2S1 0.615 [1] 
14N 13C p 1P1/2 0.461 [7, 9] 
   1P3/2 0.163 [7, 9] 
14N 13C*3.68 p 1P1/2 0.729 [1] 

   1P3/2 −0.815 [1] 
14N*2.31 

13C p 1P1/2 −0.421 [2] 

14N*2.31 
13C*3.68 p 1P3/2 −0.724 [2] 

14N*3.95 
13C p 1P1/2 0.186 [2] 

   1P3/2 −0.811 [2] 
14N*3.95 

13C*3.68 p 1P1/2 0.729 [1] 

   1P3/2 −0.819 [1] 
14N*4.92 

13C p 1P1/2 0.028 [2] 

14N*4.92 
13C*3.68 p 1P3/2 −0.012 [2] 

14N*5.11 
13C p 1P3/2 0.103 [2] 

14N*5.11 
13C*3.68 p 1P1/2 0.369 [2] 

   1P3/2 −0.348 [2] 
14N*5.69 

13C p 1P1/2 −0.146 [2] 

   1P3/2 0.188 [2] 
14N*5.69 

13C*3.68 p 1P1/2 0.106 [2] 

   1P3/2 0.233 [2] 
14N*5.83 

13C*3.68 p 1P3/2 0.539 [2] 

14N*7.03 
13C*3.68 p 1P1/2 0.369 [2] 

   1P3/2 −0.348 [2] 
14N*8.49 

13C*3.68 p 1D5/2 1.000 [2] 
14N 13N n 1P1/2 −0.461 [7] 
   1P3/2 −0.163 [7] 
14N*3.95 

13N n 1P1/2 −0.258 [1, 7] 

   1P3/2 0.729 [1, 7] 
15N 7Li 8Be 2D2 0.226 [20] 
15N 11B α 2D2 0.435 [6, 9, 11, 18, 19]  
15N*5.27 

11B α 3P1 −0.471 [11] 

15N*6.32 
11B α 3S0 −0.465 [11] 

   2D2 −0.308 [11] 
15N*7.15 

11B α 3P1 −0.471 [11] 

15N*7.56 
11B α 2F3 0.290 [11] 

15N 12B 3He 2P1/2 0.254 [11, 18] 
   2P3/2 −0.090 [11, 18] 

15N 12C t 2P1/2 0.380 [6, 11, 19] 
15N*5.27 

12C t 1D5/2 −0.540 [11] 
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15N*6.32 
12C t 2P3/2 0.380 [11] 

15N*7.15 
12C t 1D5/2 −0.540 [11] 

15N*7.56 
12C t 1G7/2 0.258 [11] 

15N 13C d 2S1 0.248 [7, 9, 11] 
   1D1 0.444 [7, 9, 11] 
15N 14C p 1P1/2 −1.006 [2] 
15N 13N 2n 2S0 −0.608 [11] 
15N 14N n 1P1/2 −1.091 [7, 11] 
   1P3/2 0.386 [7, 11] 
15N 14N*2.31 n 1P1/2 0.711 [2] 
15N 14N*3.95 n 1P1/2 −0.599 [2] 

   1P3/2 −0.639 [2] 
15N 14N*5.11 n 1P3/2 −1.157 [2] 
15N 14N*5.69 n 1P1/2 −0.737 [2] 

   1P3/2 −0.171 [2] 
15N 14N*7.03 n 1P3/2 −1.157 [2] 

15N*5.27 
14C p 1P3/2 1.000 [2] 

15N*5.27 
14N*8.49 n 1P3/2 1.000 [2] 

16N*3,355
 

11B 5He 3D1/2 0.254 [18] 
   3D3/2 −0.199 [18] 

16N*3.355 

12B  4S0 0.514 [18] 

O 
15O 14N p 1P1/2 −1.091 [7] 
   1P3/2 0.386 [7] 
15O 14N*3.95 n 1P1/2 −0.244 [7] 

   1P3/2 −0.690 [7] 
16O 7Li 9B 3S3/2 −0.533 [20] 
   1D3/2 −0.353 [20] 
16O 8Be 8Be 3S0 0.365 [20] 
16O 11B 5Li 3S3/2 −0.677 [20] 
   2D3/2 −0.448 [20] 
16O 12C α 3S0 0.544 [11, 20] 
16O 13N t 2P1/2 −0.910 [20] 
16O 14N d 1D1 1.400 [20] 
16O 15N p 1P1/2 −1.461 [11, 20] 
16O 15O n 1P1/2 1.461 [20] 
17O 16O n 1D5/2 0.500 [20] 
18O 7Li 11B 4S3/2 −0.184 [16] 
   3D3/2 −0.121 [16] 
18O 17N p 1P1/2 −1.198 [16] 
18O 16O 2n 3S0 −0.833 [16] 
18O*3.635 

16O 2n 3S0 0.615 [16] 
18O 17O n 1D5/2 0.891 [16] 
19O 18O n 1D5/2 −0.155 [16] 

F 
17F 16O p 1D5/2 −0.500 [20] 
18F 16O d 3S1 1.061 [20] 
19F 16O t 4S1/2 −1.091 [20] 
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19F 18O p 2S1/2 0.633 [16] 
Ne 

20Ne 16O α 5S0 1.225 [20] 
20Ne 17O 3He 3D5/2 −1.102 [20] 
20Ne 17F t 3D5/2 −1.102 [20] 
20Ne 18F d 3S1 1.217 [20] 
20Ne 19F p 2S1/2 1.234 [20] 
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