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Background: In recent years, the NUMEN project has highlighted that the systematic study of double charge
exchange (DCE) nuclear reactions could provide precious information on the nuclear matrix elements of
neutrinoless double 8 decay. To achieve this goal, a multichannel approach was adopted, where a plethora of
different reaction channels is measured under the same experimental conditions and analyzed in a coherent
framework. In this context, the initial (ISI) and final (FSI) state interactions are fundamental building blocks to
investigate all the relevant direct nuclear reactions. To date, such building blocks are not sufficiently established
for many of the projectile-target pairs of interest for NUMEN experiments. This is also the case of the 80 + “*Ti
system, which is relevant for the double 8 decay of the **Ca nucleus into the “*Ti one.

Purpose: This work aims at deducing the ISI to be used in the multichannel study of the 'O + **Ti collision at
275 MeV incident energy. To this purpose, the optical potential and the strength of the couplings between elastic
and inelastic scattering channels are determined and characterized by comparison with new experimental data.
Methods: Cross section angular distributions were measured for the elastic and low-lying inelastic scattering
channels in a wide range of momentum transfer. Experimental data were compared to theoretical calculations
performed in optical model (OM), distorted-wave Born approximation (DWBA), coupled channels (CC),
and coupled channels equivalent polarization potential (CCEP) approaches. For all of them, the Sdo Paulo
double-folding potential was adopted as the optical potential. The comparison between the predictions of the
OM/DWBA and CC frameworks allowed to evaluate the strength of the couplings to the inelastic channels
which were explicitly taken into account. Within the CC formalism, different coupling schemes were compared
to assess the contributions of the states included in the model space. A further test of our approach was carried
out by analyzing the experimental data of the same system at 54 MeV incident energy.

Results: The achieved energy resolution allowed to resolve the elastic scattering and the excitation of the 2]
state of the **Ti nucleus. A broad structure, associated to the superposition of the inelastic transitions to the 27
state of 80 and to three excited states of “®Ti, was also observed. The OM and DWBA calculations are not
able to reproduce the experimental elastic and inelastic angular distributions in the explored range of momentum
transfer. A significant improvement in the description of the data is found by using the CC approach. In particular,
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when the 2] and 3] collective states of projectile and target and their simultaneous excitations are included in
the coupling scheme, a satisfactory agreement is achieved. The CCEP predictions describe reasonably well the

elastic scattering data.

Conclusions: Channel coupling effects have to be taken into account for a good description of the elastic and
inelastic experimental angular distributions in the measured range of momentum transfer. The inclusion of such
couplings in the ISI is envisaged for the analysis of all the direct nuclear reactions induced by the '*0 4 **Ti

collision in this incident energy region.

DOI: 10.1103/PhysRevC.109.014604

I. INTRODUCTION

The multichannel approach, recently adopted in the frame-
work of the NUMEN (NUclear Matrix Elements for Neutrino-
less double beta decay) [1,2] and NURE (NUclear REactions
for neutrinoless double beta decay) [3] projects, is a promis-
ing method to describe heavy-ion induced double charge
exchange (DCE) reactions, whose spectroscopy is expected
to provide valuable insights into the many-body nuclear as-
pects involved in the neutrinoless double beta (OvBB) decay
process [4,5]. Such an approach, which consists of the global
analysis of a wide ensemble of nuclear reactions (including
elastic and inelastic scattering, one- and two-nucleon trans-
fers, single and double charge exchange reactions) [4,6,7],
has been successfully applied to several systems of interest
for NUMEN, such as *Ca [4,8,9], '>C [6], "®Se [10-12],
116Cd [7], and *3Ti [13,14]. Among them, the “°Ca and ''°Cd
cases represent concrete examples of how an approach based
on quantomechanical methods (both in distorted-wave Born
approximation and coupled channels formalisms), together
with the Sao Paulo optical potential [15,16] and nuclear
structure inputs derived from large-scale shell-model calcu-
lations, gives a reliable and coherent description of a plethora
of reaction channels measured under the same experimental
conditions.

The theoretical description of each reaction channel com-
prised in the multichannel network, including DCE, requires
the knowledge of the initial (ISI) and final state interactions
(FSI) that determine the incoming and outgoing distorted
waves, respectively. The key ingredient for the ISI and the
FSI is the optical potential (OP), which describes the average
nucleus-nucleus potential [17,18]. Since the gateway to the
OP is the study of elastic and inelastic scattering, this analysis
plays a central role in the multichannel strategy proposed by
NUMEN.

In the literature, many different forms for the OP have been
proposed, which can be grouped into two main categories,
usually referred to as phenomenological and microscopic
models [19]. In the former, the OP is described with an an-
alytic function whose radial shape mimics the nuclear density
profile as a consequence of the short range of the nuclear
forces. The most popular form of the phenomenological OPs
is the Woods-Saxon function, whose parameters are typically
obtained by fitting elastic scattering experimental cross sec-
tions (e.g., [20-23]) or from wide systematics in mass and
energy [24,25]. Among the microscopic models, a consider-
able interest was raised by the double-folding approach (e.g.,
[19,26,27]), where the OP is calculated by folding an effective
nucleon-nucleon interaction with the densities of projectile

and target, typically assumed frozen in their ground state [17].
The use of frozen densities relies on the peripheral nature
of heavy-ion direct reactions, which are expected to produce
small changes in the initial states of the colliding nuclei. In our
previous works, the double-folding Sdo Paulo potential (SPP)
was successfully adopted as the relevant OP. In particular, to
minimize the number of free parameters, the same shape for
both the real and the imaginary parts is used, the latter being
scaled through a normalization factor whose value depends
on the adopted coupling scheme. Elastic scattering data of
light [28,29], medium [30], and heavy [31] mass nuclei sug-
gest that angular distribution cross sections can be reasonably
described by using a scaling factor of 0.78 when no couplings
to excited states are accounted for, whereas 0.6 in case cou-
plings to inelastic transitions are explicitly taken into account.
This prescription was proved to be valid also for the systems
investigated within the NUMEN project [6-8,10,32,33]. The
analysis of such systems within the coupled channels (CC)
approach highlighted that couplings to low-lying collective
excitations are important at large transferred linear momenta,
where the elastic scattering cross section is low and becomes
comparable to inelastic scattering one [6-8,10,32,33].

The goal of this work is the experimental and theoretical
analysis of the elastic and inelastic scattering in the '3Q + *3Ti
collision at 275 MeV incident energy as a part of the NU-
MEN experimental campaign. The **Ti nucleus was chosen
as a target since it is the daughter of “*Ca in the double 8
decay process. In the context of the systematic study of the
180 + ®Ti collision, the OP deduced from the present analysis
has been recently adopted in the theoretical description of the
BTi(180, F)*’Sc one-proton pick-up [13] and the “*Ti('%0Q,
170)*Ti one-neutron stripping [14] reactions. The experi-
mental cross section angular distributions for the elastic and
two inelastic scattering transitions are presented here for the
first time. Since this work mainly aims at determining the ISI
for the system under investigation, theoretical calculations,
adopting the SPP, are performed within different approaches
and compared to the experimental data. An analysis in terms
of a trivially equivalent local polarization (TELP) potential
[34] is also performed, in order to derive an interaction effec-
tively including the coupling effects, which will be employed
for the study of single and double charge exchange reactions.
This is motivated by the lack, to our knowledge, of suitable
CC approaches able to describe such classes of reactions,
which are instead analysed in terms of distorted-wave Born
approximation (DWBA).

In the literature the %0 + *3Ti system was already studied
by Essel and co-workers at 54 MeV incident energy [22]. This
data set is herein analyzed in the same theoretical framework
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as the data at 275 MeV in order to test our approach, whose
ingredients are all energy independent, except for the SPP.
Therefore, the experimental data at 54 MeV were considered a
useful test bench to verify the reliability of our methodology at
a different incident energy. This is valuable also in view of the
future NUMEN experimental campaign, where it is planned
to perform experiments in a wide range of incident energies
[2].

This paper is organized as follows. In Sec. II the ex-
perimental setup and the experimental data are presented.
Section III describes the theoretical analysis: herein, the opti-
cal model (OM), DWBA, CC, and coupled-channel equivalent
polarization potential (CCEP) calculations are compared to
the experimental angular distributions. In the same section,
the theoretical analysis of the experimental data at 54 MeV is
also discussed. The conclusions are given in Sec. I'V.

II. EXPERIMENTAL APPARATUS AND DATA REDUCTION

The experiment was performed at the Laboratori Nazion-
ali del Sud of the Istituto Nazionale di Fisica Nucleare
(INFN-LNS) in Catania, using an '8Q%" beam accelerated
at 275 MeV incident energy by the K800 superconducting
cyclotron [35]. The fully stripped ions were delivered to the
object point of the MAGNEX large acceptance magnetic spec-
trometer [36], where the target was positioned. The beam
spot size and its angular divergence were reduced to 3 mm
and 3 mr, respectively, by using a 2 mm diameter collimator
and a 4 mm diameter antiscatterer, placed 125 and 20 mm
upstream the target position, respectively. The target consisted
of a 510 4 25 pug/cm? thick TiO, layer, evaporated on a
216 & 11 pug/cm? thick aluminum backing. To estimate the
background contributions due to the oxygen and the alu-
minum target components, auxiliary measurements, under the
same experimental conditions, with WOj3 +27Al and ?"Al
targets were performed. In the energy and angular regions
reported in this work, such contributions are kinematically
separated from the “*Ti one. A copper Faraday cup (FC) with
0.8 cm entrance diameter and 3 cm depth was placed 15 cm
downstream the target position in order to stop the beam
and collect the total charge in each run. A charge collection
accuracy better than 10% was achieved by equipping the FC
with an electron suppressor polarized at —200 V and using a
low-noise charge integrator.

The 80 ejectiles scattered by the target were analyzed in
momentum by MAGNEX and measured by its focal plane
detector (FPD) [37,38]. The experimental data were acquired
in three separate data sets, where the MAGNEX optical axis
(Bopr) was set at 9°, 15°, and 21° with respect to the beam
direction, thus covering an overall angular range from 4° to
27° in the laboratory reference frame, corresponding to the an-
gular region between 6° and 37° in the center-of-mass (c.m.)
one. In the runs with 6,5 = 15° and 21° the MAGNEX angular
acceptance was set to its maximum value corresponding to
a solid angle of 50 msr. In the configuration with 6y, =
9°, MAGNEX was operated in full horizontal acceptance but
with a reduced vertical one, in order to have an event rate
compatible with the maximum value tolerated by the FPD.
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FIG. 1. Excitation energy spectrum for the 80 + “®Ti elastic and
inelastic scattering at 275 MeV in the angular range 11° < 0y, <
12°. The red solid line shows the result of the multiple-fit procedure.
The other colored curves identify different states of “*Ti with 80
lying in its g.s., except for the curve marked by the dagger, which
refers to the 2{ excited state of the projectile with the target in its
g.s. The structure due to the Al backing is also indicated.

The data reduction procedure adopted in the present anal-
ysis follows the prescription described in details in previous
publications [39,40]. It involves the calibration of the posi-
tions measured by the FPD; the particle identification to select
the 803+ ions [41]; the reconstruction of the ejectiles trajec-
tories to the tenth order and the extraction of the momentum
vector at the target position for each event [42]. The data
reduction procedure also includes the evaluation of the overall
detection efficiency [43], which is a fundamental information
to determine absolute differential cross sections, knowing the
measured '30 event yields.

The reconstruction of the momentum vector at the target
position allows to determine the initial kinetic energy of the
ejectiles, which, together with the scattering angle in the
laboratory reference frame (6y,), is used for calculating the
ejectiles excitation energy (E,) by means of the missing mass
method [44]. In Fig. 1, an example of a reconstructed excita-
tion energy spectrum for the 80 + “®Ti elastic and inelastic
scattering is shown. Thanks to the achieved energy resolution
of SE, ~ 0.5 MeV (FWHM), the first peak, associated to
the elastic scattering, is clearly separated from the second
one, which is attributed to the inelastic transition to the ZT
state of *3Ti at E, = 0.984 MeV. Besides the first two peaks
corresponding to isolated states, a broad structure centered
at about 2.2 MeV is visible. It corresponds to the superpo-
sition of the 2] excited state of the 80 at 1.982 MeV and
three states of “*Ti nucleus: the 4] state at 2.296 MeV, the
25 state at 2.421 MeV, and a state of unknown spin-parity
at 2.465 MeV [45]. The structure centered at ~3.4 MeV
is ascribed to the elastic scattering on the >’Al backing of
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FIG. 2. Cross section angular distribution of the '*Q + *3Ti elastic scattering at 275 MeV in terms of the ratio with the Rutherford one: in
(a) the experimental data (black circles) and the results of the OM (blue dashed line), CC (red solid line), and CCEP (green dot-dashed line)
theoretical calculations are shown. In (b) the comparison between different coupling schemes in the CC theoretical approach is illustrated (see
text for details). All the theoretical curves are folded with the experimental angular resolution.

the target, while the contribution of the elastic scattering on
160 is found at ~8.5 MeV. The overall excitation energy
spectrum was divided into angular slices with steps ranging
from 0.3° to 4° depending on the statistics. For each angular
slice, a multiple-fit procedure was carried out to interpret
such a spectrum in terms of the low-lying states of ejectile
and recoil nucleus, as reported in Refs. [6,10,32,33]. It was
assumed that each observed peak may be approximated to a
Gaussian function. The width of each Gaussian function was
fixed according to the FWHM of the 48Ti(2f“) inelastic peak;
for the inelastic transitions populating bound excited states of
the 80, the Doppler broadening due to the in-flight y decay
of the ejectiles was also taken into account. The experimental
yield of each transition was deduced from the area of the
corresponding Gaussian function.

The elastic cross section angular distribution in terms of its
ratio to the Rutherford one is shown in Fig. 2 as a function
of the scattering angle (6., ) in the c.m. reference frame.
The error bars include contributions from the statistical er-
ror, the fitting procedure, and the solid angle evaluation. The
systematic error due to uncertainties in the measurement of
the total charge and in the evaluation of the target thickness
was estimated to be less than 10% and it is not explicitly
considered in the error bars, since it is common to all the
experimental points. A representation in terms of the linear
momentum transfer § = 75,1 — l_éo is also given with I_éo and l_én
the linear momenta in the initial and final state, respectively.
Since for elastic scattering |l€n| = |l€0|, the modulus of the
momentum transfer can be expressed as

2\/2 2Ecm Oc.m
g= + sin T (1
C

where  is the reduced mass for the colliding nuclei and E, .
is the energy in the c.m. reference frame. The three data sets
(Bopt = 9°, 15°, and 21°) were found to be in good agreement
with each other without the need of any renormalization fac-
tor, pointing out an accurate measurement of the detection
efficiency. The experimental data show the typical Fresnel-
like diffraction pattern, as expected for heavy-ion elastic
scattering at energies above the Coulomb barrier (Sommerfeld
parameter ~ 7). Up to the grazing angle (6, ~ 7.6° in the
c.m. reference frame), the scattering is expected to be mainly
driven by the Coulomb field. Beyond such angle, the nuclear
part of the interaction potential becomes dominant, giving rise
to strong absorption phenomena manifested as a sharp de-
crease of the elastic cross section. This characteristic fall-off
of the elastic scattering angular distribution is usually inter-
preted in terms of the near-side scattering amplitudes [17].

The experimental cross section angular distributions for the
48Ti(2]L) transition (E, = 0.984 MeV) and for the structure
centered at 2.2 MeV are shown in Figs. 3 and 4, respectively.
In both cases, the linear momentum transfer scale is also
reported. Both the angular distributions exhibit an oscillatory
behavior up to 6., ~ 18° which is more pronounced in the
case of the target excitation.

III. THEORETICAL ANALYSIS

A theoretical description of the elastic and inelastic scat-
tering experimental data is fundamental to deduce the ISI to
be used in the multichannel approach of the nuclear reac-
tions network induced by the 0 4 **Ti collision at the same
incident energy. The ISI is responsible for the distortion of
the incoming waves, therefore it is essential to properly de-
scribe all the direct nuclear reaction channels. The theoretical
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FIG. 3. Cross section angular distribution of the inelastic scattering to the 2] excited state of the **Ti at 0.984 MeV: in (a) the experimental
data (black circles) and the results of the DWBA (blue dashed line) and CC (red solid line) theoretical calculations are shown. In (b) the
comparison between different coupling schemes in the CC theoretical approach is illustrated (see text for details). All the theoretical curves

are folded with the experimental angular resolution.

calculations for the elastic and inelastic scattering were per-
formed in OM, DWBA, CC, and CCEP formalisms. All
calculations were performed by using the FRESCO code [46].
In the OM framework, the complicated many-body prob-
lem of the interaction between two nuclei is simplified into
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that of a particle scattered by a nonlocal complex potential,
called OP [17,18]. In many cases, OPs are taken to be local,
where the nonlocality effects are treated in terms of an energy
dependence: they are usually referred to as local-equivalent
potentials [17]. The local-equivalent OP Uy (r) may be
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FIG. 4. Cross section angular distribution of the structure centered at 2.2 MeV in the excitation energy spectrum of Fig. 1. In (a) the
experimental data (black circles) are shown, together with the results of the DWBA (blue dashed line) and CC (green dot-dashed line)
theoretical calculations for the inelastic excitation of the 2| state of '*Q at 1.982 MeV. The CC prediction for the scattering to the 4] excited
state of “*Ti is reported (magenta dotted line). The sum of the two transitions, as calculated within the CC framework, is indicated by the red
solid line. In (b) the comparison between different coupling schemes for the CC calculation of the transition to the 2| state of '*Q is presented
(see text for details). All the theoretical curves are folded with the experimental angular resolution.
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written as the sum of a real V (r) and an imaginary W (r) part:
Uopt (r) =V (r) +iW(r), (2)

where r is the distance between the centers of mass of two
colliding nuclei. While the real part of the OP accounts for
the refraction of the incident waves, the imaginary term is
introduced to describe the absorption effects leading to a loss
of flux from the elastic process towards nonelastic channels
not explicitly included in the model space.

In the double-folding framework, the real part V (r) of the
nuclear potential is constructed as the integral of the nucleon-
nucleon effective interaction Vyy(r12, Ex) weighted by the
ground-state matter density distributions p;(r;) and p,(r;) of
projectile and target, respectively. It may be expressed as

V(r)= // dridry pi(ry) p2(r2) Van(ri2, Ey), ()

where rj; = |r — r; 4 13|, r; and r, represent the internal co-
ordinates of the two nuclei, and Ey is the energy per nucleon
in the c.m. reference frame.

The OP adopted in this work is the double-folding local-
equivalent Sao Paulo potential (SPP) Vspp [15], which can be
expressed as follows:

42
Vspp(r) =V(r)e &, 4)
where V (r) is given by Eq. (3), v is the velocity between pro-
jectile and target and c is the speed of light. The exponential
factor in Eq. (4) is the Pauli nonlocality term [15]. In this
analysis, the SPP was used for both the real and the imaginary
parts of the OP, according to

Uopt(r) = (Ny + iNw ) Vspp (1), ()

where Ny and Ny are normalization factors for the real and
imaginary parts, respectively. The adopted values for Ny and
Ny derive from a wide systematics, where the SPP was used
to describe experimental data [6,7,10,28,30-33,47-50]. Based
on such a systematics, for energies above the Coulomb barrier,
Ny is set to 1, while the value of Ny depends on the coupling
scheme adopted in the calculations. In the OM approach,
where only the elastic channel is considered in the model
space (for this reason it is also known as one-channel approx-
imation), Ny is typically set to 0.78. The same holds also for
the DWBA framework used to describe reaction channels; on
the contrary, when the couplings to the inelastic transitions
towards the low-lying collective states are explicitly taken
into account in the CC approach, the Ny value is typically
decreased to 0.6 [16].

The matter densities p;(r;) adopted in the double-folding
procedure of the SPP are two-parameters (radius R and
diffuseness a) Fermi distributions and are assumed to be
spherical. The radius and diffuseness adopted in the present
analysis are taken from the systematic analysis of electron
scattering data and Dirac-Hartree-Bogoliubov calculations for
a wide range of nuclei [15]. In the specific case of the '30,
a diffuseness of 0.61 fm was adopted, which is larger by a
10% with respect to the value reported in the SPP systematics.
This assumption, explored in details in several publications
[8,10,29,51-53], accounts for the effects of the two valence

TABLE I. Coefficient of the imaginary part of the SPP (Ny),
volume integral per nucleon for the real (Jy) and the imaginary (Jy)
part of the SPP, and total reaction cross section oy in the case of the
OM/DWBA, CC, and CCEP calculations.

Jv JW OR
Theor. approach Ny (MeV fm?) (MeV fm?) (mb)
OM/DWBA 0.78 —346 —270 2571
cC 0.60 —346 —208 2498
CCEP 1.0 —247 —176 2480

neutrons orbiting around the '°Q core in the '8Q ground state.
Some relevant properties of the adopted SPP, such as the
volume integral per nucleon J and the total reaction cross
section og, are reported in Table 1.

A. Analysis of the data at 275 MeV incident energy

The comparison between the predictions of the OM cal-
culation and the elastic scattering angular distribution for the
experimental data at 275 MeV incident energy is shown in
Fig. 2(a). A good agreement can be noticed up to 6. ,,, =~ 13°,
corresponding to a linear momentum transfer ¢ &~ 2.5 fm~!,
while at larger scattering angles the OM calculation overesti-
mates the experimental data. Such a discrepancy arises since
at large momentum transfer the cross sections of nonelastic
channels become comparable with the elastic scattering one,
so that the couplings to the first low-lying inelastic excitations
must be explicitly taken into account for a better description
of the data, as observed in similar analysis [6,10,32,33]. To
this extent, CC calculations were performed and are presented
in the following. In this work, the first low-lying excited states
of both projectile (2] and 3) and target (2, 37, and 47) are
considered in the coupling scheme, as sketched in Fig. 5, and
treated as collective excitations within the rotational model. In
the DWBA approach the second-order transitions to the simul-
taneous excitations of projectile and target are not included
because in such an approach only first-order processes are
allowed. For the same reason, the back-coupling to the elastic
channel is not allowed in DWBA. In the macroscopic model
adopted in this work, the coupling potentials are derived from
the multipole expansion of the OP [17,54]. Quadrupole and
octupole (A = 2, 3) excitations of the deformed '8Q and *3Ti
nuclei are taken into account and the coupling potentials in-
clude both the Coulomb and the nuclear components. The
Coulomb coupling potential V¢ (r, 1) for the A-multipolarity
is defined as follows:

A P
20+ 1 ’

Ve(r,A) = M(EX) (6)
where M (E ) is the matrix element of the electric multipole
operator EA. The quantity M(EA) can be related to the re-
duced transition probability B(EA;J — J') from the initial
state J to the final one J’ through the EA operator, according
to

M(E)) = 4+/(2J + DB(EXJ — J). (7
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150(37) + #¥Ti(37) 8.457 MeV
150(37) + “STi(47) 7.394 MeV
150(37) + *Ti(27) 6.082 MeV
10(27) + *Ti(37) 5.341 MeV
180(37) + **Ti(g.s.) T 5.098 MeV
150(21) + *Ti(47) : 4278 MeV
150(g.5.) + “5Ti(37) — 3.359 MeV
130(27) + #Ti(2]) : : 2.966 MeV
130(g.s.) + *$Ti(47) : : 2.296 MeV
180(2F) + *Ti(g.s.) T : I 1.982 MeV
180(g.s.) + *Ti(2}) 7 E E i 0.984 MeV
"0(gs) + *Ti(es) W e cca cC4 cCs =

FIG. 5. Coupling schemes adopted for the DWBA and CC theoretical calculations of the '*0 4 *3Ti elastic and inelastic scattering at
275 MeV incident energy. On the right, the excitation energies of the considered states are reported.

As indicated in Ref. [46], the sign of the M (E}) is the same as
the intrinsic quadrupole moment (Qp). The nuclear coupling
potentials Vi (7, 1) are usually described in terms of deforma-
tions of the OP and approximated as

_ SA dU, opl(r )
Vax dr
where §, is the deformation length, accounting for the strength
of the coupling. Under the assumption that the deformation
length of the mass distribution is equal to the charge distribu-
tion one, §, can be related to M (E; ) according to
4t M(EX)
3Ze R{\,_l

Vn(r, 2) = ®)

3, = BRy = ) &)

in which B, is the deformation parameter for the 2* transition,
Z is the atomic number of the nucleus, e is the electron charge,
and Ry is the average radius of the SPP, expressed as
_ [dramrVv(r)

N [drdzr?V(r)

The same prescriptions for the Coulomb and nuclear cou-
pling potentials were used in some recent papers [8—11,13,33].

Ry (10)

For the mentioned ingredients, we decided to adopt the ex-
perimental values reported in the literature [55-57], which
are listed in Table II. In addition, a large-scale shell-model
calculation was performed by using the KSHELL code [58],
adopting the same interactions as in Ref. [13]. As one can see
in Table II, the theoretical M (E)) values are found to be in a
reasonably good agreement with the experimental ones for all
the transitions.

The DWBA prediction for the 48Ti(2fr) inelastic transition
is compared to the measured angular distribution in Fig. 3(a),
where it can be noticed that the calculation fails to reproduce
the behavior of the experimental data, especially at large an-
gles, where the effects of channel couplings are expected to
be more relevant. A similar result is obtained also by looking
at Fig. 4(a), in which the comparison between the angular
distribution of the structure centered at 2.2 MeV and the
DWBA calculation for the '80(2]") excitation is shown. It is
worth to remark that also the inelastic transitions to the excited
states at 2.296 MeV (4;’), 2.421 MeV (2;r ), and 2.465 MeV
(unknown spin-parity) of “*Ti are expected to contribute to
the cross section of the structure centered at 2.2 MeV. In the
one-step DWBA approach, it is not possible to account for

TABLE II. Adopted values of average radius Ry of the SPP, experimental reduced transition probability B(EA;J — J')exp, reduced matrix
element M(EA)exp, and deformation length 85 for A = 2, 3 for the 180 and “*Ti nuclei. The reduced matrix elements computed with the

KSHELL code [58] (M (E A)weo) are also reported.

RV B(E2, 0+ g 2+ )exp M(Ez)exp M(Ez)lheo ngp B(E3, 0+ — 37 )exp M(E3 )exp M(E3 )lheo (Sg,xp
(fm) (e2fm*) (e fm?) (e fm?) (fm) (€* fm %) (e fm?) (e fm ) (fm)
80 434 +6.56 +5.18 +0.75 1300° +35.36 +36.15 +0.87
4.60
BTi 720¢ +26.83 +22.46 +1.11 7400° +75.25 +75.28 +0.77

From Ref. [55].
YFrom Ref. [56].
‘From Ref. [57].
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such transitions since they are populated through second-order
processes.

Regarding the CC approach, five different coupling
schemes were investigated with the aim to evaluate the
strength of the couplings to different excited states of pro-
jectile and target. Such coupling schemes, which are referred
to as CC-1, CC-2, etc., are shown in Fig. 5. In Fig. 2(b),
the comparison between the CC calculations with the dif-
ferent coupling schemes is reported for the elastic scattering
case. For all the coupling schemes the CC calculations
are in reasonable agreement with the experimental data up
to O.m. & 22°, but at larger scattering angles CC-1 is not
able to reproduce the magnitude of the angular distribution.
A remarkable improvement in the description of the ex-
perimental data is obtained when the "*0(2]) + **Ti(2])
transition is introduced in the model space (CC-2, CC-3,
CC-4, and CC-5 models). In particular, when the CC-5
coupling scheme is adopted, a fair agreement between CC
calculations and the experimental angular distribution is
reached.

In the case of the inelastic transition to the ZT state of *3Ti,
each successive enlargement of the coupling scheme produces
a significant impact on the theoretical angular distribution,
so that the optimum description of the experimental data is
obtained when the CC-5 coupling scheme is considered [see
Fig. 3(b)]. However, even with such a coupling scheme a
discrepancy by a factor of about 2 between theoretical cal-
culations and experimental data is present, maybe calling for
an even broader model space.

In Fig. 4(b), the angular distribution of the structure cen-
tered at 2.2 MeV is compared to the CC predictions for the
80(2}) inelastic excitation. Analogously to the elastic scat-
tering case, the inclusion of the ZT simultaneous excitation
of projectile and target improves considerably the agreement
between theoretical predictions and experimental data. As
mentioned before, it is expected that other inelastic transi-
tions contribute to the cross section of the structure centered
at 2.2 MeV. Within the CC framework, we calculated the
contribution of the 48Ti(4f’) transition and we found that it
is comparable with the ZT excitation of 80 [see Fig. 4(a)].
The sum of the CC predictions for the '*0(2]") and *3Ti(4)
transitions is compared to the experimental data in Fig. 4(a),
where it can be observed that the theoretical angular distri-
bution overestimates the experimental one at larger scattering
angles.

The substantial difference between DWBA and CC cal-
culations observed in the elastic scattering and in both the
inelastic transitions is a clear sign of the importance of the
couplings, especially at large momentum transfer. Therefore,
the same couplings should be taken into account in the ISI
used for the description of the other direct reaction chan-
nels populated by the same projectile and target at the same
incident energy [14]. Nonetheless, the high-order effects in-
cluded in the CC calculations are expected to be relevant when
there is a strong channel coupling (e.g., between the low-
lying collective excitations and the elastic scattering channel),
while for reaction channels that are weakly coupled to such
collective states (like single charge exchange reactions) a first-
order DWBA may be sufficient [8]. A specific investigation of

q (fm™)

2 3 4 5 6
R L L LR R R Ra R
F ®* Exp.data b

1 —— OM
— CC-5

5
2107 E
g r ]
o) N ]
[ Ti(0,0,) Ty ]
1072 E,, =54 MeV =
I N
10*3 I I 111 | I | I 111 | I | I 111 | I 1 1
20 30 40 50 60 70 80
0. (deg)

FIG. 6. Experimental cross section angular distribution of
80 +%Tj elastic scattering at 54 MeV in terms of the ratio with
the Rutherford cross section [22]. The OM and CC theoretical calcu-
lations are also shown with the blue dashed and the red solid lines,
respectively.

this point is beyond the scope of this article and it deserves
a detailed analysis. In addition, the explicit introduction of
the couplings in theoretical calculations of complex reaction
channels can be demanding from the computational point of
view.

For this reason, the effects of channel couplings were in-
corporated in the OP by means of an effective polarization
potential term, as described in Ref. [34]. In particular, we used
a local L-independent polarization potential, usually referred
to as trivially equivalent local polarization (TELP) potential.
The effective potential resulting from the sum between the
TELP obtained with the CC-5 coupling scheme and the bare
SPP used for the CC analysis was employed to perform CCEP
calculations for the elastic scattering channel. The predic-
tions of such calculations are shown in Fig. 2(a), where it
can be noticed that the CCEP approach describes well the
experimental data up to &~ 4 fm’!. At larger momentum trans-
fers, it overestimates the measured angular distribution, being
somehow in an intermediate condition between the OM and
the CC predictions. This seems to be reasonable since in the
CCEP framework the coupling effects are accounted for on
average and, therefore, it is not able to reproduce the experi-
mental data in the region of high momentum transfer, where
the influence of couplings is stronger.

B. Analysis of the data at 54 MeV incident energy

As a further test of the validity of our approach, a theo-
retical analysis of the experimental data reported in Ref. [22]
by Essel ef al., concerning the 80 + *3Ti system at 54 MeV
incident energy, is performed adopting the reaction framework
presented above.
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q (fm™)
2 3 4 5 6
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Ti(""O, "Og) "Tij 984

Ll

do/dQ_ ,, (mb/sr)
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107 E ®  Exp.data =
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i cc-5 ]
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107 . Exp. data
; — — DWBA ;
i cc-5 |
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0, (deg)

FIG. 7. Angular distributions of differential cross section for the inelastic transitions towards the 2?’ states of (a) ®*Ti and (b) '*0 induced
by the 30 + **Ti collision at 54 MeV [22]. The DWBA and CC calculations are also shown with the blue dashed and the red solid lines,

respectively.

The comparison between the experimental elastic angular
distribution and the corresponding OM and CC calculations is
shown in Fig. 6. The experimental data, characterized by the
typical Fresnel-like pattern, are well reproduced by the CC
method.

The angular distributions of the inelastic transitions popu-
lating the 2T states of 80 and “*Ti nuclei are also analysed.
Both angular distributions are compared to DWBA and CC
calculations in Fig. 7. As can be noticed, for the inelastic
transition towards the 2;” state of the target, both calculations
are in very good agreement with the experimental data; in par-
ticular, the DWBA result is compatible with the one reported
in Ref. [22], where the parameters of the optical potential
were deduced from a fit of the elastic scattering cross section.
Instead, for the excitation of the 2 state of the projectile
the calculations underestimate the experimental data. Also
in Ref. [22] a disagreement is noticed. Further investigations
from both the experimental and theoretical side are desirable
in order to resolve the observed discrepancies.

For the three analyzed angular distributions, the calcula-
tions with and without the couplings (i.e., CC vs. OM for the
elastic scattering process and CC vs. DWBA for the inelastic
transitions) produce quite similar results. Therefore, it can
be deduced that the coupling effects for collisions near the
Coulomb barrier are less relevant.

IV. CONCLUSIONS

In this work, new data for the elastic and inelastic scattering
of the 80 4 *3Ti system at 275 MeV incident energy are re-
ported. The large acceptance of MAGNEX allowed to explore
a wide range of transferred momenta in only three angular
settings. Cross section angular distributions were measured
for the elastic scattering, for the inelastic transition to the

2T state of *®Ti, and for a structure containing the inelastic
scattering to the 2] state of 80 and three transitions to excited
states of *3Ti.

The experimental results were compared with cross-
section calculations performed using the FRESCO program.
The SPP was adopted as the optical potential and the cou-
plings with the low-lying collective excited states of projectile
and target were treated in terms of deformed Coulomb and nu-
clear potentials. The theoretical calculations were performed
in OM, DWBA, CC, and CCEP approaches. The OM calcula-
tion fails to reproduce the elastic scattering experimental data
at large momentum transfer. Different coupling schemes were
investigated within the CC formalism. An important role of
the simultaneous ZT excitation of projectile and target was
observed, especially for the angular distributions of the elastic
scattering and of the structure centered at 2.2 MeV. A satisfac-
tory description of the data is obtained over the full explored
angular range with the CC approach when the 2;“ and 3| states
of projectile and target and their simultaneous excitations are
included in the coupling scheme. Such a result highlights the
importance of the couplings to the 2+ and 3~ low-lying collec-
tive states of projectile and target at 275 MeV incident energy,
i.e. well-above the Coulomb barrier. This is also confirmed by
the analysis of the inelastic transitions, where the CC calcula-
tions reproduce the experimental data significantly better than
the DWBA ones. In the light of this result, further coupled-
channel Born approximation (CCBA) calculations about the
one-proton pick-up reaction were performed, by taking into
account the relevant couplings deduced from the present work.
In the region of the experimental data, such calculations do
not show any appreciable difference compared to the one
reported in Ref. [13]. Regarding the inelastic excitation of
the 48Ti(ZT) state, the theoretical calculations overestimate
the experimental data by a factor of about 2. In order to
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evaluate the possible effects of this discrepancy in the one-
proton [13] and one-neutron [14] transfer analyses, tentative
CCBA calculations were performed adopting a B(E2) value
which was scaled to reproduce the 48Ti(ZT) inelastic scatter-
ing data. The new results were found to be practically the same
as the previous ones.

The CCEP approach, that includes the effects of channel
couplings in an effective way, is in reasonable agreement
with the elastic scattering angular distribution, providing a
description which is better than the OM but not as accurate
as CC predictions.

The validity of our approach was further tested by studying
previously reported data at 54 MeV adopting the same anal-
ysis method. For the elastic transition, CC calculation gives a
better description of the experimental data than the OM. For
the inelastic transition to the 2 excited state of “8Ti both the
DWBA and CC formalisms well reproduce the data, showing
a less pronounced role of the couplings to inelastic excitations
at energies close to the Coulomb barrier.

The ISI determined in this work for the 80 + *3Ti system
is crucial for the analysis of all the other direct reactions
induced at the same incident energy. The significant role of the
couplings to the low-lying collective states highlights the need

of exploring the effects of channel couplings also in the other
reaction channels of interest for NUMEN. The inclusion of
inelastic couplings in transfer reaction channels is rather un-
der control adopting the well-established CCBA and coupled
reaction channels models. The possibility of introducing such
couplings also in more advanced calculations, like the case
of single and double charge exchange reactions, is currently
under investigation. In this context, the deduction of the TELP
is valuable for the completion of such advanced theoretical
calculations, since it allows to effectively account for coupling
channel effects.
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