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Deuteron-nucleus elastic and inelastic scattering from °Li to 28 Pb has been studied for incident energies ranging from 9.9 to 270 MeV.
The main goal of this work is to study the effect of coupling the nuclear ground state to inelastic excitation channels on the energy
dependence of optical model potential (OMP) parameters. Using the FRESCO and SFRESCO codes, we explicitly coupled the elastic
channel to low-lying collective states and extracted OMP parameters through x> minimization. The best-fit optical model parameters
were obtained for elastic and inelastic angular distribution data. Our elastic and inelastic angular distribution fits show excellent
agreement with the experimental data since more than one set of potential parameters can reproduce a given angular distribution data.
When the ground state was coupled to the most important inelastic excitation channels the energy dependence of the OMP parameters
was reduced. This is most obvious for optical model parameters whose value became almost constant when channel coupling was
considered.
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1. INTRODUCTION

The study of nuclear interactions is extremely important, as it provides valuable information about the properties of
nuclei. A nuclear interaction occurs when a projectile (particle or nucleus) interacts with a target nucleus. The study of
nuclear particle scattering processes, such as deuteron-nucleus scattering, provides important tools for understanding the
nature of fundamental nuclear interactions and determining the characteristics of the potential between the projectile and
the target nucleus. Nuclei are complex composite particles composed of a large number of constituent particles. This
makes constructing microscopic models of deuteron-nucleus interactions a challenging task, further complicated by the
fact that we still do not fully understand the nature of interactions between nucleons. The deuteron is an ideal tool for
testing the accuracy of theoretical models, and their ability to describe nuclear scattering. It is easily decomposed during
the interaction and has a low binding energy ( 2.2 MeV). This property makes deuteron scattering highly sensitive to
inelastic effects such as collective excitations of the target nucleus and channel transitions, making it an ideal probe for
testing theoretical nuclear models. Although the scattering process can be complex, one of the fundamental theoretical
tools for interpreting deuteron scattering on nuclei is the Optical Model Potential (OMP), which describes the complex
interaction between the projectile and the target nucleus through a complex potential. In this approach, the interaction
between the deuteron and the target nucleus is represented by a complex potential. This potential divides the reaction flow
into a real part representing elastic scattering and an imaginary part representing all competing inelastic channels [12]. It
has proven particularly effective in describing experimental data on nuclei.

The main goal of the optical model is to determine potential parameters that reproduce smooth changes in the
differential scattering cross section as a function of the incident energy and the nucleon number of the target nucleus.
However, the large variation in these potential parameters, such as real and imaginary depth, radius, and slope, with
changes in projectile energy or nucleus type [14], represent a persistent challenge in this model and hinders its ability to
predict experimental data, suggesting the presence of non-local sources in the nuclear reaction[11, 46].

One of the most important sources of non-locality in the scattering process is the coupling of inelastic excitations to
the nuclear ground state during the scattering process [46]. The full effect of collective excitations is included when these
channels are explicitly included using the coupled-channel model, which in turn creates a non-local dynamic polarization
potential in the elastic channel as an effective component that modifies the actual potential and redistributes the flux. This,
in turn, significantly improves the fit to the data and reduces the variation in the potential parameters. However, due to the
large number of possible inelastic excitations, this non-locality is usually explained by the coupling of a few significant
inelastic channels to the ground state [6], [17]. The dependence of optical model potential parameters on energy is reduced
when channel coupling is taken into account [35].

The work of Biumer et al. [2] measured angular distributions for deuteron scattering on '>C, >*Mg, and *®Ni at
170 MeV and analyzed the data using global OM potentials with simple coupled-channels extensions. The work of ref.
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Korff et al. [25] extended this approach to a broad mass range (6 < A < 116) at intermediate energies (171-183 MeV),
employing CC analysis to examine the role of deformation and to adjust optical model parameters accordingly. While
these studies demonstrated the relevance of coupling effects, they were limited in energy coverage, coupling schemes, and
often relied on potential parameter adjustments to compensate for missing physics. The stability of parameters and the
channel inclusion relationship between them have not been systematically studied quantitatively across a wide range of
masses and energies. Most available global models for deuteron scattering still rely on parameters that vary with energy
and the nucleus without explicitly accounting for inelastic channels.

In this work, we investigate the effectiveness of the coupled-channels analysis of deuteron elastic and inelastic
scattering from a representative set of nuclei: °Li,!>C, 2*Mg, *8Ni, 12Sn, and 2°Pb. The incident deuteron energies span
from 9.9 to 270 MeV also this work should give an assessment of the importance of coupling of the inelastic excitations
to the ground state and hence might reduce the energy variations of the optical potential parameters with energy, thus
improving our understanding of deuteron — nucleus scattering process. Using the FRESCO and SFRESCO codes [36] to
solve the Coupled-Channel Schrodinger equation and hence obtain the angular distribution fits to the elastic processes in
addition to simultaneous fits to the angular distributions corresponding to the most important inelastic excitations. It is a
well-known fact in scattering phenomenology that more than one set of fit potential parameters lead to almost the same fit
to the angular distributions data.

This article is structured as follows: Section 2 introduces the theoretical formalism of the coupled-channels method.
Section 3 describes the optical model potentials and deformed nuclei. Section 4 presents the main results, including angular
distribution comparisons, best-fit potential parameters, and deformation analysis. Section 5 summarizes the conclusions
and outlines directions for future work.

2. COUPLED REACTION CHANNELS FORMALISM
Coupled-channel analysis is very important for describing scattering processes. When the projectile interacts with the
target, they can scatter elastically, or may lead to excited states exit channels. Alternatively, rearrangement processes may
occur. The coupled-channel theory is a method of accounting for inelastic channels, especially those arising from collective
excitations. The formalism was first pointed out by Bohr and Mottelson [42], and then was applied by Margolis et. al. and
Chase et. al. [7]. In the center-of-mass coordinate system, the total Hamiltonian A of the whole system is expressed as:

H=Hpy(&p) + Hi(&) +T(r) +V(r,£p. &) (1)

where r is the radial coordinate from the target to the projectile, H,(¢),) and H,(&,;) are the internal Hamiltonians for
projectile and target, respectively, while the £, and &; are the respective internal coordinates of the projectile and target,
and V(r, &p, &) is the interaction potential between the projectile and target, which can be written as [37]:

V(r’ fp’ ft) = Vdiag(r) + Vcoupl(r’ ‘fp"ft)’ (2)

where Vgiag (7) is a scaler potential, and Veoupl (7, £, &) represents the interaction that couples the initial state to the final
state. Further, 7'(r) is the total kinetic energy, which may be written as

. W,
T(r)=-=—V, 3
(==} €
where u = W’Z:’ JZZ[ is the reduced mass of the projectile and target, and V? is the Laplacian operator. The time-independent

Schrodinger equation for the whole system consisting of a projectile and a target is:

HY(F,¢p.&) = EY(F,ép. &), )

where, E is the total energy, and W(7, £, &) is the wave function of the whole system. We expand ¥(7,&,,,&;) in terms
of the eigenstates of the total angular momentum z//;rl:l“" (7, &p, &) as follows [37]:

lP(F’ éjp’ é‘:t) = Z AJtotMm( w:ﬁdml (75 é:lﬂ gt)? (5)

I ot Miot

For each channel [(L’S’)J’, I,;/], where L’ is orbital angular momentum of a given partial wave, S’ is projectile’s spin for
deuteron, J' = L’ + § is the total angular momentum and /,,+ is the target’s spin. We couple J’ and 7,/ to get the total
angular momentum f,ot =J + f,,f for the whole system. The factors Ay, ,u,,, are amplitudes specifying how much of
the total angular momentum state is present.The wave function 1//7::"” (7, &p, &) can be expressed as follows:

M, = E J; Jior M, ~
w‘zmtoz‘(r’gp’gt) = lp::”(’ii/’s/)][l ,(r) (D(;‘),ts/)t;’tl /(r’fpagt)9
n (L'S))J' Ly " "
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1

Jto Jtot Mto 7~
=D R, (D Ol (). ©)
n/(L/S/)JIIn/
where i/ ,’:,J(’Z,‘S,) i (r) = R,’;,J(’Z,’ SAIL () /r. The nuclear wave functions are defined as
JiotMror (2 ; Mio
g (Foép &) = [Yws)r (. €p) ® b, (€]
= Z <J,In/M_[’m]n, | JtotMtot > y(L/S’)]’MJ,(f,é‘:p)
My my,,
my ,
X g (&), M

and the spin-angle functions are defined as

Ywsyrm, (P Ep) Y (7) ® xos (€)1

= DL <L'SMpmg | JMy > FYIV ()Xo (&), ®)
My rmg
where, R::,J(’Zfs/) I (r) are the radial wave functions in the excited state n’, and n’ corresponds to the n’th state of the

target, while Y’ I]‘V,[ L’ (7) are the spherical harmonics. The phase factor i¥" comes from the spherical Bessel expansion of the
incident plane wave. The symbol ® denotes vector addition, and < L’S’ My mg | J'M; > are Clebsch-Gordon coefficients
for coupling L’ My, and §'my to intermediate angular momenta J' M. In addition, < J' Iy My my, | Jios Mo > are
the Clebsch- Gordon coeflicients for coupling J'M+ and I,ymy,, to a total of angular momentum J;,; M;,, for the whole
system. Further, ¢ L T (&) and XS’ "(&p) are the wave functions for target and projectile, respectively, and 7 is the parity
operator of the whole system which can be expressed as:

= (—I)Llﬂsfmn,. ©))
The nuclear wave function can be written as
Jtot Mtor ~ M 4 m’ ’ M;or
Q(L'S’)J'In/(r’é:p’gt) = [ ~ (r)®X (§P) ®¢1 , (fl)]jtot

D DL YR X &) ¢ (&)

]rml ’ ML’m ’

X <L'SMpmg|J My >< J/In'MJ'mI,,, | JrorMror >, (10)
Now, by substituting Egs. (5), (6), and (10) into Eq. (4) and noting that :

Hp(é:p) Xp(fp) =E, Xp(fp)a
Ht(ft) ¢t(§t) =E, ¢t(§t)~ (11

Here, E, and E; are the eigenenergies for the projectile and the target, respectively. one obtains

A Jo JtotM ot 7~
[Tn’L’ +V(r.ép. &) - E"']RZ’Z'.g'J’Inr (r) @ sn 7, (Fsépsé) = 0

nJ' Ly S'L
where
. ? d L'(L'+1)
Twr = -—+——|, 12
L anf[ dr? r2 (12)
where E,, = E - E, — E; is the external energy for a given excited state. = Multiplying Eq. (12) by

[(ID(J’L”,’SA,I)’}’,’ 1, (P €p, &) from the left, and integrating over the internal coordinates except the radial variable r, leads to

the following partial wave coupled differential equations: Finally, the coupled partial-wave equations take the form

[Eni ~Tyr - VL) I1,:(L8) 1, (T) RZ[_JZ‘;'””_ (r)
= DL Vusynpwsyrn, OREES 1 (1), (13)

n'L’'S"J' 1,
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This equation represents a set of n’ coupled differential equations for the radial wave functions R:JL’E’H (r) and

RZ,JL‘%, o (r). Furthermore, V(r5), L (LS) T I, (r) is the diagonal optical potential, including both coulomb and nuclear
parts, and V(z.s) 1, .(1/s7)0'1,, (r) represent the coupling interaction of the initial (LS)J1,, state to the final (L'S")J' I,
state. Nuclear structure deformations affect the matrix elements on the right-hand side of Eq. (13). For a non-deformed tar-
get nucleus, the coupling potential vanishes, and the set of coupled differential equations reduces to that of the Schrédinger
equation for a single channel. Deformed nuclei can be described using either the vibrational or rotational models. In this
work, we use the optical model and coupled-channel analysis to couple the ground state to collective excited states of the
target nucleus. This coupling introduces off-diagonal couplings in the interaction potential matrix, allowing the incident
deuteron to induce transitions from the ground state to inelastic states. These coupling potentials, typically derived from
nuclear deformation (e.g., using a deformation parameter 3,), significantly affect observables such as scattering cross
sections and resonance structures. As a result, including channel coupling provides a more accurate description of the
reaction dynamics.

3. THE OPTICAL POTENTIAL PARAMETERS

The optical model describes the complicated interaction between the projectile and target in terms of a complex
potential. This potential divides the reaction flux into a real part, which corresponds to elastic scattering, and an imaginary
part, which corresponds to all competing inelastic channels [11]. The aim of the optical model is to find a potential
that describes smooth variations of the scattering cross section as a function of incident energy E and target nucleon
number A. The general situation of scattering may be quite complicated. However, great simplification may be obtained
if one is only interested in the averaged properties, away from resonances and states strongly excited by direct reactions.
For deuteron-nucleus scattering, the phenomenological optical potential, V (r, E), can be expressed as [37]

V(r,E) = _(V(E) + in(E))f(r’ Ry, ay) + i4asWs(E)%f(r’ Ry, ay)

h 1d 7 =
)Z_Ef(r, Rso,as50)L - 7 + Veoul (1), (14)

mpyc’ r

+ (Vm + iWSO)(

where V(E), V, are the real components of the volume-central and spin-orbit potentials, respectively. In addition, W, (E),
W (E), and Wy, are the imaginary components of volume, surface, and spin orbit potentials, respectively, and Vcou (r) is
the coulomb potential. E is the energy of the incident particle in the laboratory frame. As for the radial dependence of the
potential, the well-known realistic Woods-Saxon form factor is used [24]:

Vi(r) = V(E)f(r,Ry,a),
Wy(r) = WL(E)f(r,Ry,a),

d
W(r) = _4asWs(E)Ef(r, Rs,a),
I/} 1d
Vso(r) = Vso( )2——f(l", Rsos as())’
mpc’ rdr
h 1d
Wso(r) = Wi )2__f(r, Rso, ds0), (15)
myc’ rdr

where m , is the pion mass. The form factor f(r, R;, a;) is the Saxon-Woods shape[41],

1 .
f(r Riai) = +— ol Ry ja i=v,5,50,¢ (16)

where, R; = r,-A% is a potential radius, A the mass number of the target, and a; the diffuseness parameters. For charged
projectiles, the Coulomb term Vo, (7) is usually obtained by approximating the target nucleus as a uniformly charged
sphere,

o(ry)

| F =7t |

Veoi(r) = 2,2, [ dF, a7
where 7 is the position of the projectile and 7; is that of target nucleus. The quantities Z,, and Z, are the atomic numbers
of the projectile and target, respectively. The term p(r;) gives the charge distribution in the target.

Deformed nuclei, whose surfaces vibrate about an equilibrium shape, are treated using the vibrational model. Here,
the dynamic nuclear radius R; is taken to be a function of the polar angles 8 and ¢ according to:

(o)

=1
1+ w#yﬂ,,(e,@], (18)

A>1 u=-A1

Ri(0,¢) = r;A3
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where R;(0, ¢) is the distance from the center of the nucleus to a point at its surface subtending polar and azimuthal
angles (0, ¢). The spherical tensors a,,, are the spherical harmonics (Y, (6, ¢)) coefficients. However, some nuclei have
permanent deformations about a symmetry axis and are treated using the rotational model. In this case the nuclear radius
is expressed in the form:

Ri(0) = ri A3

1+ Zﬁmo((;’)], (19)
A

where, 0’ is the polar angle in the body - fixed frame and 8, is the deformation parameter. When the vibrational or
rotational models are used, one has to determine which parts of the potential are to be deformed. Since the nuclear force is
a short range force the nuclear potential follows the shape of the nucleus. Therefore, it is a common practice to deform the
volume term of the potential. Deforming the imaginary surface part, however, is a matter of dispute. This issue has been
discussed and arguments were presented in support and also against deforming the imaginary surface part [5]. However,
in a later work [16], the authors stated that "to describe the inelastic scattering best, it is found necessary to deform the
imaginary (as well as the real) part of the central potential." Furthermore, in Ref. [2] and [25] the authors used an optical
model with channel coupling to analyze deuteron induced reactions. All parts of the nuclear potential were deformed
except the spin-orbit term. In Ref. [35] we examined the effect of channel coupling on the variation of the potential
parameters corresponding to nucleon scattering off light and heavy nuclei. We obtained excellent angular distribution fits
for the elastic and inelastic channels by deforming both the real volume and imaginary surface terms. Therefore, in this
work, we shall deform the surface imaginary term in addition to the real volume term. We did not deform the spin - orbit
term as the effects of its deformation on the calculated differential cross sections were found to be insignificant [21].

4. RESULTS AND DISCUSSION

This section presents a detailed analysis of deuteron elastic and inelastic scattering from °Li, 12C, ?Mg, >3Ni, 120Sn,
and 2%8Pb nuclei over an incident energy range spanning from 9.9 to 270 MeV. The theoretical framework employed is
the coupled-channels (CC) method, implemented using the FRESCO and SFRESCO codes developed by Thompson [36].
These codes allow for systematic inclusion of couplings between the ground and excited states of the target nuclei,
facilitating a unified treatment of elastic and inelastic scattering processes within a consistent reaction model. The
main goal of this study is to investigate the effect of ground state coupling to inelastic reaction channels on the energy
variations of the optical potential parameters. In doing so, we have used the rotational model to analyze the deuteron
elastic and inelastic excitation differential cross sections. The optical potential parameters were obtained by fitting the
coupled-channels differential cross sections dov, v (0)/dQ, the experimental data for the elastic and inelastic scattering
cross sections for light and heavy nuclei were taken from the Experimental Nuclear Reaction Data (EXFOR) and the
Computer Index of Nuclear Reaction Data (CINDA) are displayed in Table 1. The coupled channel analysis shows that
nuclei become deformed when the potential couples the ground state to the inelastic excited states. In deformed nuclei,
the non-diagonal potential couples the ground state to the inelastic excited states. So, the deformation lengths 6, = SR
were extracted by fitting the experimental data of the coupled channels differential cross sections for collective excitations.
The multipolarity A of the reaction can be represented as follows: For 4 = 2, we have quadrupole deformations S, [30]
and [32]. For A = 3 we have octupole deformations 53 [40]. For A = 5 we have quintupole deformations B5. In order to
compare the optical potential parameter calculations with the experimental results, we used the automatic search routine
of SFRESCO. This program minimizes the chi-squared value y?, which is defined as:

(d(r(()i)) _(do(oi)) 2
aQ theo aQ exp

| N
2 _ J—
XYON Z A(dfr(ei)) ’ 20
i=1 aQ
. . . d()'(gl) d()‘(g,) 1 1
where N is the number of experimental points, ( o )rheo and ( 70 )exp are the theoretical and experimental

differential cross sections at the angle 6;, and A(wfj—g")) is the corresponding experimental error. We now proceed to

discuss the results obtained by fitting the experimental elastic and inelastic differential cross sections. For all the nuclei
studied in this work, we have considered incident deuteron energies where EXFOR provides the experimental data for the
elastic scattering and inelastic excitations. This enables us to study the effect of ground-state coupling to open reaction
channels on the energy variation of the optical potential parameters. It is well known that more than one set of optical
potential parameters can fit a given experimental dataset.
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Table 1. Experimental data for deuteron elastic and inelastic scattering for the nuclei and energies considered in this work
were collected from the EXFOR and CINDA databases.

Nucleus E (MeV) Ref.
OLi 14.8,25.0 [10]
171 2]
12c 11.8 [51]
13.7,15.3,25.9 [52]
60.6 [54]
77.3,90 [55]
170 (2]
200 [56]
270 [57]
Mg 9.97,10.9, 12.1, 15.3, 21 [52]
60.6 [54]
77.3, 90 [55]
170 2]
S8Nj 12,12.8 [58]
27.5 [59]
79.9 [60]
170 (2]
1208p 13.6 [10]
28.6 [52]
80, 82 [49]
208pp 86 [57]

Coupling of the Elastic Channel to a Single Excited State in °Li and '>C

A detailed coupled-channels analysis was performed for deuteron elastic and inelastic scattering from the light °Li,
and '2C nuclei. Light nuclei differ from heavy ones in that their matter distributions are less uniform. They have diffused
edges that results in surface effects playing an important role in the scattering processe. In order to test the effect of channel
coupling on the energy variation of the optical potential parameters, we begin by coupling the elastic channel to the first
excited state. The diagonal and coupling optical potentials given in Eq. (2) were used to fit the elastic and inelastic angular
distributions simultaneously. The analysis of the °Li data was restricted to coupling the 1* ground state to the first 3*
excited state, whose excitation energy is £, = 2.186 MeV. As shown in Fig. 1, the fits for the angular distributions show
good agreement with the experimental data for the elastic (1*) and the first (3%) excited channels for incident energies
of 14.8, 25, and 171 MeV. The corresponding optical potential best fit parameters as a function of incident energy when
the elastic and first excited channels are coupled together, are displayed in Table 2. For '>C ,a well-studied nucleus
over the energy range 11.8 to 270 MeV, variations in the angular distributions are strongly influenced by coupling to the
ground state via collective transitions. We coupled the 0* elastic channel to the first 2* excited state (Ex = 4.438 MeV).
The corresponding fits for the elastic 0* and inelastic 2* differential cross sections show very good agreement with the
experimental data as seen in Fig 2. The optical model parameters corresponding to these fits are listed in Tables 3 and 4.
In our fitting procedure, we also searched for the best value of the quadrupole deformation parameter 3, at each incident
energy. Assuming all the obtained values to have the same weight, our average value for the quadrupole deformation is
B> = 1.39 for SLi, which is in good agreement with the value 8,=0.89 obtained in Ref. [25]. In addition, our mean value
for the quadrupole deformation is 3,=0.73 for 'C, which is in good agreement with the value 8,=0.60 obtained in Ref. [9].
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Table 2. The optical potential best fit parameters for °Li(d, d)®Li* scattering cross sections for the elastic (17) and 3*
excited state. The Coulomb radius was fixed at . = 1.2 fm.

Parameters 14.8 MeV 25.0 MeV 171.0 MeV
V (MeV) 89.990 70.090 28.600
r (fm) 1.160 0.910 1.400
a (fm) 0.900 0.220 0.900
Wy (MeV) 5.280 2.160 7.690
ry (fm) 1.400 1.540 1.080
ag (fm) 0.900 0.890 0.830
Vso(MeV) 2.000 4.790 2.288
ryo (fm) 0.800 1.040 1.420
ago (fm) 0.900 0.300 0.900
B2 (fm) 1.29 2.07 0.786
x> 99.200 1.075 189.600
10° 14.8 MeV * Exp. Data [li]
. — This work [1 ]
. + Exp. Data [3]
. --= This work [3]

do/dQ (mb/sr)

171 MeV

| | |
0 30 60 90 120 150

0, . (deg)

Figure 1. (Color online) Elastic and inelastic best angular distribution fits for deuteron scattering from °Li.
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Table 3. The optical potential best fit parameters for >C(d, d)'>C* scattering cross sections for the elastic (0*) and (2%)
excited state. The Coulomb radius was fixed at r. = 1.2 fm.

Parameters 11.8 MeV 13.7 MeV 15.3 MeV 25.9 MeV 60.6 MeV
V (MeV) 63.00 62.00 61.9999 54.4645 52.00
r (fm) 0.9956 1.0000 1.0154 1.0562 0.8306
a (fm) 0.8500 0.7958 0.8100 0.7499 0.4137
Wy (MeV) 13.00 12.7351 11.1303 13.00 10.00
ry (fm) 1.2033 1.2233 1.2343 1.0718 1.0000
ag (fm) 0.3522 0.3672 0.4029 0.4301 0.5567
Vso (MeV) 4.0385 5.1000 3.8314 4.0000 4.5000
Fso (fm) 0.9000 0.8152 0.7646 1.0524 0.8855
ase (fm) 0.4512 0.3000 0.3010 0.7000 0.7500
B2 0.659 0.656 0.606 0.730 0.789
P 10.150 10.049 69.195 69.195 6.194

Table 4. The optical potential best fit parameters for >C(d, d)'2C* scattering cross sections for the elastic (0*) and (2%)
excited state. The Coulomb radius was fixed at r. = 1.2 fm.

Parameters 77.3 MeV 90.0 MeV 170.0 MeV 200.0 MeV 270.0 MeV
V (MeV) 45.09 40.00 40.00 37.84 31.27
r (fm) 0.800 0.936 0.940 0.900 0.970
a (fm) 0.495 0.850 0.410 0.390 0.440
W,(MeV) 10.00 18.54 13.00 17.00 16.99
rs (fm) 0.930 0.904 1.070 1.170 1.109
ag (fm) 0.714 0.654 0.780 0.710 0.800
Vso(MeV) 6.10 4.50 4.03 4.00 4.00
rgo (fm) 0.800 0.800 0.840 0.900 0.800
as, (fm) 0.750 0.400 0.800 0.600 0.800
B2 (fm) 0.966 0.699 0.743 0.776 0.720
XY 30.90 49.82 73.45 8.860 6.300

When the elastic channel and the first excited states are coupled together for 6Li, and '2C, we find that the variations
of all OMP parameters are reduced. It is clear from Tables. 2 —4 that the value of V decreased with increasing energy, but
its variation is reduced as shown in Fig. (3 ). In addition, the variations of V for the >C case are similar to the variations
in the SLi case as can be seen in Figures (3). The variation in the surface absorption depth W; is smaller and remains
highly stable as a function of incident energy for °Li and '>C. Channel coupling has also resulted in the real part of the
spin-orbit potential Vy, being almost constant over the entire energy range around 4.0 MeV for these nuclei. In previous
work, Ref. [1]fixed the value of V;,, at 3.557 MeV, while V, was taken as 3.703 MeV in Ref. [20], 6.0 MeV in Ref. [3].,and
5.5 MeV in Ref. [10]. The variations in the geometric parameters (r, ry, rs,) and (a, as, as, ) are also highly stable, as
shown in Fig. (3). The mean y2 value for light nuclei is approximately 65 when the elastic channel is coupled with the
first excited state.

In what follows, we study the effect of coupled-channel analysis on the energy dependence of the optical potential
parameters for heavy nuclei
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11.8 MeV e  Exp.Data 77.3 MeV
—— This Work
. EXp. Data
102 ---- This Work

do/dQ (mb/sr)

25.9 MeV

60.6 MeV

30 60 90 120 150
6, (deg)

do/dQ (mb/sr)

170 MeV

270 MeV

40 60 80
6, (deg)

Figure 2. (Color online) Elastic and inelastic best angular distribution fits for deuteron scattering from >C.
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Coupling the Ground State of >*Mg, ®Ni, '>°Sn, and 2°*Pb to Collective Excited States

In this section, we investigate the effect of coupled-channels analysis on the optical model parameters for intermediate
and heavy nuclei. Heavy nuclei have almost constant matter densities up to large distances away from the nuclear center.
Therefore, surface effect, which result in larger energy dependence of the optical potential parameters, are expected to play
areduced role compared to the case of light nuclei. All this is expected to result in more stable optical potential parameters
as a function of energy. We present a detailed coupled-channels analysis of deuteron elastic and inelastic scattering on
the *Mg, 38Ni, 120Sn, and 2°*Pb nuclei over an energy range of 9.9 to 170 MeV. Here, we coupled the 0" elastic channel
and the first 2* excited state corresponding to deuteron scattering from >*Mg, *®Ni, 12°Sn, where the respective excitation
energies are 1.368 MeV, 1.454 MeV, and 1.171 MeV, respectively. The obtained results for the elastic 0* and inelastic 2*
differential cross sections show excellent agreement with the experimental data as displayed in Figs. (4) to (6). Our fitting
procedure also resulted in best-fit for the quadrupole deformation 8, = 0.64, 5, = 0.244, and B, = 0.097 for coupling
the ground state of 2*Mg, ¥Ni, and '2°Sn to the 2* excited state, respectively, which are in good agreement with previous
work, where the corresponding values of 5, = 0.605, 8> = 0.182 and 5> = 0.107 obtained in Refs. [31].

In the case of 28Pb scattering, we coupled the 0* ground state to the 3~ (2.6146 MeV) inelastic excited state at
energy 86 MeV for which experimental data are available. The corresponding excellent angular distribution fits are
shown in Figure (7). In the coupling between the 0* (elastic channel) and first 3~ excited state for the target nucleus
208pb, an octupole deformation parameter 83 = 0.11 was obtained, which is in a good agreement with previous work is
B3 = 0.11 of [15]. In addition, we shall consider the effect of coupling the ground state to two inelastic channels on the
optical potential parameters for 2°Pb, when the 0* ground state is coupled to the 3~ (2.6146 MeV) and 5~ (3.197 MeV)
excited states. In this case, the calculated elastic and inelastic differential cross sections show excellent agreement with
experimental data at an incident energies of 86 Mev as shown in Figure (7), and our fitted values are 83 = 0.11 for an
octupole deformation and B85 = 0.0563 for the quintupole deformation. Furthermore, Tables (5) to (9) show the optical
potential best fit parameters as a function of incident deuteron energy for the >*Mg to 2°*Pb target nuclei when the elastic
channel and excited states are coupled together. Similar to the case of light nuclei, when the ground state is coupled to the
first excited state the energy variations of optical potential parameters are reduced.
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Table 5. The optical potential best fit parameters for **Mg(d, d)>*Mg* scattering cross sections for the elastic (0*) and
(2%) excited state. The Coulomb radius was fixed at r. = 1.2 fm.

Parameters 9.97 MeV 10.87 MeV 12.10 MeV 15.30 MeV 21.00 MeV
V (MeV) 73.000 71.545 65.753 66.000 54.216
r (fm) 1.0000 1.0000 1.0281 1.0255 1.0000
a (fm) 0.7712 0.7034 0.5959 0.7163 0.6584
W (MeV) 16.000 16.000 16.000 16.000 13.000
ry (fm) 1.2023 1.1508 1.0765 1.1163 0.9354
ag (fm) 0.4403 0.4334 0.4721 0.4511 0.6261
Vso (MeV) 5.7434 5.0000 5.0000 7.2000 5.0000
Igo (fm) 0.9095 0.9000 0.9000 0.9000 0.9870
age (fm) 0.3000 0.3629 0.3041 0.3624 0.7500
B2 0.520 0.520 0.506 0.507 0.520
x° 4.958 10.127 20.257 150 7.128

Table 6. The optical potential best fit parameters for **Mg(d, d)?*Mg* scattering cross sections for the elastic (0) and
(2*) excited state. The Coulomb radius was fixed at . = 1.2 fm.

Parameters 60.6 MeV 77.3 MeV 90.0 MeV 170.0 MeV
V (MeV) 61.999 55.000 53.120 32.384
r (fm) 0.874 0.900 1.000 0.912
a (fm) 0.778 0.494 0.800 0.576
Ws(MeV) 14.632 16.000 15.000 13.836
rs (fm) 0.928 0.935 0.900 1.027
as (fm) 0.614 0.669 0.800 0.763
Vso(MeV) 4.000 4.000 4.000 3.092
Fso (fm) 0.800 0.800 0.800 0.879
dg, (fm) 0.500 0.400 0.800 0.600
B2 (fm) 0.764 0.805 0.693 0.950
P 12.478 26.833 19.562 128.475

Table 7. The optical potential best fit parameters for >Ni(d, d)>Ni* scattering cross sections for the elastic (0*) and (2%)
excited state. The Coulomb radius was fixed at . = 1.2 fm.

Parameters 11.8 MeV 13.6 MeV 27.5 MeV 80.0 MeV 170.0 MeV
V(MeV) 83.000 74.591 78.000 59.999 47.783
r(fm) 1.100 1.196 0.950 1.017 0.916
a(fm) 0.747 0.748 0.780 0.585 0.549
Ws(MeV) 15.000 14.990 15.430 12.000 15.000
ry(fm) 1.220 1.369 1.060 0.913 1.010
as (fm) 0.690 0.666 0.630 0.727 0.749
Vso(MeV) 6.000 5.555 4.000 4913 3.000
rso (fm) 1.100 1.265 1.130 0.906 0.921
ase (fm) 0.700 0.300 0.300 0.205 0.700
B2 (fm) 0.282 0.222 0.293 0.166 0.257

x° 8.448 7.455 4.990 3.865 42.151
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Figure 4. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for deuteron elastic and inelastic scattering from >*Mg.

Table 8. The optical potential best fit parameters for '2°Sn(d, d)'?°Sn* scattering cross sections for the elastic (0*) and
(2%) excited state. The Coulomb radius was fixed at r. = 1.2 fm.

Parameters 13.6 MeV 28.6 MeV 82.0 MeV
V(MeV) 68.09 69.11 60.00
r(fm) 1.160 1.140 1.460
a(fm) 0.540 0.220 0.440
Ws(MeV) 13.00 7.64 15.21
ry (fm) 0.900 1.230 1.200
ag (fm) 0.860 0.810 0.630
Vso(MeV) 4.37 6.00 4.27
Fso (fm) 1.210 1.240 1.260
ago (fm) 0.300 0.300 0.400
B2 (fm) 0.161 0.089 0.042

x> 3.530 16.90 22.40
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Figure 5. (Color online) Elastic and inelastic best angular distribution fits for deuteron scattering from ®Ni.

Table 10. Theoretical predictions of deformation parameters compared to previous works. Where the values previous
works are given in [a [9], b [38], ¢ [31],d [19], e [15], £ [39]].

Target nucleus

Def.Parameter Li 2c Mg BNi 1208n 208pp
8 0.582¢ 0.600°¢ 0.1824 0.1074
2 1.39 0.73 0.64 0.24 0.097
0.110¢
Ps 0.11

Ps 0.056
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Figure 6. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for deuteron elastic and inelastic scattering from '2°Sn.

Table 9. The optical potential best fit parameters for 2%Pb(d, d)?"*Pb* scattering cross sections for the elastic (0*) and

(37, 57) excited state. The Coulomb radius was fixed at r. = 1.2 fm.

Parameters Coupling (0*,37,57 ) 86.0 MeV Coupling (0*, 37) 86.0 MeV
V(MeV) 37.34 35.86
r(fm) 1.09 1.12
a(fm) 0.80 0.80
Ws(MeV) 15.99 16.0
rg (fm) 0.99 1.05
ag (fm) 0.89 0.77
Vso(MeV) 4.0 4.0
rso(fm) 0.98 1.08
as(fm) 0.64 0.30
B(fm) 0.103 0.099
Bs(fm) 0.018 -
x¥? 6.6 4.08
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Figure 7. (Color online) Elastic and inelastic best angular distribution fits for deuteron scattering from 2°3Pb.

Clearly, for all the considered nuclei, we found that the variations in the optical potential parameters with incident
energy are reduced. Coupling the 0" elastic channel with the first excited state in 2*Mg ®Ni, and '?°Sn the variations in
the real part of the central potential V are smaller, and its value decreased with increased incident energy, as expected. In
addition, it can be noted that the behavior of the surface absorption term W remains more stable as a function of incident
energy for the 2*Mg, Ni, 12Sn nuclei, as shown in Figs. 8. The real part of the spin-orbit depth (Vj,,) remains highly
stable when channel coupling is taken into account. The results of this work yield V;,, = 4.0 MeV, as shown in Figs. § for
heavy nuclei.

Previous works have reported V;, ~ 3.557 MeV [1], 3.703 MeV [20], and 6.0 MeV [3], and 5.5 MeV in_Ref.[lO].
The geometric parameters (r, rs, o) and (a, ag, as,) are more stable. For heavy nuclei, our mean value of y2 is 18.3.
The elastic and inelastic angular distribution fits for the heavy nuclei are better than those for the light nuclei.

Now, to evaluate the improvements achieved in the present coupled-channels (CC) analysis, we perform a detailed
comparison with the benchmark study by Baumer et al. [2], which reported angular distributions for deuteron elastic
and inelastic scattering from '2C, 2Mg, and *®Ni at an incident energy of E; = 170 MeV. Their analysis was based on
global optical model potentials developed by Daehnick et al. [10] and Bojowald et al. [3]. The superiority of the present
approach is reflected in the reduced chi-squared (y?) values, which provide a quantitative measure of the fit quality. At
E; = 170 MeV, we achieved the following improvements:

* 12C: ¥? reduced from approximately 600 (using DC/BC fits) to 76,
» 2*Mg: x? reduced from around 700 to 128,

* BNi: y? decreased from nearly 100 to 42.
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5. CONCLUSIONS

In this work, we employed the coupled-channels analysis to study the deuteron-nucleus elastic and inelastic scattering
processes corresponding to light and heavy nuclei in the atomic mass region from SLi to 2®Pb and incident energies
ranging from 9.9 to 270 MeV range. The FRESCO code was used to solve the coupled partial-wave equations for a
rotational nucleus. Best optical potential fit parameters were obtained for the elastic angular distribution data, in addition
to simultaneous fits to the angular distributions corresponding to the most important inelastic excitations.

For light nuclei, when the elastic channel was coupled to inelastic excitations, the angular distribution fits were in
excellent agreement with the experimental data as shown in Figs. (1) and (2). The variations in optical potential parameters
with energy are reduced, the optical potential fit parameters for ®Li and '>C show lower variations with incident energy in
the elastic and inelastic scattering cases.

For heavy nuclei, when coupling the ground state with the most important inelastic excitation channels the differential
cross-section fits were in excellent agreement with the experimental data for the 2*Mg, ¥Ni, '2°Sn, and 2°*Pb nuclei, as
shown in Figures (4) to (7). We found that the optical potential fit parameters for heavy nuclei exhibit reduced variations
with incident energy as shown in Tables (5) to (9). The potential parameters show smaller energy dependence in the elastic
and inelastic scattering.

The main goal of our study has been to test the effect of coupled-channels analysis on the energy variation of the
optical potential parameters. We found that the variations of the parameters for light and heavy nuclei are reduced when
coupling is taken into account as shown in Figures (3) and (8) for the light and heavy nuclei, respectively. Therefore, we
stress the following conclusions:

» The real central potential V decreases with increasing incident energy, when inelastic excitations are taken into
account.

* The energy variations of the surface absorption depth Wy are more stable for the channel coupling scheme. This is
s0, since the imaginary part is responsible for the removal of particles from the elastic channel. Coupled channel
analysis takes into account part of the removed flux explicitly. Therefore, the strength W; of the absorption term
naturally decreases.

» The real part of the spin-orbit potential Vj, is almost constant as a function of incident energy for the light and
heavy nuclei. We found that the value of Vj, is around 4.0 MeV when the elastic channel is coupled to inelastic
open excitations.

In previous studies, the value of Vg, was fixed at 3.55 MeV [1], V, = 3.703 [20], Vi, = 6.0 [3], and V,,=5.5 [10].

* The variations of the geometric parameters are highly stable when channel coupling is taken into account.

The results demonstrate that the inclusion of inelastic couplings to collective excited states significantly improves
both the physical realism and statistical quality of the fits. For example, at E; = 170 MeV, the reduced chi-squared
values for 12C, 24Mg, and 3Ni were reduced from 600, 700, and 100, respectively, in global optical model
fits to 76, 128, and 42 using our fully coupled approach. These improvements were observed not only in the
forward-angle region but also in the backward-angle domain, where collective effects and interference patterns are
most pronounced.

Finally, compared with previous studies, particularly the widely cited work by Baumer et al., our approach shows
clear improvements. While Bdaumer’s fits using global optical models and minimal coupling captured general angular
trends, they suffered from large y? values and poor agreement at large scattering angles. In contrast, our CC analysis with
structure-informed deformation parameters and fully optimized optical potentials, yields significantly better agreement
with data and enhanced physical interpretability.

In summary, the channel coupling analysis has been shown to reduce the variations of the optical parameters with
energy.
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AHAJII3 3B’ AI3AHUX KAHAJIIB TA BUJIYUYEHHSA IOTEHIIAJTY OIITUYHOI MOJIEJII 1J14 PO3CIIOBAHHA
JENTPOHIB BIJI °Li 10 2°8Pb
Bauig Canex Anbpasimni
Kadgpeopa nayku, gpaxyavmem oceimu, Yrieepcumem Canu, Cana, Emen

[IpysxHe Ta HenpyXkHe pO3CiloOBaHHS JEUTPOH-SIPO Bij OLi 1o 208Pb 0yJ10 TOCTiKEHO [UIs eHepriii najiHHsA Big 9,9 1o 270 MeB. [010BHOW0O MeTOIO 1€l
pOOOTH € BUBYCHHS BIUIMBY 3B’sI3Ky OCHOBHOTO CTaHy sApa 3 HENPYXKHUMH KaHalamu 30yIKCHHS Ha SHepreTHYHy 3a/ekKHICTh apaMeTpiB ONTHYHO-
ro mozesbHoro noteniiany (OMIT). BukopuctoByoun kogu FRESCO ta SFRESCO, MU IBHO MOB’ 13a/1 TIPYKHUIA KaHAJ 3 HU3bKO PO3TAIIOBAHUMU
KOJIEKTMBHHMM CTAHAMH Ta BTy i apamerpu OMIT mutsixom minimisartii y 2. Halikpai mapaMeTpy onTidHOi MOfesT Oy, OTpUMAHI JUIs1 JAHKX HpY-
JKHOT'O Ta HETIPYKHOTo KyTOBOro po3mnoziny. Haii anpokcumarlii KyTOBOro po3nojily npy»HOCTi Ta HENpPYKHOCTI IEMOHCTPYIOTh Yy/I0BY Bi/IlIOBiIHICTh
3 eKCIIePUMEHTAJIbHIMH JaHUMH, OCKIJIbKY OiJIblie OHOrO HabOpy mapameTpiB MOTEHLialy MOXe BiATBOPUTH 3aiaHi JaHi KyToBoro posmnoaity. Komu
OCHOBHHI1 cTaH OyB ITOB’sI3aHMI1 3 HAWBAXJIMBIIMMY HENPYXXHAMH KaHaJIaMU 30y KeHHsI, eHepreTHYHa 3aJIekHicTh napameTpis OMP 3menmmnacs. Lle
Haf01/IbII OYEeBUAHO 1JIsI TapaMeTpiB ONTUYHOI MOJIEN, 3HAYEeHH SIKUX CTAJIO0 Maibke ITOCTIHUM, KOJU PO3IJIsIaBcs 3B’ 130K KaHAIB.

KuarouoBi cioBa: peaxuyii’ 36’ si3anux Kananis;, Oelimpon; NPpYyicHe PO3CIIO8AHHS, HENPYICHe PO3CIIOBAHHS, NAPAMEMPU NOMEHUIANY
onmuuHol modeni; dugbepenyianrvuuii nonepeuHuli nepepiz
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