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Separable representation of multichannel nucleon-nucleus optical potentials
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Background: One important ingredient for many applications of nuclear physics to astrophysics, nuclear energy,
and stockpile stewardship is cross sections for reactions of neutrons with rare isotopes. Since direct measurements
are often not feasible, indirect methods, e.g., (d, p) reactions, should be used. Those (d, p) reactions may be viewed
as three-body reactions and described with Faddeev techniques.

Purpose: Faddeev equations in momentum space have a long tradition of utilizing separable interactions in
order to arrive at sets of coupled integral equations in one variable. Optical potentials representing the effective
interactions in the neutron (proton) nucleus subsystem are usually non-Hermitian as well as energy dependent.
Including excitations of the nucleus in the calculation requires a multichannel optical potential. The purpose of this
paper is to introduce a separable, energy-dependent multichannel representation of complex, energy-dependent
optical potentials that contain excitations of the nucleus and that fulfill reciprocity exactly.

Methods: Momentum space Lippmann-Schwinger integral equations are solved with standard techniques to
obtain the form factors for the separable representation.

Results: Starting from energy-dependent multichannel optical potentials for neutron and proton scattering from
12C, separable representations based on a generalization of the Ernst-Shakin-Thaler (EST) scheme are constructed
which fulfill reciprocity exactly. Applications to n + '>C and p 4 '2C scattering are investigated for energies
from 0 to 50 MeV.

Conclusions: We find that the energy-dependent separable representation of complex, energy-dependent
phenomenological multichannel optical potentials describes scattering data with the same quality as the original

potential.

DOI: 10.1103/PhysRevC.95.054617

I. INTRODUCTION

Nuclear reactions are an important probe to learn about the
structure of unstable nuclei. Due to the short lifetimes involved,
direct measurements are usually not possible. Therefore,
indirect measurements using (d, p) reactions have been pro-
posed (see, e.g., Refs. [1-3]). Deuteron-induced reactions are
particularly attractive from an experimental perspective, since
deuterated targets are readily available. From a theoretical
perspective, they are equally attractive because the scattering
problem can be reduced to an effective three-body problem
[4]. Traditionally deuteron-induced single-neutron transfer
(d, p) reactions have been used to study the shell structure
in stable nuclei. Nowadays, experimental techniques are
available to apply the same approaches to exotic beams (see,
e.g., Ref. [5]). Deuteron-induced (d, p) or (d,n) reactions in
inverse kinematics are also useful to extract neutron or proton
capture rates on unstable nuclei of astrophysical relevance [6].
Given the many ongoing experimental programs worldwide
using these reactions, a reliable reaction theory for (d,p)
reactions is critical.

One of the most challenging aspects of solving the three-
body problem for nuclear reactions is the repulsive Coulomb
interaction. While for very light nuclei, exact calculations of
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(d, p) reactions based on momentum-space Faddeev equations
in the Alt-Grassberger-Sandhas (AGS) [7] formulation can
be carried out [8] by using a screening and renormalization
procedure [9,10], this technique leads to increasing technical
difficulties when moving to computing (d, p) reactions with
heavier nuclei [11]. Therefore, a new formulation of the
Faddeev-AGS equations, which does not rely on a screening
procedure, was presented in Ref. [12]. Here the Faddeev-AGS
equations are cast in a momentum-space Coulomb-distorted
partial-wave representation instead of the plane-wave basis.
Thus all operators, specifically the interactions in the two-body
subsystems, must be evaluated in the Coulomb basis, which
is a nontrivial task. The formulation of Ref. [12] requires the
interactions in the subsystems to be of separable form. The
same reference suggests an extension of the Faddeev-AGS
equations to take excitations of the nucleus into account.
Faddeev-AGS calculations taking into account rotational
excitations were carried out for (d,p) reactions with '°Be
and **Mg in Refs. [13,14], showing that the inclusion of
excited states in those nuclei could improve the description
of experimental data.

Taking into account excitations in nuclear reaction calcula-
tions has a long-standing tradition leading to formulating the
scattering equations as a coupled-channel problem (see, e.g.,
Refs. [15-17]), and a large body of work in nuclear reactions is
based on solving coordinate space coupled-channel differential
equations. To include excitations of the nucleus in the formu-
lation of Ref. [12], separable representations of the effective
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neutron and proton interactions with the nucleus which include
those excitations need to be constructed in momentum space.
We follow here work already carried out for single-channel
optical potentials that are complex [18] as well as energy
dependent [19]. These separable representations have roots
in the work by Ernst, Shakin, and Thaler [20] (EST), who
derived a scheme for constructing separable representations
using scattering wave functions at given energies as basis
for their expansion. In momentum space, the scattering wave
functions are related to half-shell ¢+ matrices. Thus, the EST
choice guarantees that, at those fixed energies, the separable
expansion is not only on-shell but also half-shell exact.
The generalization to complex, energy-dependent optical
potentials of Refs. [18,19] fulfills the same conditions and
in addition guarantees that reciprocity is fulfilled.

Using scattering wave functions as basis for deriving
separable representations is not the only possible choice.
Following the work of Refs. [21,22], Sturmian basis functions
have recently been used to define a separable multichannel
potential for describing low-energy neutron scattering from
2C and successfully capturing the low-lying resonances
[23,24].

The goal of this work is to generalize the formulation of
Ref. [19] so that excitations of the nucleus can be taken into
account in a multichannel framework. Although an extension
of the EST scheme to multichannel potentials was already
carried out in Ref. [25], that work was limited to Hermitian
potentials. In this paper, we want to obtain a separable repre-
sentation of complex, energy-dependent multichannel optical
potentials. First, we derive the formulation for multichannel
neutron-nucleus optical potentials in Sec. II and apply the
formulation to neutron elastic and inelastic scattering off '*C.
In Sec. III, we extend this formulation to charged particle
scattering and show as application the elastic and inelastic
scattering of protons from !>C. Our findings are summarized
in Sec. IV. The paper is accompanied by three appendixes
explaining analytic and numerical details.

II. ENERGY-DEPENDENT MULTICHANNEL
NEUTRON-NUCLEUS OPTICAL POTENTIALS

A. Formal considerations
1. Coupled-channel formalism

For setting up the multichannel problem, let us consider a
nucleus characterized by the spin parity /7. The nuclear wave
function is represented by |®,,s,), where M| is the projection
of I along the z axis. A neutron interacting with the nucleus
through a potential U has an angular momentum j, =1=+
s, with [ being the relative orbital angular momentum and
s = 1/2 its spin. The total, conserved angular momentum J
of the system takes values | — j,| < J = |J| < I + j,, and
its projection along the z axis is given by M. The states of
conserved angular momentum are thus given by [16]

|ILsj)IM)y = > C(1jpJ, Mym;, M)| V")

Mlmjp

Drag, ), (1)
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The functions Y, are the spherical harmonics, X, are the
corresponding spinors, and C(lsj,,mmsm;,) are Clebsch-
Gordon (CG) coefficients. The quantities /,/, and j, collec-
tively characterize a particular configuration of the system but
are not individually conserved. These configurations make up
the angular momentum channels and will be denoted using
the Greek letters «, B, y, etc. Since the potential U couples
different angular momentum channels, we need to employ a
coupled-channel formulation to describe a scattering process.
The multichannel wave function |W;™™) is characterized by
the total angular momentum J, the parity m, as well as the
incident angular momentum channel «, and obeys a coupled
set of Lippmann-Schwinger (LS) equations,

WD) = 11ko) Suay + Gou(E) Y U [W). (3

oo

Here |W; (") represents a projection of the wave function
|W/7+)) onto the a channel. The free propagator in a given
channel « has the form Goo(E) = (E — &4 — Hy +i€)”!
with E = k}/2; being the nonrelativistic kinetic energy in
the incident channel and wu the reduced mass. Here, &,
designates the nuclear excitation energy in channel «. Using
the states of Eq. (3) in the operator LS equation, T(E) =
U+ UGy(E)T(E), one obtains a set of coupled ¢ matrix
equations:

T (E) = Uty + > Uiy Goa(E)T, o (E).  (4)
Here Uy, = (@I M|U|agJ M) and T, (E) =
(aJM|T(E)|ocoJ M) are elements of the multichannel
potential and ¢ matrix respectively. The explicit LS equation
for the half-shell  matrix in momentum space takes the form

oo
T (K ks E) = Ul (K k) + Y /0 dpp® U (k, p)

X Go (E, p)T 314, (P:k; E), &)

where the propagator is given by G (E,p) =
(Eq — p*/21a + ie)_l. Here E, = E — ¢, is the center
of mass (c.m.) energy and p, is the reduced mass in channel
«. Further details on the scattering of neutrons from deformed
nuclei are given in Appendix B.

2. Separable representation of complex, energy-dependent
multichannel potentials

For single-channel separable representations, the work of
Ref. [18] already showed that the EST scheme presented in
Ref. [20] leads to the violation of reciprocity when applied to
complex potentials, which can be resolved if both incoming
and outgoing scattering states are used in the separable
expansion. However, the separable potentials from Ref. [18]
still do not completely fulfill reciprocity for energy-dependent
potentials. A further generalization of the EST scheme for
potentials that are both complex and energy dependent had
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to be developed [19], which involves introducing an energy-
dependent separable potential

w(E) =Y UE)Y i E)YYUE).  (6)
ij

Here |1//i(+)) is an outgoing single-channel scattering wave
function corresponding to U at the energy E;, and Iwi(f)) is
an incoming single-channel scattering wave function corre-
sponding to U* at the energy E;. The energies E; are referred
to as the EST support points. The total number of EST support
points defines the rank of the separable potential and thus is the
upper limit of the rank indices i and j. Equation (6) shows that
the energy dependence is introduced into the coupling matrix
elements A;;(E), which obey the constraint

Uy, (E) = (W3, Ju(E) ")
= > WSONUE Y )i (E)S I UEN W),
ij
(7)

where the matrix elements between in- and outgoing scattering
states at energies E,, and E, are given as

U (E) = (YO IUE) Y. (8)
Defining the matrix elements U,
Upn =UN(E) = (WO IUEDIPD) ©)

leads to a more compact form for Eq. (7),
u:m(E) = Z ulili )LII(E) uj"’
ij

= [ut . )"(E) . u]mna (10)

where U’ represents the transpose of /. This constraint
ensures that the eigenstates of U and u coincide at the EST
support points. The coupling matrix is symmetric so that
Aij(E) = Aj;i(E), a condition necessary for the fulfillment of
reciprocity. Since u is explicitly energy dependent, we coin
this representation as energy-dependent EST (eEST) scheme.
For single-channel, energy-dependent optical potentials, the
on-shell #+ matrix elements obtained with the eEST scheme
and its energy-independent approximation (EST) agree quite
well [19].

To generalize the eEST scheme to multichannel potentials,
we proceed analogously to Ref. [25] and replace the single-
channel scattering wave functions wi(+) and 1//;._> with their

multichannel counterparts \Ill{f(ﬂ and \I’:;(_). The indices J
and 7 will be omitted hereafter since the potential U preserves
the total angular momentum and parity. The multichannel
separable potential is thus given as

w(E) =) Y UE),D) M7 (B) (¥, IUE). (1)
poij

The indices i and j stand for the EST support points as was

the case in Eq. (6), while p and o characterize the coupling

to different channels. The separable potential of Eq. (11) is

defined for a specific conserved total angular momentum and

parity J7. The sum over the channel indices thus includes all

PHYSICAL REVIEW C 95, 054617 (2017)

angular momentum channels that correspond to a particular
J7™. For example, let us consider a system of a neutron and
a nucleus with a 0™ ground state and a 2% excited state. For
J™ = 1/27%, there are 3 coupled channels so that the upper limit
for p and o is 3. When evaluating cross sections, many values
of J contribute. In this work, the maximum value for J is 13/2,
which corresponds to 12 angular momentum channels. The
total number of channels required to evaluate cross sections is
76.
Using the definition of the multichannel half-shell # matrix
[26],
T(E))|p k) = UE)WS), W)
(o k9|T(E:) = (W |U(E)),
Eq. (11) can be recast as

u(E) = Z Z T(E;)|pkl) M7 (E) (kS o |T(Ej). (13)
PO ij
To determine the constraint on u(E), we first generalize
the matrices U°(E) and U defined by Egs. (8) and (9) to
multichannel potentials. This is accomplished by replacing
the single-channel scattering states by the multichannel wave
functions in the initial and final states, so that

U (E) = (W) UE)| Wi (14)

mn

and

Ut = U (Ey) = (W IUEDIWE).  (15)

mn

Here Eq. (15) shows that the matrix ¢/ depends only on the
support energies E,, and E,. On other hand, we see from
Eq. (14) that I/°(E) depends on the projectile energy E as
well as the support energies. The constraint on the separable
potential is obtained by substituting the multichannel matrices
U° and U into Eq. (10), leading to

UssB(E) = YN U AT EY U,
poij

= [U" - ME)- UL (16)

To evaluate the separable multichannel  matrix, Egs. (13) to
(16) are inserted into Eq. (4) to give

HE) =YY UE)WY) o7 (E) (WS )IU(E)),

poij
=YY T(E)|ok!) /7 (E) (kT o|T(Ep).  (17)
poij

The coupling matrix elements ti‘;G(E ) are implicitly defined
by

R(E) - T(E) = M(E), (18)
where
RIC(E) = (kK |Tpo(E) + Y Top(ENG p(E)Tpo (E})|KS)
B

n

=33 MK | Th (E) G (E) T (E)|K5)
B’

19)
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and
MET(E) = U (E) - U7 (20)

The expression for the matrix RZ.U(E) is analogous to the
one obtained in Ref. [19] for the single-channel case except
for the extra channel indices.

The eEST scheme simplifies considerably for energy-
independent potentials. From Egs. (14) we see that the de-
pendence of the separable potential u on the scattering energy
E arises from the energy dependence of U. Consequently,
the separable potential is independent of the energy E if U is
energy independent. To derive the multichannel EST separable
representation for energy-independent potentials, we set

UE)=U(E) =U(E)) =UE) =U (2D
in Eq. (15). This leads to

U = Uge? = (W)U, (22)

which implies that the matrices I/ and /¢ are identical. As a
consequence, the matrix M in Eq. (20) reduces to an identity
matrix. The energy-independent separable potential takes the
form

w(E) =" " T(E)|pkl) M7 (E) (kI 0| T(E;). (23)

poij
with the constraint

Supun = Y (Ut ALY (24)
ip

The corresponding separable ¢ matrix is given by Eq. (17). The
coupling matrix t(E) is obtained by replacing the matrix M
in Egs. (18) and (19) with the identity matrix so that

R(E)-t(E) = 1. (25)

The matrix elements R} (E) are given as

RIT(E) = (K| Too (E) + Y Top(EGp(E)Tpo (E))|KT)
B

= 33 keI Top(ENG 5 (E)Tga (E)|KS). (26)
,8 n

Since the separable potential does not depend on the
scattering energy E, we refer to this scheme as the energy-
independent EST separable representation. Although it is
derived for energy-independent potentials, it can be applied
to energy-dependent ones as well since only the multichannel
half-shell ¢+ matrices are required as input. The consequences
of applying the energy-independent EST separable representa-
tion scheme to energy-dependent potentials were investigated
in Ref. [19] for single-channel optical potentials. It was
determined that the off-shell # matrix was not symmetric and
thus violated the reciprocity theorem. Here a similar study will
be carried out for multichannel neutron optical potentials.

3. Simple illustration for implementing the
multichannel eEST scheme

The eEST separable representation scheme in Sec. II B for
the potential and the ¢ matrix is derived for arbitrary rank as
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well as an arbitrary number of coupled channels, and thus looks
quite complicated. To demonstrate a simple implementation,
we want to consider a case where there are only two coupled
angular momentum channels, as would occur in the scattering
of neutrons and protons in the triplet channel. To further sim-
plify, we restrict the rank of the separable potential to one EST
support point E;. This means that the channel indices have the
domain 1 < «, B, p, 0 < 2, while all other indices i, j, m,
and n are equal to one. The goal is to use the multichannel
eEST scheme to construct a multichannel separable potential
u(E) starting from an otherwise nonseparable, complex, and
energy-dependent multichannel potential U (E). The separable
potential is then used to obtain the separable ¢ matrix by
evaluating Egs. (17) to (20). The momentum space expressions
for the separable ¢ matrix are given by Eqgs. (B4) and (B5). In
our example, the input consists of the four half-shell r matrices
Ti1(Ey), T51(Ey), T12(Ey), and T>>(E), which are obtained
by solving the coupled-channel LS equation, Eq. (5), with
the starting potential U(E). This allows the evaluation of the
matrix elements Ry (E), Rj2(E), Ry (E), and Ry (E) using
Eq. (B4). The coupling matrix elements 7,1, 712, 721, and 1
can then be computed from Eq. (B1). Finally, we employ
Eq. (BS) to obtain the multichannel separable ¢ matrix

tap(k' ks E)
= a1(k/,k(11);E1) 11(E) Tig(Ey)
+ T (K K5 Er) 1o (K k5 E) Tog (K KV E)
+ Toa (K &5 Ev) 21 (E) Tig (K35 Ev)
+ Toa (K k7 Ey) to(K ks E) Tog (K k5 E). (27)

Here kil) and ki2) are the on-shell momenta corresponding
to E; in channels 1 and 2. The matrix elements t11(k’,k; E),
t1(k',k; E) = t1o(k,k"; E), and (k' k; E) are obtained from
Eq. (27). Applying the eEST scheme to realistic multichannel
nucleon-nucleus optical potentials involves many more angu-
lar momentum channels and EST support points. Nonetheless,
the procedure is similar to the simple example considered here.

B. Application to the elastic and inelastic
scattering of neutrons from 2C

In this section, we demonstrate that the eEST scheme
introduced in Sec. IIA2 can be successfully employed to
create high-quality separable representations of multichannel
neutron optical potentials. As an example, we consider the
scattering of neutrons from the nucleus '2C. The '2C nucleus
possesses selected excited states, with the first and second
levels having I™ = 2% and I™ = 4" and being located at 4.43
and 14.08 MeV above the 0 ground state. The collective
rotational model [27] is assumed to describe the coupling
between the ground state and these excited states. The
deformed optical model potential (DOMP) by Olsson [28] is
a coupled-channel optical potential and is adopted to describe
the n + '2C interaction. It is based on the rigid rotor model and
fits its parameters to elastic and inelastic neutron scattering
data between 16 and 22 MeV laboratory kinetic energy.
Since different angular momentum channels are coupled, it
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FIG. 1. The energy-dependent EST (eEST) separable represen-
tation of the J* = 1/2% multichannel S-matrix elements, SofaU(E),
for the n + '>C system as function of the laboratory energy. The
solid (dashed) line represents the S-matrix elements obtained with a
rank-2 eEST separable representation in the 07 ® 51, = 0 @ 512
(0" @ 512 = 27 ® d3;2) channel. The support points are located
at 6 and 40 MeV. The filled diamonds and squares represent the
corresponding S-matrix elements directly evaluated with the Olsson
DOMP [28].

must be treated with a coupled-channel formalism. Further
details about the model are provided in Appendix C. The
Olsson DOMP only considers elastic scattering and inelastic
scattering to the first excited state.

First, we construct a separable representation of the Olsson
DOMP using the multichannel eEST scheme. Then the corre-
sponding separable ¢ matrix, the S matrix, and the differential
cross sections are computed. They agree very well with those
obtained by directly solving Eq. (5) with the Olsson DOMP.
Finally, by considering the off-shell  matrix elements, we
illustrate that the multichannel eEST separable representation
of the DOMP obeys the reciprocity theorem.

1. S-matrix elements and differential cross section

First, we want to consider S-matrix elements in well-
defined channels to study how well the energy-dependent
multichannel eEST scheme can represent them and what rank
is required to do so. In Fig. 1, the J™ = 1/2% S-matrix
elements, SO{QO(E), are shown for the 07 ® s; 52— 0" ® sy 2
and 07 ® 512 — 2" ® d3/» channels for neutron scattering
from '2C as function of the laboratory energy. The diagonal
0% ® 12 > 07 ® 51/» channel is represented by the solid
line and the coupling to the 2* ® d3/, by the dashed line.
The corresponding S matrix elements obtained by directly
solving Eq. (5) with the Olsson DOMP are represented by
the solid diamonds and squares. The agreement between the
energy-dependent separable representation and the original
calculation is excellent. It should be noted that in this case
already a rank-2 representation with support points at 6 and
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FIG. 2. The S-matrix elements of the 07 ® 51, — 07 ® 512
channel for the n + '>C system as function of the laboratory energy.
The solid line represent the rank-2 energy-dependent eEST separable
representation, while the dashed line give the energy-independent
EST separable representation. For both, the support points are at
6 and 40 MeV. The dash-dotted line shows the S-matrix elements
obtained with the interpolated eEST scheme. The filled diamonds
represent the calculation based directly on the Olsson DOMP [28].

40 MeV is sufficient to achieve this high-quality agreement
between 0 and 50 MeV laboratory energy.

The energy-independent EST scheme is a simplification of
the eEST scheme leading to an energy-independent separable
representation. To illustrate the difference between the two
schemes, Fig. 2 shows the S-matrix elements in the diago-
nal channel 07 ® 51, —> 0" ® 51/, computed in the eEST
scheme (solid line) and the energy-independent EST scheme
(dashed line) using the same support points (rank). As
a reference, the results obtained by solving Eq. (5) with
the original multichannel Olsson optical potential are given
by the filled diamonds. The figure clearly shows that the
representation with the EST scheme is of lesser quality than
the eEST scheme. This finding is consistent with observations
for representations of single-channel optical potentials [18].
This suggests that the EST scheme might be improved by
increasing the rank of the representation. However, in the
multichannel case there is an additional complication, since
in the energy-independent scheme coupling matrix elements
are not symmetric, i.e., Sofa, #* Sé,a, as will be illustrated later.

The numerical effort needed to evaluate the matrix elements
L{fj’“ﬁ (E) increases rapidly with the number of coupled
channels. To simplify the implementation of the eEST scheme,
one can avoid the evaluation of these matrix elements for
every energy one wants to compute. Instead, Z/lfj’aﬂ (E) can
be computed at fixed energies and an interpolation scheme
used to determine its value elsewhere. Following Ref. [19],
we choose the fixed energies to coincide with the EST
support points. Such a choice has the advantage that the
potential matrix elements are needed only at the support points.
The results obtained with the interpolated eEST scheme are
shown by the dash-dotted lines in Fig. 2. We observe that
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FIG. 3. The differential cross sections for scattering in the
n + 12C system computed at different incident neutron energies with
the eEST separable representation of the Olsson DOMP [28] (solid
lines). The left-hand panel shows the differential cross section for
elastic scattering, while the right-hand panel depicts the differential
cross section for inelastic scattering to the 2%t state of '2C. The
filled diamonds represent the data taken from Ref. [28]. The cross
sections are scaled up by multiples of 10. The results at 21.6 MeV
are multiplied by 10, those at 20.9 are multiplied by 100, etc.

the results agree remarkably well with those obtained with
the exact eEST scheme. To show the overall quality of the
eEST separable representation in all partial-wave S-matrix
elements, we compute cross sections for elastic and inelastic

(a) Re T2 (K k;E)
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scattering. In Fig. 3, the differential cross sections for elastic
and inelastic scattering for the n + '2C system are shown
at various incident neutron energies. The left-hand panel
shows the differential cross section for elastic scattering, and
the right-hand panel shows the differential cross section for
inelastic scattering to the 2% state of '2C. The support points
are at Ej, = 6 and 40 MeV. The separable representation
describes both differential cross sections very well and agrees
with the coupled-channel calculation directly based on the
Olsson potential. However, we want to point out that the
angular region beyond about 120 deg of both experimental
differential cross sections is not well described by the Olsson
DOMP. This may be due to omitting additional excited states
or not taking into account rearrangement channels.

2. Off-shell t matrices

The reciprocity theorem requires that the off-shell # matrix
be invariant under simultaneous interchange of channel indices
and momenta. It is thus imperative that we investigate the
properties of the off-shell + matrix elements computed with
the separable representation schemes. First, we calculate
the multichannel off-shell + matrix with the original Olsson
DOMP and show the real parts of the J* = 1/2% ¢ matrix
for the n + '2C system at 20.9 MeV incident neutron energy
in Fig. 4. The matrix elements correspond to the quantum
numbersag = {I =0, =0, j =05}ando; ={I =2, =
2, j =3/2}. We observe that the ¢ matrices exhibit high
momentum components in all channels, which is characteristic
of local potentials. In the coupled channels, they are invariant
under the simultaneous interchange of channel indices and
momenta, as required by the reciprocity theorem.

Next, we explore the off-shell properties of ¢ matrix
obtained with the eEST separable representation scheme. In

(b) Re TI=0% (K k;E)

4.0, 240y 0.02
0.05 0.05 0.02
0.00 0.00 0.01 |unn] 0.01
— -0.10 |, .
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FIG. 4. The real part of the # matrix elements for J* = 1/2% in the n 4 '>C system at 20.9 MeV incident neutron energy. Panels (a), (b),
(c), and (d) depict Tyay, Tojags Tage; > and Ty o, . The quantum numbers for the channels shown here are oy = {I =0,/ =0, j, = 1/2} and
a; ={I =2,1=2, j, =1.5}. The on-shell momentum is given by ky = 0.93 fm~!.
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FIG. 5. The real part of multichannel off-shell eEST separable ¢ matrix elements for the n 4+ >C system at 20.9 MeV incident neutron
energy. Panels (a), (b), (¢), and (d) depict Tyyuy, Tayags Tage;» a0d Ty, a, - The quantum numbers for the states shown here are J™ = 1/2% g =
{I=0,1=0, j=0.5},andey = {I =2,1 =2, j =1.5}. The on-shell momentum is given by ky = 0.93 fm~".

Fig. 5, the real part of the multichannel eEST separable ¢
matrix is shown for the n + >C system at 20.9 MeV incident
neutron energy for the same channels. First, we observe that
the separable representation does not contain high-momentum
components in either channel. We also see that 7-matrix
elements obtained with the eEST separable representation are
invariant under a simultaneous interchange of channel indices
and momenta, as required by the reciprocity theorem. To illus-
trate that the energy-independent EST separable representation

is deficient in that respect, Fig. 6 shows the off-shell  matrix for
the same channels. It is quite obvious that the channel-coupling
¢t matrices, Figs. 6(b) and 6(c), are not invariant under a
simultaneous interchange of channel indices and momenta.
However, even the diagonal channels, Figs. 6(a) and 6(d), are
not symmetric under the exchange of k and k’. This violation
was already found for single-channel energy-independent EST
calculations [19]. In multichannel calculations, this violation
of symmetry seems to be enhanced.
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FIG. 6. Same as Fig. 8 but for the EST separable representation of the ¢ matrix.
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FIG. 7. The J™ = 1/2* asymmetry for the n + '>C system evaluated at 20.9 MeV as function of the off-shell momenta &’ and k. Panels
(a)and (b) show the asymmetry for the energy-independent EST separable representations.

To determine the extent to which reciprocity is violated (as
in Ref. [19]), we define an asymmetry relation as

A Kk E 19y (K ks E) — 1] (k.K'; E) "
t Lk = )
oo )[HWMD+memm (28)

o) oy

In Fig. 7, this asymmetry is shown for the n + '>C system
computed at 20.9 MeV as a function of the off-shell momenta
k' and k for the energy-independent EST representation.
Figure 7(b) clearly shows that even at the on-shell point
(k' =k =ko= 0.93 fm~!) the asymmetry in the « # ag
channel is nonzero. This behavior cannot be repaired by
increasing the rank of the separable representation. The same
calculation for the eEST representation will give exactly
zero for all values of k&’ and k in all channels. The panels
would be white and are therefore not shown. From this,
we conclude that for a separable representation of energy-
dependent multichannel complex optical potential, the eEST
scheme must be applied if reciprocity should be fulfilled.

III. SEPARABLE REPRESENTATION OF
ENERGY-DEPENDENT MULTICHANNEL
PROTON-NUCLEUS OPTICAL POTENTIALS

A. Formal considerations

The interaction of protons with nuclei comprises the
strong nuclear force and the Coulomb potential. The nuclear
interaction is given by the complex, energy-dependent optical
potential and usually has the same form as the neutron optical
potential. The Coulomb interaction consists of a long-ranged
point-Coulomb potential V¢ and a short-ranged piece. The
latter arises from the charge distribution of the nucleus and
is commonly approximated by a uniformly charged sphere.
The point-Coulomb potential is long ranged and affects
the asymptotic behavior of the scattering wave functions.
Consequently, the proton-nucleus scattering problem cannot
be treated with the same techniques employed for neutron
scattering in Sec. II. According to the Goldberger-Gell-Mann
relation [29], the scattering amplitude for p + A scattering
separates into two parts. The first part is the Rutherford

amplitude corresponding to the point Coulomb potential. The
second part is the nuclear amplitude corresponding to the
short-range potential U, consisting of the nuclear interaction
and the short-range Coulomb potential. While the Rutherford
amplitude is known analytically, the nuclear amplitude must
be evaluated numerically. The nuclear amplitude is evaluated
in a basis of Coulomb wave functions according to Eq. (A14).
When working in momentum space, this is a very challenging
task since the Coulomb wave functions are singular. We em-
ploy the techniques presented in Ref. [30], where the authors
showed that, in the Coulomb basis, the Coulomb-distorted
nuclear + matrix fulfills a LS-type equation of the same form
as in the basis of plane waves. The momentum-space matrix
elements of the potential in the Coulomb basis are obtained
via Fourier transform from coordinate space. For multichannel
potentials, the nuclear ¢ matrix fulfills the coupled set of
LS-type equations shown in Eq. (B7).

To derive a separable representation for the short-ranged
proton-nucleus potential U, we modify the multichannel
eEST scheme of Sec. IIA2. The multichannel scattering

wave functions |‘~IJK(;)) are replaced by the Coulomb-distorted

multichannel scattering wave functions |\Pci,fi) ). This leads to
the separable potential

u(E) =3 D JUE)|W ) (B) (W U CE,),

poij
= D DT E 7)1 B (05 o | T,
poij

(29)

Here ¢“¢ are the scattering Coulomb wave functions cor-
responding to the channel momentum k9. The Coulomb-
distorted nuclear transition matrix 7¢(E) fulfills the LS
equation

T(E) = U + UGc(E)T(E), (30)

with Go(E) =[E — Hy— V¢ +ie]™" being the Coulomb
Green’s function, Hy being the free Hamiltonian, and V€ being
the point-Coulomb potential. In analogy to Egs. (14) and (15),
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we define the energy-dependent matrix
U (E) = (W) |UE)|wegh), 31
and the energy-independent matrix

ucaﬂ U aﬁ(Em) = (\IJCI(X;ZL

mn mn

[UED|VG,). (6D
The coupling matrix elements A;; * (E) then fulfill

Z/lceaﬁ(E) =

mn

<\ché7) |M(E) \ch(‘f‘))

= S Wl 97) 357 )
poij
TR

= U A(E) - UT;, (33)

Here U’ represents the transpose of UC. The separable
representation of the # matrix is then given as

t°(E) =Y Y UE)|WS)) 1 77 (E) (W) |U(E)),
poij
=Y Y TUED|pdT) 77 7 (E) (95 o|T(E)).
poij
(34)
Substituting Egs. (29)—-(34) into the LS equation leads to
RE(E)-t°(E)- U =U“(E), 35)
where
R 7(E) = (90| TS, (E) + Y Teg (ENGep(E)) Ty, (E))
B
¢c(f Z Z MC Plg(E)
x (¢h |T,;‘,g,<En>GCﬂf<E>T,§>G(E,»>|¢>;i“) (36)
and

MG P7(E) = UCE) - U 37

Here, the indices 8, 8’ represent angular momentum channels.
It is noteworthy that the expressions for the Coulomb distorted
separable multichannel nuclear ¢+ matrix elements have the
same form as the ones obtained for neutron-nucleus systems
in Sec. ITA2. The only difference is that all quantities are
evaluated in the Coulomb basis. Moreover, the behavior of
the off-shell nuclear ¢+ matrices under a transposition does
not depend on the chosen basis, and thus the multichannel
eEST separable representation for proton-nucleus systems
fulfills the reciprocity in the same fashion as the one for
neutron-nucleus systems.

B. Elastic and inelastic scattering of protons from >C

To illustrate the implementation of the multichannel sep-
arable expansion presented in Sec. III A, we consider the
scattering of protons from '2C including both the the 0* ground
state and 271 excited state. A rigid rotor model is adopted to
describe the structure of the '>C nucleus as in Sec. II B. The
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FIG. 8. The differential cross sections for proton scattering off
12C. Panels (a) and (c) depict the differential cross sections for
elastic scattering at proton incident energies of 35.2 MeV (a) and 65
MeV (c). The corresponding cross sections for inelastic scattering
to the 2% state at 4.43 MeV are depicted in panels (b) and (d).
The solid lines represent the calculations with the eEST separable
representation, while calculations with the original optical potential
by Meigooni [31] are given by the crosses. The support points for the
separable representation at located at E},, = 25, 45, and 65 MeV. The
data represented by filled circles at 35 and 65 MeV are taken from
Refs. [33] and [34] respectively.

proton-'2C interaction is given by a deformed OMP plus the
point-Coulomb potential. The proton OMP includes a short-
range contribution arising from the nuclear charge distribution.
Deformations are introduced using multipole expansions as
outlined in Appendix C. In this work, we employ the Meigooni
[31] DOMP, which is presented in Appendix C 2. A uniformly
charged sphere is assumed for the nuclear charge distribution
so that the short-ranged Coulomb potential has the form

1 1
Veou(r, Re) = Za|:2R (3 - rz/RCZ) — ;:| (38)

c
The values of the Coulomb radius R, are adopted from
Ref. [32]. Here, Z is the atomic number and « is the
electromagnetic coupling constant.

First, the differential cross sections are evaluated using the
Meigooni DOMP and compared to the ones obtained using
its separable representation. In Fig. 8, the differential cross
section for elastic proton scattering from '2C as function of the
center of mass (c.m.) angle 6, ,,. is shown for proton incident
energies at 35.2 MeV [Fig. 8(a)] and 65 MeV [Fig. 8(c)]. The
solid lines show the eEST separable representation while the
crosses represent calculations based on the original Meigooni
DOMP. The support points for the separable representation are
chosen to be at Ej,, = 25, 45, and 65 MeV. The differential
cross sections for inelastic scattering to the 2% state are
shown in Figs. 8(b) and 8(d) for the same energies. We
observe that the cross sections computed with the eEST
separable representation of rank 3 agree very well with the
ones computed directly from the Meigooni DOMP.
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FIG. 9. The differential cross sections for proton scattering off
12C., Panels (a) and (c) depict the differential cross sections for elastic
scattering at proton incident energies of 35.2 MeV (a) and 65 MeV
(c). The corresponding cross sections for inelastic scattering to the 2™
state at 4.43 MeV are depicted in panels (b) and (d). The solid lines
represent the calculations with the eEST separable representation.
The support points for the separable representation at located at
Ep =25,45, and 65 MeV. The filled triangles represent a calculation
in which only the short range nuclear potential is deformed, while
the short-ranged Coulomb potential spherical. The data at 35 and 65
MeV are taken from Refs. [33] and [34] respectively.

When incorporating the rotational excitation of '>C in the
calculations presented in Fig. 8, we deformed the nuclear part
of the optical potential as well as the short-ranged Coulomb
potential, since the charge distribution should undergo the
same deformation as the nuclear short-ranged potential. In
order to investigate if deforming the short-ranged Coulomb
potential affects the cross sections, we carry out the same
calculations as before, but keeping the short-range Coulomb
potential spherical. The result of this calculation is shown in
Fig. 9 by the filled upward triangles. It is interesting to note
that the differential cross sections for inelastic scattering do not
show any effect of this simplification. This may be due to the
still relatively small charge (Z = 6) of '2C where a deviation
from a spherical charge has a small effect. In the framework
of (d, p) reactions on 24Mg it was shown that for Z = 12 the
deformation of the charge only leads to a very small effect in
the transfer cross section [14]; thus our finding is consistent.
However, since the strength of the short-ranged Coulomb force
depends on nuclear charge, its deformation would have a larger
effect on the cross sections for heavier nuclei.

Differential cross sections are summed up over all partial
waves. The fact that the eEST scheme represents the cross
sections directly obtained from the Meigooni DOMP very well
implies that overall the partial waves must be well represented.
To study further details, we now concentrate on the J™ = 1/2%
state and study the half-r matrices t(i 71 (k,kq; E) calculated at
the incident proton energy 35.2 MeV in more detail. Here,
o can take the values o =1 ={I =0,/=0, j =1/2} and
a=2={I=0,1=2, j =3/2}. The real parts of the ¢
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FIG. 10. The real part of half-shell multichannel ¢ matrix ele-
ments t‘fr (k,ky; E) for J* = 1/2% for proton scattering from 2C at
incident proton energy 35.2 MeV. Panel (a) shows the half-shell ¢
matrix in the interval O fm™' < k < 7 fm™!, while panel (b) depicts
the same half-shell # matrix between k = 4 and 10 fm™". The channels
land2arerepresentedasl ={/ =0,/ =0, j =1/2}and2 ={] =
0,/ =2, j = 3/2}. The dashed line represents the  matrix elements
tlll/ﬁ(k,k.;E) calculated from the eEST separable representation
of the Meigooni DOMP [31] for the on-shell momentum k; = 1.2
fm~! as function of k. The solid line gives the ¢ matrix elements
tzl ,/ 7 (k,k;; E) obtained in the same fashion, but multiplied by a factor
of 3 to enhance its features. For the calculations of the same channels,
represented with the dotted and dash-dotted lines, the short-ranged

Coulomb potential is omitted.

matrices in those channels are depicted in Fig. 10. Figure 10(a)
shows the half-shell  matrix elements for the channels 11 and
21 in the interval 0 fm ™" < k& < 7 fm™!' for the full calculation
and a calculation in which the short-range Coulomb potential is
omitted. The matrix elements in the 21 channel are multiplied
with a factor 3 to be roughly of the same size as the matrix
elements in the 11 channel. Since the fall-off behavior of
the matrix elements for large momenta may be important
for reaction calculations, we depict in Fig. 10(b) the matrix
elements in the momentum interval 4 fm™! <k <10 fm~!.
Here, we see that the short-range Coulomb potential mainly
influences the diagonal 11 channel. At 6 fm~!, the ¢ matrix
calculated with the nuclear potential only is essentially zero,
while the short-ranged Coulomb potential still gives a small
contribution. In the 21 channel, both ¢ matrices fall off to zero,
indicating that the deformation of the short-ranged Coulomb
potential has little effect for a nucleus as light as '>C. This
may, however, be different when considering heavier nuclei
and will have to be investigated further.

Finally, we separately investigate the effects of the de-
formation of the short-ranged Coulomb potential on the
half-shell multichannel ¢ matrix elements. To do so, the
coupled-channel calculation is carried out with a spherical
short-ranged Coulomb potential and compared with the full
calculation. This comparison is shown in Fig. 11. We plot
the ¢ matrices in the same momentum ranges as in Fig. 10.
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FIG. 11. Same as Fig. 10. However, for the calculations rep-
resented with the dotted and dash-dotted lines, the short-ranged
Coulomb potential is included but taken to be spherical. The ¢-matrix
elements of the coupling channels are multiplied by a factor 3 to
enhance their features.

In the curves in Fig. 11(a), we cannot discern between the
two calculations. Only when considering a much smaller scale
in Fig. 11(b) are the calculations in the 21 channel slightly
different. However, the differences are so small that using a
spherical short-range Coulomb potential can be considered
a good approximation for '2C, as already seen in the cross
section at high momentum transfer in Fig. 9.

IV. SUMMARY AND CONCLUSION

In this work, we introduce separable representations of
complex, energy-dependent multichannel optical potentials
for neutron as well as proton scattering from nuclei. To
fulfill reciprocity exactly, the separable representation must
be energy dependent. This is achieved by having energy-
dependent coupling constants.

The first part of the paper concentrates on the separable
expansion of neutron-nucleus deformed optical model poten-
tials (DOMPs). This is achieved by generalizing the energy-
dependent EST (eEST) scheme of Ref. [19] to multichannel
potentials. To illustrate the implementation of the multichannel
eEST scheme, we considered neutron scattering from '*C.
In order to describe the structure of the '>C nucleus, the
rigid rotor model is assumed, and the Olsson [28] DOMP
was adopted to describe the effective neutron-'>C interaction.
The multichannel eEST scheme was then used to construct a
separable representation for the Olsson DOMP. In this case, a
rank-2 separable expansion was sufficient to describe elastic
and inelastic scattering cross sections between 0 and 50 MeV
incident neutron energies.

To demonstrate the necessity of using an energy-dependent
multichannel separable representation, we also constructed
a separable expansion based on the energy-independent
multichannel EST scheme, which needed to be of rank 3
to match the representation of S-matrix elements between 0

PHYSICAL REVIEW C 95, 054617 (2017)

and 50 MeV with the same quality as the eEST scheme. An
examination of the off-shell r matrix elements showed that
only the multichannel eEST separable representation fulfills
reciprocity; i.e., the # matrix is invariant upon a simultaneous
interchange of momenta and channel indices. In contrast,
the energy-independent multichannel expansion yields an
asymmetric off-shell ¢ matrix, as was already observed in
single-channel expansions in Ref. [19].

The cost of implementing the eEST scheme for multi-
channel potentials increases with the number of channels,
since the matrix elements Z/{fj’“ﬂ (E) must be calculated at
each desired energy E. However, it turns out that it is
sufficient to compute this matrix element at fixed energies
and interpolate on the energy to obtain its value at arbitrary
energies. As already observed in Ref. [19] for single-channel
potentials, the results obtained with the interpolated eEST
scheme agree very well with the ones obtained without the
interpolation.

The second part of the paper focuses on the separable
representation of proton-nucleus DOMPs. The proton-nucleus
potential consists of a nuclear piece as well as the Coulomb
interaction. The Coulomb interaction further separates into a
short-ranged part, usually represented as a charged sphere,
and a long-ranged point-Coulomb force. The point-Coulomb
potential is incorporated by working in the Coulomb basis
in accordance with the Gell-Mann-Goldberger [29] relation.
In order to employ the eEST scheme in the same fashion as
for neutron-nucleus scattering, we need to solve a Lippmann-
Schwinger type equation to obtain half-shell ¢ matrices in the
Coulomb basis. While the Coulomb propagator is quite simple
in this basis, the evaluation of potential matrix elements is
more involved. We followed Ref. [30] to evaluate the potential
matrix elements.

To demonstrate an implementation of an eEST represen-
tation of a proton-nucleus optical potential, we considered
proton scattering off '>C and used the Meigooni [31] DOMP
as a starting point. Differential cross sections for elastic and
inelastic scattering were computed using the eEST scheme,
showing that a rank-3 separable expansion is sufficient to
represent the Meigooni [31] DOMP. Note that the only
difference between the eEST schemes for neutron and proton
optical potentials is the basis employed for the separable
expansion. This implies that the discussions on reciprocity
given in Sec. IIB for neutron-nucleus potentials apply to
proton-nucleus systems as well.

In the Meigooni DOMP, the short-ranged Coulomb poten-
tial is deformed in the same fashion as the short-range nuclear
potential. To study the effects of deforming the short-ranged
Coulomb potential, the coupled-channel calculations were
repeated with the Coulomb deformation parameter set to
zero. It was observed that the differential cross sections are
not significantly altered by using a spherical short-ranged
Coulomb potential. The effect on the half-shell r matrix
elements for elastic scattering is also negligible. There is a
minimal change to the half-shell # matrix elements for inelastic
scattering. However, those changes are so small that when
considering a nucleus as light as '>C a deformation of the
charge distribution may be safely neglected. This insight is
consistent with the finding in Ref. [14]. Most likely, for heavier
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nuclei this will not be the case and a deformation of the
short-ranged Coulomb potential will be mandatory.
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APPENDIX A: NUCLEON SCATTERING FROM
A DEFORMED NUCLEUS

1. Neutrons

Let us consider a neutron scattering from a nucleus
possessing a rotational energy spectrum characterized by
the spin-parity /™. The spectrum corresponds to collective
rotational states with wave functions |®,,,, ). These are given
by [35]

21 +1

= (Al)

1/2
D1,k (€) = ( ) Dy (§),
where Dz’u (&) are the Wigner rotation matrices. Here, &
are the angles specifying the orientation of the nucleus. The
interaction between the neutron and the nucleus leads to
couplings between states of different spin parity. Here, we
treat couplings to selected rotational states explicitly, while the
imaginary part of the optical potential accounts for couplings to
all other channels besides those that are included. To compute
scattering observables for such systems, the coupled-channels
formalism [36] must be adopted.

a. States of conserved angular momentum

To construct states of conserved angular momentum, we
adopt the so-called jj-coupling scheme. The neutron spin s =
1/2 is coupled to the relative orbital angular momentum !/
to yield j, = |l & 1/2|. The corresponding projections along
the z axis m, and m; fulfill the condition m j, =ms+my.
The angular momentum j, is in turn coupled to the nuclear
spin I to yield the total angular momentum |/ — j,| < J <
I + j,. The angular momentum J and its projection along the
z axis M = M; + m;, are conserved. To obtain the states of
conserved angular momentum |(//sj,)J M), we first define

|y,j;)m/"> = Z C(lsjp.mmsm;, )| Yim, Ismy),

mpmsg

(A2)

where the functions Y, are the spherical harmonics and x,,
is the corresponding spinor. The quantity C(lsj,,mmgsm;,) is

J

TI’M;sm;:IM,me(kaka; E) = <I/Mjsm;kot|T(E)|k()smsIM1)
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the Clebsch-Gordon (CG) coefficient. The inverse relation is
given by

[Yonloms) = 3 C(isjpeamim,m;, )| V")

Jpmjp,

(A3)

The sates |I(Isj,)J M) are constructed by coupling Eq. (A2)
to the rotational state |®;yy,) so that

(lsj,)IM) = 3" C(Ljpd Mymy, M)|V"" )| @14, ),

Mimj,

(A4
with inverse relation

V"N @) = S C(Ljpd . Mymj, M) |(I1sj,)J M).
JM

(A5)

Substituting Eq. (A2) and (A3) into Eqgs.(AS) and (A4)
leads to

ULsjp)IMy = D" " C(Lj,J.Mim;,M)

M,m,-p mymg

x C(Isjp,mmgm;, )| Yim, )smy) | @1u,), (A6)

with the inverse relation given by

’Ylm1)|smx>|q)IM1> = Z Z C(Ij["]’mlmij)

IM jymj,
x C(Isjp.mimgm;,)|(I1sj,)J M). (A7)

To simplify the notation, we define a channel index o =
(Ilsjp) so that the states of conserved angular momentum
can be written as |(/sj,)J M) = |aJ M). These states form a
complete basis:

1= alM){aiM|. (A8)
aJM
b. Scattering amplitudes and cross sections
The on-shell # matrix is related to the S matrix by
Saeo(E) = 8aay + 2ik )y (E),
with k), (E) = —7/PaPay Ton, (k§ ko E).  (A9)

Here, p, = kg is the density of states in channel «.. To obtain
the scattering amplitude for the process |kosmgIM;) —>
|kysm I’ M), we first evaluate the r matrix

= Z Z Cj,J, MM — M;M) C(lsj,,M — M; — mgm;M — M)C(I'sj,,M — M,

IM L', j),

—mm M — M)C(' j) T MM — My M)TS, (kako: E) Yirst sty -m (Ke) Yyt (Ko). (A10)
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The scattering amplitude for can be inferred from the relation [37]
2

gt ’ 4 gt ’
Jrmpsmy:imysm, (E.0) = (I'Msm Ky | f(E)|KosmgIMp) = k—«/l)agpa(l Mysmky|T(E)|kosmsIMy). (AT1)
0

If the momentum Ky is chosen to be along the z axis, the orbital angular momentum / has no projection along this direction.
Since we are dealing with axially symmetric potentials, we set the azimuthal angle ¢ = 0. The scattering amplitude thus takes
the form

4 . .
Frgsmamon (E0) = <= Y C(LjpJ,MiM = MM) C(lsjp,M — My —mm;M — My)
IM 1l ),
x C(l'sj,,M — M; —m,m,M — M) C(I’j,/,J,M}M - M}M)KO{QO(E) Yy —mj—m (0,0)Y5(0,0).
(A12)

Finally, to obtain the differential cross section, we take the square of the scattering amplitude | f7 s sm: .10, 5m, (E ,0)|2. If the
spin projections are not measured, the cross section is evaluated by averaging over the initial magnetic quantum numbers and
summing over the final ones. This leads to the unpolarized differential cross section

do(0) 1 2
= "Mysmg: smy (E,0)|". Al3
dQ ~ QI+ D@2s+1) 2 2 s tiyom, (E.9)] (AL3)
M;msr Mymyg
2. Protons

The coupled-channel calculations for proton-nucleus systems proceed similarly to those of the neutron-nucleus systems.
However, due to the presence of the Coulomb force, the point-Coulomb is separated via the Gell-Mann-Golberger relation [29]
and the nuclear amplitude is calculated in the basis of Coulomb scattering states. The full proton-nucleus scattering amplitude
thus takes the form [27]

4 : .
fI’M;sml’\_:IM,sml(E,@) = ]CC(Q)SI’M;sm{Y:IM,.yml + k_ Z Z 61[0’/(k“)+01(k0)]C(1][,J,M[M — M; M)

O um ),
x C(lsjp. M — My — mgmM — M)C(I'sjp. M — M} — m'm'.M — M)})
x C(I'j T, MM — MyM)KEL (E) Yors— -, (0,0)775(0,0). (A14)

Here, f.(0) is the Rutherford amplitude and oy (kp) is the Coulomb phase shift. The dimensionless KgiO(E ) is related to the
Coulomb-distorted multichannel ¢ matrix 7.¢/ (k§ ,ky"; E) by Eq. (A9). The unpolarized differential cross sections computed are

oo
according to Eq. (A13).
APPENDIX B: NUMERICAL ASPECTS

1. Neutron optical potentials

To evaluate the separable t matrix of Eq. (17), the multichannel half-shell # matrices 7, (E;)|k/") and coupling matrix ri’;(’(E )
are required as input. The half-shell ¢ matrices are obtained as solutions of Eq. (5). The matrix ti’;-o(E ) is determined by solving

Eq. (18), where the matrix RZ.U(E ) is calculated according to Eq. (19). For the purpose of evaluating ri‘;.a(E ) numerically, a
different notation for the channel and energy indices is adopted. Each combination {i,p} is denoted by a single index a. We
proceed by expressing Eqs. (18) and (19) in the form

Mp(E) = [R(E) - T(E)]abs (B1)
where

Rap(E) = (ka aJM|T(Eq) + T(E)Go(Ep)T (Ep)|bI M ky) — ZMaC(E)(kC cIM|T(E)Go(E)T(Ep)|bJM kp), (B2)

with
M (E) = [UEU e (B3)

The explicit momentum space expression for R(E) is given as

oo
Ri(E) =T, , (kp.ka; E)) + Y / dp p* T, 4(p.ka: E))Gop(Ey)Ty,, (p.k: Ep)
8 0
o.¢]
— ) MulE)Y / dp p* T, y(p.kes E)Gog(E)Ty,, (p.ky; Ep). (B4)
- 5 Y0
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The coupling matrix 7(E) is thus determined from Eq. (B1) so that the separable multichannel ¢t matrix is given as

t05(k k: E) = ZZT’ (K K3 E) T (E)T, (kK E),
ij

po

= Z T3 (K kas Ea)Tan(E) Ty (k ks Ep). (BS)

If the potential U is energy independent, the matrix M,.(E) reduces to an identity matrix. Consequently, the eEST scheme
reduces to an energy-independent separable representation. In this limit the matrix Ry, (E) is given by

Ry(E) = Tajab(kbaka7E )+Z/ dp p* ,g(P ka; E.)Gop(Ep) ﬁab(pakb;Eb)
- Z/ dp p* T, 4y(p.kas E)Gog(E)T,, (p.kp; Ey). (B6)
0

2. Proton-nucleus optical potentials

We note that the separable # matrix given by Eqgs. (34)—(36) has a similar form as the one obtained for neutron optical potentials,
except that

(a) the half-shell 7 matrices T, (E;)|k/') are replaced by the Coulomb-distorted half-shell r matrices T, (E;)|k!) and
(b) the Coulomb propagator G¢c(E) = [E — Hy — V€ +ie]™! replaces the free propagator Go(E).

The Coulomb-distorted ¢ matrix elements fulfill a set of LS equations
[e.¢]
TS (K ks E) = UG (K )+ f dpp? UL (k. p)Gew (E.p)TSY (p.k; E). (B7)
o 0

Evaluating the Coulomb propagator G¢(E) in the Coulomb basis leads to
Gea(E.p) = Goal(E.p) = (E — &4 — p*/2a +i€) ", (B8)

where (1, is the reduced mass in channel «. Here, Uoféo(k’,k) are the potential matrix elements in the Coulomb basis. A direct

evaluation of Uofio (k’,k) in momentum space is extremely difficult since the Coulomb wave functions are singular. Instead, it is
evaluated using the nonsingular coordinate space Coulomb wave functions as described in Ref. [30].
Repeating the steps outlined in Sec. B 1, we obtain

1oy (K ks E) =YY T (K ks Bt 7 (E)T L5 (k.kT; Ej),

po ij
= Y T (K kas ETi(E)T gk ks Eyp). (B9)
The matrix R (E) fulfills
(E) = [R(E) - T°(E)la, (B10)

where

o0
Ry,(E) = T‘Z,agkb,ka;EaHZ / dp p* T}, 4(p.kai E))Gp(Ep)T Sy, (P Ky Ep)

- ZM d(E)Z / dp p* T} 5(p-kai E)G cp(EYT 4y, (p.kyi En). (B11)
The matrix M,;(E) is given by
MY(E) = [UCE)YU) aa- (B12)
(
APPENDIX C: DEFORMED OPTICAL MODEL between the nucleon and the surface of the nucleus, » — R.
POTENTIALS Nuclear deformations naturally lead to a deformed optical

model potential (DOMP). The evaluation of the DOMP

Spherical optical model potentials (OMPs) are usually presented here follows closely that of Refs. [38,39]. For a

based on Woods-Saxon functions and depend on the distance
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DOMP, the Woods-Saxon functions depend on the orientation
of the nucleus so that fys(r,0,a,R) = fuws(F(0),a,R), where
the shifted radius is given as

FO)=r—8(E 1. (C1)

Here £ represents the orientation of the nucleus relative to
a space-fixed coordinate frame. The shift function §(§ - r) is
expanded in multipoles

56 -7 = Z(SAYS(G,O),

10

SAY“*@)Y“(@. (C2)
,\;;u /— A A

The angle 6 is defined by cos & = & - #. In the reference frame
rotating with the nucleus, 6 is simply the zenith angle of the
relative vector r. The deformation length §, is proportional the
maximum shift in the radius r at each multipole. Each term
of the OMP is deformed independently and has the multipole
expansion

Or) =Y VanU,(r)D}, oE)YL ). (C3)
A

where the rotational matrix is given by

amr
V2041

The expansion in Eq. (C3) can be written as

ZJ_ U0 ———

D}, o) = v @). (C4)

UEr) = Y EYE)

i

V25 + 1

= Z Var U, (r)Y2(0,0), (Cs)
A

=41 Y (=) U(nYE) x @®I).  (C6)
A

For each multipole A, the potential is given by the angular
integral

1
U,(r) = V7 / dcos® U(F)Y(6,0),
—1
1
= %\/2)» + 1/ dcosO U(F)P,(cosB). (C7)
-1

This integral is zero for odd A, which implies that U can
only change the spin of the nucleus by an even number. For
small deformations we can perform a Taylor expansion around
F=r

URH=UG) -U'(r)Y_ 85Y0.00+ . (C8)

A0

The monopole term is given by

Uy = U(r), (C9)
and for A > 0 one obtains
N 1
U, =— 8U'(r). (C10)
A N7 A
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An alternative way of representing the deformation involves
defining the deformation parameter

B = 8./R. (C11)

Itis a measure of the deformation relative to the radius of the
spherical potential. Such a deformation leads to the coupling of
different angular momentum channels. To evaluate scattering
observables using a deformed optical potential, one must
solve a coupled set of Lippmann-Schwinger or Schrédinger
equations.

A parametrization of a DOMP must specify, in addition to
the the optical potential shape U(r), the deformation length
8, or the deformation parameter 8,. The multipole potential
can then be evaluated according to Eq. (C7). For small
deformation lengths, the multipole potentials are evaluated
using Egs. (C9) and (C10). In practice, only a few terms of
the multipole expansion are necessary to describe elastic and
inelastic nucleon-nucleus scattering. In order to constrain the
DOMP, both elastic and inelastic scattering data are necessary.

1. The Olsson deformed optical model potential

Thus far we have described how a DOMP potential can
be constructed starting from a spherical optical potential. We
now focus on a a specific parametrization of the DOMP for
the n + 12C system. The starting point is a spherical optical
potential of the form

—U(r,E) = V.(E) fws(rvaraRr)

-1\ d
+ ZVSO(E)(_> _fws(raasm Rso) l -0
r Jdr

+iWS(E)(—4as)j—rfws(r,as,Rs)- (C12)
The real and imaginary strengths are indicated by V(E) and
W(E). The indices r, so, i, and s denote the real volume, spin
orbit, imaginary volume, and surface potential terms, respec-
tively. The imaginary surface term is included to simulate
the effects of a surface-peaked absorption at low energies,
while at higher energies volume absorption dominates. The
Woods-Saxon (WS) function is given by
r—R\1"'
fws(r,a,R) = |:1 + exp (—)i| , (C13)
where a and R are the diffusiveness and radius. To proceed,
deformations are introduced as described at the beginning of
this section. This leads to a multichannel potential which
is complex. The imaginary part simulates the effects of

TABLE 1. Deformed optical potential parameters adjusted to
n + '2C elastic and inelastic scattering data. These parameters are
taken from Ref. [28]. Here, E,, is the neutron energy in the laboratory
frame and should be given in MeV.

Strength (MeV) Radius (fm) Diffusiveness (fm)
V., =64.02 — 0.674E, R, = 1.0934'73 a, =0.619
W, =1.16 + 0.251E, R, = 1.319A'3 a, = 0.327
Vo = 6.2 Ry, = 1.050A'3 as, = 0.550
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TABLE II. Parameters for the Meigooni [31] DOMP. Here, E is the proton energy in the laboratory frame and should be given in MeV.

Strength (MeV) Radius (fm) Diffusiveness (fm)
V, =64.02 — 0.674E, R, = 1.093A'/3 a, =0.619
W;(E) =0for E < 20 R, = 1.22A'3 a; = 0.478 + 0.0043E
Wi(E) = 15.5[1 — 2/(1 + exp(E — 20)/25)] for E > 20

W,(E) = *9E for E < 21 MeV

W, (E) = 10.29 — 0.145E for 21 < E < 71 MeV R, =1.25A'73 a; =0.27
Ws(E) =0 for E > 71 MeV

Vo = 6.2 Ry, = 1.050A!/3 as, = 0.550

those processes that are not treated explicitly. The DOMP
parameters include all the parameters of the spherical potential
appearing in Eq. (C12) as well as the deformation parameters
Bs.. In Ref. [28], Olsson and collaborators constrained these
parameters of the DOMP by a simultaneous fit to cross
sections for elastic and inelastic scattering of neutrons from
12C for incident energies between 16 and 26 MeV. The
multipole expansion is truncated at A = 4 with the deformation
parameters given as

B> = —0.65 and B4 = 0.05. (C14)

For the reader’s convenience, the remaining parameters are
shown in Table L.

2. The Meigooni deformed optical model potential

The parametrization of the DOMP for proton-nucleus
systems is carried in a similar manner as the neutron DOMP
of Sec. C 1. The starting point is a spherical optical potential

of the form

- U(I’,E,A) = Vr(ErA) fWS(rsar9Rr)

r

+2(‘/SD(E7A))( 1)ifws(raastso) l-o
dr
+ i I:Wl(EsA) fWS(r’ai’Ri)+Ws(E7A)(_4aS)

d
X d_fws(r’aSvRs)i| + Vcoul(raRc)a (CIS)
r

where the V.ou(r,R.) is the short-ranged Coulomb potential
given by Eq. (38). As described in Sec. C1, introducing
deformations leads to a complex multichannel potential which
must be treated within the coupled-channel formalism of
Sec. ITA 1. The parameters are adjusted to describe elastic
and inelastic scattering data simultaneously. Meigooni and
collaborators [31] fitted this form of the DOMP to differential
cross sections for elastic and inelastic scattering of protons
from '?C. The deformation parameters have the values B, =
—0.61 and B4 = 0.05. The remaining parameters are shown in
Table II for the reader’s convenience.
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