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Disentangling reaction mechanisms in weakly bound nuclei remains a long-standing challenge, complicated
by the common practice of treating absorption as an incoherent sum of channel contributions. Within the
Continuum-Discretized Coupled-Channels (CDCC) framework, we apply the generalized optical theorem [S. R.
Cotanch, Nucl. Phys. A 842, 48 (2010)] and show that the total absorption cross section, o5 & — (W |W|W),
decomposes as o5 = op + op + oy, Where oy, is a coherent interference term between channel components. For
the systems and complex fragment-target optical potentials considered, oj, is negative and comparable in magni-
tude to the direct absorption terms. The off-diagonal imaginary couplings play a dual role: they redistribute flux
among channels and generate oy, which is required for flux-balance consistency. In calculations for d + SNb
and °Li+°Co /2%®Pb, retaining the full nondiagonal coupling matrix nearly doubles the breakup-channel
absorption for the heavy target, while reducing the total absorption through o;,.. We demonstrate that neglecting
the off-diagonal imaginary couplings W;; (i # j) is not merely an approximation but leads to a systematically
biased physical picture: the total absorption is overestimated while the breakup absorption component is severely
underestimated. Experimental analyses that employ incoherent-sum models to extract direct and breakup cross
sections from data will inherit this bias. The full coupling matrix is therefore essential for mechanism-resolved
cross-section extraction, and we advocate that experimentalists adopt full-coupling CDCC calculations as the

standard for consistent interpretation of absorption data in weakly bound systems.

DOLI: 10.1103/bgwc-x5wj

I. INTRODUCTION

Reactions involving weakly bound nuclei are of funda-
mental importance in nuclear astrophysics and fusion energy
research, where the complex interplay between breakup
and fusion processes significantly influences reaction yields
[1-11]. A central challenge in modeling these systems is the
accurate disentanglement of complete fusion from other re-
action channels, and the separation of absorption into direct
and breakup components. Addressing this requires a theo-
retical framework that goes beyond evaluating total reaction
probabilities to rigorously separating the absorption cross sec-
tion into its constituent physical components. By adopting
such a component analysis perspective, it becomes possible
to explicitly examine how quantum flux is partitioned among
distinct pathways and to elucidate the microscopic dynamics
governing the transition from the elastic channel and contin-
uum states to the fusion compound.

For these weakly bound systems, the Continuum-
Discretized Coupled-Channels (CDCC) [12,13] approach
provides a powerful theoretical tool to investigate the fusion-
with-breakup process [1-3,8,9,14-19]. By solving the cou-
pled equations, the CDCC method describes the dynamics of
the projectile within a complex nuclear potential. However, a
comprehensive understanding of the reaction mechanism re-
quires more than calculating the total cross section; it demands
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a clear explanation of how flux is partitioned and dissipated
among different channels. Absorption cross sections are gen-
erated by the imaginary part of the optical potential, and
within a coupled-channel framework, this absorption arises
not only from diagonal terms but also from the coherent
effects of channel-to-channel couplings.

While full-coupling calculations are computationally fea-
sible with modern codes, simplified approaches remain
prevalent in recent literature. One common approximation
retains off-diagonal couplings within the continuum subspace
but neglects couplings between the elastic channel and the
continuum (W;; = 0 for j > 1) [3,6,18,19]; another neglects
all off-diagonal imaginary couplings entirely, retaining only
diagonal terms [8,17]. Both approximations effectively as-
sume an incoherent reaction picture in which absorption
probabilities add. Such an assumption obscures the cross
terms that arise naturally from expanding (¥ |W|W¥) over
channel components. When adopted in the interpretation of
experimental data, where model-assisted separations of direct
and breakup absorption are common, this approximation can
introduce a systematic bias, most notably a systematic under-
estimation of breakup absorption.

In this work, we apply the generalized optical theorem
[20] within the CDCC framework to address these dynamics.
The importance of off-diagonal imaginary couplings was first
noted by Udagawa et al. [11] and Satchler [10] in the context
of heavy-ion coupled-channels calculations, where they iden-
tified that the absorption cross section contains an interference
component from transitions between channels. Here, we apply

©2026 American Physical Society


https://orcid.org/0009-0003-6424-4290
https://orcid.org/0000-0002-2323-2061
https://ror.org/03rc6as71
https://crossmark.crossref.org/dialog/?doi=10.1103/bgwc-x5wj&domain=pdf&date_stamp=2026-05-04
https://doi.org/10.1016/j.nuclphysa.2010.04.011
https://doi.org/10.1103/bgwc-x5wj

HAO LIU, JIN LEI, AND ZHONGZHOU REN

PHYSICAL REVIEW C 113, 054601 (2026)

the generalized optical theorem to obtain the complete absorp-
tion decomposition within the CDCC framework for weakly
bound projectiles. This enables the theoretical separation of
the total absorption cross section into three physically distinct
components: direct absorption (op) from the elastic channel,
breakup absorption (o) from the continuum states, and an
interference term (oj,) arising from off-diagonal imaginary
couplings between the elastic channel and the continuum
states. Because the absorption cross section is determined
by the asymptotic S-matrix through the optical theorem, this
decomposition does not depend on the detailed behavior of
the wave function in the nuclear interior. This theoretical sep-
aration allows us to go beyond simple incoherent summation
and explicitly examine the microscopic composition of the
absorption process based on the wave functions and coupling
potentials.

We emphasize that “coherence” in this work refers specif-
ically to the quantum-mechanical superposition of channel
amplitudes during the absorption process: when the total wave
function W =), ¥,¢; is inserted into the absorption func-
tional (W|W|W), cross terms (v;|W;;|v¥;) appear alongside
diagonal terms. The interference term oj,, arising from these
cross terms serves as a direct quantitative measure of this
coherence. This is distinct from interference between exper-
imentally distinguishable final states, which add incoherently
in any measured cross section. Crucially, a nonvanishing oy
constitutes proof that the absorption mechanism involves co-
herent quantum interference between channels, a physical
feature that incoherent summation models fundamentally fail
to capture, regardless of the specific numerical value of oyy.

It is important to recognize that while oy is not directly
observable as an asymptotic reaction product, its presence has
concrete observable consequences. First, as we demonstrate
below, neglecting the off-diagonal couplings that generate
oine produces measurably different elastic scattering angular
distributions, an observable quantity that experimentalists can
directly test. Second, while the individual values of og and
oine depend on the choice of continuum discretization (bin
width, shape, etc.), their sum op + ojy 1S basis independent
and represents the well-defined total continuum contribu-
tion to absorption. Thus, experimentalists should care about
oine Not for its specific numerical value, but because (i) its
existence invalidates incoherent-sum models as a matter of
principle, and (ii) theoretical frameworks that neglect it will
yield systematically biased extractions of op and op from
data. Our numerical results demonstrate that, in the weakly
bound systems studied here, oy is not a negligible perturba-
tive correction but comparable in magnitude to og. Therefore,
retaining the full coupling matrix is necessary for the correct
physical interpretation of experimental data.

Adopting this perspective of component analysis, we per-
form a quantitative investigation of reactions induced by
deuterons and lithium. Our study focuses on elucidating the
dual role of the off-diagonal imaginary couplings in reaction
dynamics. We demonstrate that these terms act as a “dy-
namical bridge,” enhancing flux transfer between the ground
state and the continuum, while simultaneously contributing a
significant interference term that regulates the overall reaction
probability. By analyzing these separated components, we

show how the interference mechanism coherently modulates
the total absorption and why retaining the full coupling matrix
is essential for a precise evaluation of the individual contribu-
tions from direct and breakup absorption.

The paper is organized as follows. In Sec. II, we present
the theoretical formalism based on the generalized optical
theorem and apply it to obtain the absorption decomposi-
tion. Section III presents numerical results for d + **Nb and
®Li4%Co / 2%8Pb systems. Finally, Sec. IV summarizes our
findings and discusses their implications.

II. THEORY

A. Generalized optical theorem

In this subsection, we detail the generalized, coupled-
channels optical theorem [20] and present its proof. We start
from the general coupled-channels equations. The system
is described by the Hamiltonian H = Tr + Zi, j Uij, lead-
ing to the set of coupled equations for the channel wave
functions ;:

N
(Ei — To)Wi — Y Uy =0, e

j=1

where T is the kinetic energy operator and U; ; are the cou-
pling potentials.

To simplify the structure and analyze the flux in each chan-
nel individually, we introduce the coupled-channels effective
optical potential, US¢, defined by the substitution relation

N
Uy =Y Ui, )
j=1

Substituting Eq. (2) into Eq. (1), the coupled system trans-
forms into a set of formally uncoupled, single-channel
equations:

(E; = T — UF)y; = 0. (3

This formulation allows us to apply scattering theory tech-
niques to each channel i, distinguishing between the elastic
channel (with incident flux) and inelastic channels (without
incident flux).

1. Elastic channel (i = 1)

For the elastic channel (i = 1), the wave function v, satis-
fies the Lippmann-Schwinger integral equation incorporating
the incident plane wave ¢ :

Y1 =1 + Gy Uy, )
where G\ = (E| — T +i€)~" is the free Green’s function.

The elastic scattering amplitude is given by

M / r7CC
f0) = T (@1 (KDIU" [ (K)), &)

where k' - k = k7 cos 6. The optical theorem relates the total
cross section, o, to the forward scattering amplitude:

47 2“ r7cC
o1 = 7 MO = =25 Im@UF ). ©)
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To isolate the reaction cross section, we substitute the bra-
vector form of Eq. (4), {¢1] = (¥1| — (1T Gy ", into
Eq. (6). This decomposes the total cross section into shape
elastic (osg) and reaction (or) components:

2 o
o1 = 2 ([0 O 1)~ i 05 ).
1

OSE OR
(7

The reaction cross section ogr is thus generated solely by
the expectation value of the imaginary part of the effective
potential:

2
CFR=—}‘1—v11111(1/f1|U1L [v1)- 3

2. Inelastic channels (i # 1)

For inelastic or breakup channels (i # 1), there is no
incident plane wave (¢; = 0). The Lippmann-Schwinger
equation becomes

N
Vi =Gy Y Uy = G U Y. )

j=1

The standard definition of the cross section for channel i is the
integral of the scattering amplitude squared:

2 [ as,

Alternatively, using the generalized optical theorem [20], the
cross section can be more simply calculated from

0i = 7o Im (| U7 | ). an

Note the sign difference between Eqgs. (11) and (8): the elastic
channel carries a minus sign, whereas the inelastic channels
do not. This difference reflects the distinct physical con-
tent of Im(y;|US|;) in each case. For the elastic channel
(i = 1), the effective potential is dominated by the diagonal
absorption term U;;, whose imaginary part W;; < 0 removes
flux from the incident wave; hence Im(y|Uf|y) < 0, and
a minus sign is required to yield a positive cross section.
For inelastic channels (i # 1), however, no incident wave
exists; the wave function y; is generated entirely by cou-
pling from the elastic channel. The dominant contribution
to Ufcl/fi = Zj Uijyj comes from the source term Uj i
rather than the diagonal absorption Uj;y;, because || >
[¥i]. As shown in the proof below, this source-dominated
structure leads to Im(y;|U|y;) > 0, so no additional sign
is needed. This observation already hints at the central
role of ground-state—continuum couplings: neglecting Uy
would starve the breakup channels of their primary flux
source.

For completeness, we present the proof of Eq. (11) as
published in Ref. [20]. Starting from the right-hand side
of Eq. (11), we substitute the ket-vector i; using the LS

2

o, = —/dQ L£:(0)]* = &i|U W)

2 hz(

(10)

equation [Eq. (9)]:
m (|0 |gi) = Im (G Ui O ) = Tm (4 GG @),
(12)
where we defined the source term |®;) = U [;). Using
the operator identity for the Green’s function, Im G(()")T =

78(E; — Hy), and inserting a complete set of plane wave states
{l¢i(k}))}, we obtain

()t dk; /
m(P;|G, |<I>[):n/ o )3(q> ilpi(K))S(E; — E)

X (k)P
=t [aauwioswl. v

Substituting this result back into Eq. (11), the prefactors can-
cel perfectly to yield

2 ki cc
o= e (n s [asiliolos vl

_u / A0 (14)
vy

This confirms that the compact form of Eq. (11) is mathe-
matically equivalent to the standard cross section definition
[Eq. (10)]. Beyond its theoretical elegance, this form is com-
putationally advantageous as it enables the calculation of
partial cross sections directly from wave function overlaps,
bypassing the need for complex asymptotic integrations.

Physically, this result shows the flux dynamics within in-
elastic channels (i # 1), where no incident wave exists. In
these channels, o; quantifies the net flux emerging from the
reaction. It represents the accumulated flux populated by cou-
pling source terms from other channels, accounting for any
subsequent reduction caused by the imaginary part of the
coupling potential (absorption).

B. Cross section analysis within CDCC

‘We now apply the general formalism presented in Sec. Il A
to the specific physical problem of projectile breakup. The
three-body Hamiltonian describing the collision is

H(R, r) = h(r) + Kg + UP(r) + U (1), (15)

where R describes the projectile-target relative motion, and r
the projectile internal structure. The fragment-target interac-
tions are complex optical potentials, U® = V® 4w ®,

In the Continuum-Discretized Coupled-Channels (CDCC)
framework [12,13,21], the total wave function is expanded in
a truncated basis of projectile states {¢;(r)}. This leads to the
coupled equations

N
(E — ¢ — To)Yi(R) = ZUU(R) V;(R), (16)
j=1
where the coupling potentials are explicitly defined as
UyjR) = (| UD +UPg)) = Vi;(R) + iW;(R).  (17)

Here, channel i = 1 denotes the elastic channel.

054601-3



HAO LIU, JIN LEI, AND ZHONGZHOU REN

PHYSICAL REVIEW C 113, 054601 (2026)

Based on the reaction cross section obtained for the elastic
channel [Eq. (8)], the total flux loss from the elastic channel,
oR, is determined by the imaginary part of the couplings
connecting to all channels:

J— 2 I r7CC
or ==~ m (Y |Up [Y)
vy

N

2 N
=———Tm | Y (YiliWilv)) + D (¥ IVaj 1)
j=2

hvl -
J=1

(18)

The flux transferred into the breakup channels (denoted as

> 2) constitutes the elastic breakup (EBU) cross section.

Using the result from the generalized optical theorem for

inelastic channels [Eq. (11)], ogpy is obtained by summing
the partial cross sections o;:

OEBU = Zm = —Imz<1ﬁz

Sus)

N

2 N
= o Im > WilValvn) + ) wZle,m
i=2 j=1

i=2
19)

Within the CDCC framework, elastic scattering and
breakup are treated explicitly, while processes such as fusion,
transfer, and target excitation are modeled implicitly through
the imaginary potentials W;;. The total absorption cross sec-
tion o quantifies the flux removed by these implicit channels
and is defined as the difference between the total reaction
cross section and the elastic breakup cross section:

OA = OR — OEBU- (20)

Substituting Eqs. (18) and (19) into this expression, the
terms involving the real coupling potentials V;; cancel out
due to the Hermiticity of the potential matrix ({y;|V;;|¥;) =
(1Vjily)*). We are left with the compact result

N N
oA = — —Imzz w1|l“/l]|lljj

i=1 j=I1

N
=—%ZZ Wil Wi ). @0

i=1 j=1

=

The second equality follows because the double sum is
purely real: for symmetric couplings (W;; = Wj;), each
pair (i, j) and (j, i) contributes (| W;|w;) + (;|Wylv:) =
2Re(y;|W;j|r;), so the total sum equals its real part.
Equation (21) demonstrates that o is the coherent sum
of expectation values of the imaginary coupling potentials. A
similar decomposition was noted by Udagawa et al. [11] and
Satchler [10] using flux-balance arguments in the context of
heavy-ion fusion. Our application of the generalized optical
theorem (Sec. I A) provides a self-contained proof based on
the Lippmann-Schwinger equation and the completeness of

plane-wave states, and extends the result to the CDCC frame-
work for weakly bound projectiles.

It is important to distinguish between two types of
imaginary potentials that appear in the literature. In the
present work, the imaginary potentials W*) are standard phe-
nomenological optical potentials constrained by fits to elastic
scattering data, representing the dynamical polarization po-
tential (DPP) arising from the Feshbach projection of all
channels excluded from the CDCC model space. These po-
tentials encompass all flux removed from the model space,
including not only fusion but also transfer reactions and other
nonelastic processes. An alternative approach, adopted in
some fusion calculations [8,14], employs either the ingoing
wave boundary condition (IWBC) or a short-range, strongly
absorbing imaginary potential added ad hoc to the Hamilto-
nian to simulate the complete absorption of flux in the inner
region of the barrier. In such calculations, the off-diagonal ma-
trix elements of the short-range fusion potential involve wave
functions in a region where the model Hamiltonian may not be
reliable; consequently, the resulting transitions may lack clear
physical meaning. In the present work, the optical potentials
are constrained by elastic scattering data and the absorp-
tion cross section is determined by the asymptotic S-matrix
through the optical theorem. The conclusions of this work
therefore concern the model-space absorption and should not
be directly compared with CF/ICF cross sections obtained
from IWBC or short-range fusion potentials.

Consequently, the quantities op (direct) and op (breakup)
defined below should be understood as components of the
total absorption, not exclusively fusion.

Mapping condition. op and op may be interpreted as
proxies for complete and incomplete fusion only when the
imaginary potential is specifically designed to represent
absorption leading to fusion (e.g., a short-range, strongly ab-
sorbing potential localized inside the Coulomb barrier). With
standard phenomenological optical potentials, as used in the
present work, these quantities represent the more general
“direct-channel absorption” and ‘“breakup-channel absorp-
tion.” Despite this caveat, the central result of this work, that
coherent interference generates a significant oy, term, remains
valid for any absorption mechanism described by nondiagonal
imaginary couplings, including transfer.

To explicitly examine the flux partitioning and the role of
quantum interference, we decompose this coherent sum into
three physically distinct components:

OA = 0p + 0B + Oings (22)

where op and op represent the diagonal-like absorption from
the elastic and continuum channels, respectively.

Basis dependence. We note that, while the total absorption
oa 1s basis independent, the partition into op, op, and oy
depends on the choice of channel basis within the continuum
subspace. However, two important quantities are basis inde-
pendent: (i) op, because the elastic channel (ground state) is
uniquely defined by the physical projectile, and (ii) the sum
op + oint, representing the total continuum contribution. [22]
A unitary rotation among continuum bins redistributes flux
between op and oj, individually but leaves their sum invari-
ant. The key physical conclusion, that neglecting W, ; modifies
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both observables (elastic scattering) and the total absorption,
is therefore robust under basis changes.

The direct absorption component represents absorption
from the elastic channel:

2
op = —B—UI(WHWHWI), (23)

and the breakup absorption component represents absorption
from the continuum states:

o) N N
=—E—ZZ Vil Wil ). (24)

i=2 j=2

The third term, oy, represents the interference contribution
arising from the off-diagonal imaginary couplings connecting
the ground state to the continuum:

N N
O = 7 D WIWl) 4 Y WWalyn) | ©29)
j=2 i=2

For symmetric couplings (W;; = Wj;), which hold for
fragment-target optical potentials derived from the same
nucleon-target interaction, this simplifies to

4 N
Ot = —=— Y Re(y|Wi;¥;). (26)
Fw] =

In both forms, oj, is manifestly real. Its sign depends on
the relative phases of the channel wave functions, which are
determined by the coupled-channel dynamics.

The decomposition in Eq. (21) highlights that all imag-
inary parts of the coupling potentials, both diagonal and
off-diagonal, contribute coherently to the genuine absorption.
If the fragment-target interactions are real (W) = W® = (),
then oo = 0 and or = ogpy, as expected for pure breakup
with no flux loss.

With different models, different imaginary potentials have
been used in CDCC calculations. It is useful to distinguish the
two main approaches.

In the first approach, adopted by Diaz-Torres and Thomp-
son [8] and Hagino et al. [14], the imaginary potential is a
short-range, strongly absorbing potential added to the diago-
nal terms to simulate fusion by absorbing all flux that reaches
the inner region of the barrier. (Equivalently, the ingoing wave
boundary condition IWBC) may be applied at an inner ra-
dius to achieve the same effect [14].) In this case, the real
interaction generates the coupling potential, while the imagi-
nary couplings are diagonal in the channel index (W;; = 0 for
i # j). The interference term oy, then vanishes, and Eq. (22)
reduces to an incoherent sum:

N
Z il Wl ). 27)
=1

The corresponding direct and breakup components are given
by Egs. (23) and (24).

In the second approach, adopted in other CDCC cal-
culations [3,15,19], the fragment—target interactions include
phenomenological optical potentials U® = V& 4 jw® that

are constrained by elastic scattering data. Because the imag-
inary potentials W®) act on the fragment-target coordinates,
they generate nonvanishing off-diagonal matrix elements W;;
between all channel pairs when projected onto the CDCC
basis [Eq. (17)]. This is the approach we follow in the present
work.

In many recent studies investigating fusion mechanisms
[2,3,19], it is common to neglect these off-diagonal imagi-
nary couplings (W;; and W;;, we denote this approximation
as Wi; = 0) between the ground state and continuum states
in Eq. (17). Under this approximation, the absorption cross
section is simplified to

OA = Op + OB, (28)

where op = — hul (¥1|Wi1|¥1) and op is the absorption from
continuum states. This model implies that absorption events
are localized strictly within individual channels, treating the
coupling terms purely as flux transporters with no “absorp-
tion” generated during the transition itself. However, as we
demonstrate in the subsequent section, this omission renders
the physical description incomplete, as o, provides a signifi-
cant coherent contribution to the total absorption.

C. Dynamical polarization potential and a coupling-induced
absorption measure

The coupled-channel equations (1) can be rewritten in a
single-channel form by introducing the channel-dependent
effective (or polarization) potential,

N
Ui =y Uiy, (29)
j=1
so that
(Ei - TR - Uicc) I/fi == O (30)

For the elastic channel (i = 1), it is natural to separate U ¢ into
the bare elastic potential and an induced term,

U = Uy + AUppp, (31)

where AUppp is the dynamical polarization potential (DPP)
generated by couplings to the breakup (continuum) subspace.
In practice, AUppp may be constructed via Feshbach projec-
tion [23], or through its trivially equivalent local potential
(TELP) [21] representation; the discussion below is inde-
pendent of the specific construction, as it relies only on the
identity (31).

Using the optical-theorem form for the reaction cross sec-
tion in the elastic channel, Eq. (8), one obtains

Or = —rmlm<W1|Ufc|W1)=GD+UDPP, (32)
with
op = — - Im(Y [Un1 [y1),
oppp = — o I (i | AUppp yr1). (33)

Here op represents absorption associated with the bare elastic
optical potential, whereas oppp isolates the additional reaction
flux induced by coupling to the continuum. Therefore, in the
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present work we use oppp as a quantitative measure of the net
influence of coupled-channel (continuum) effects on reaction
absorption.

The connection between oppp and the channel-resolved
decomposition in Sec. II B follows from o = oggy + 04, to-
gether with Eq. (22):

Oppp = OR — Op = OEBU + 04 — Op = OgByU 1 0B + Oint.
(34)

Equation (34) clarifies the physical content of oppp. When the
fragment-target interactions are real, o4 = 0 and oppp reduces
to the purely elastic breakup cross section. With complex
optical potentials, however, oppp contains not only elastic
breakup but also continuum-induced absorption, encoded by
op and the coherent interference contribution oj,, generated by
the off-diagonal imaginary couplings. This is precisely why
oppp provides a convenient and robust diagnostic of coupling
effects in our calculations: it quantifies the additional reaction
flux attributable to the inclusion of the continuum beyond the
bare elastic absorption.

III. RESULTS

A. Role of off-diagonal imaginary couplings:
d + *Nb test case

To quantitatively assess the necessity of retaining the full
nondiagonal imaginary coupling matrix W;;, specifically the
terms connecting the ground state to continuum bins, we first
perform a controlled numerical experiment using the deuteron
breakup reaction d + SNb at Epp, = 25.5 MeV. This system
serves as an ideal test case due to its simple two-body clus-
ter structure (d = p + n) and manageable model space. We
introduce a numerical flag in the CDCC and demonstrate the
impact by comparing the full calculation, where all matrix ele-
ments U;; = V;; + iW;; are retained, against an approximation
where the imaginary couplings between the ground state and
continuum are neglected (W;; = W;; = 0 for j > 2, denoted
Wi; = 0 below). In this toy model, we use the same model
space: the p-n continuum states are only on / = 0 partial wave,
using a simple Gaussian interaction as discussed in Ref. [12].
The energy bins are extended to 12 MeV, which is divided
into 6 bin states. The nucleon-target interactions are taken
from KDO2 [24]. To simplify the calculation, the spins of the
particles are ignored, and closed channels are not included in
the model space.

Figure 1 presents the elastic scattering cross section distri-
butions from both the full calculation (solid black line) and the
approximation with W;; = 0 (dashed red line). It is important
to note that, even with the relatively simple coupling scheme
employed here, significant deviations are observed between
the two results, particularly in the intermediate-angle region
(30°-120°). These differences are not merely quantitative:
they reflect fundamentally different scattering dynamics.

In the full calculation, the off-diagonal imaginary cou-
plings W,; (coupling the elastic channel to continuum bins)
allow coherent flux redistribution through quantum interfer-
ence effects. When these couplings are artificially set to zero,
the scattering amplitude loses this interference mechanism,

1 T \ \ \ 3
d+**Nb at 25.5 MeV [ Fuiw,| |
_ W1i=0 1
0.1
RS
\b |
o) L
0.01-
I W]
| | | | M
0 30 60 90 120 150 180

0 (degree)

FIG. 1. Elastic scattering cross sections from CDCC calculations
(comparing the full calculation and the approximation with W;; = 0)
for the d + **Nb reaction at 25.5 MeV.

resulting in a systematically different angular distribution. The
most striking differences occur around 6 ~ 60° and 120°,
where the full calculation exhibits deeper minima compared
to the approximation. This leads to a crucial observation:
although oy, itself is not an asymptotic observable, neglecting
it produces measurable consequences in the elastic channel.
Any theoretical framework that omits the off-diagonal imagi-
nary couplings will fail to reproduce the correct elastic angular
distribution, providing experimentalists with a direct, testable
criterion for the necessity of retaining the full coupling matrix.

To facilitate the discussion of flux dynamics, we analyze
the calculated absorption cross sections using the coherent
decomposition defined in Eq. (22). As shown in Table I, the
interference term oy, represents the coupling effect between
the elastic and continuum channels. When the ground-state-
to-continuum imaginary couplings are artificially neglected,
oine vanishes by definition, and the total absorption reduces
to the incoherent sum [Eq. (28)].The comparison of absorp-
tion cross-section matrices, shown in Fig. 2, reveals that the
interference terms in the full calculation exhibit significant
negative values. As shown in Eq. (21), these negative con-
tributions in the off-diagonal blocks are a direct signature
of the quantum interference between the elastic and contin-
uum channels. Table I summarizes the quantitative impact
of neglecting these terms. In the full calculation, the inter-
ference term is substantial and negative (oj, = —146.7 mb),
which acts to reduce the total absorption cross section via
destructive interference. When we artificially set oj, = 0 in

TABLE I. Impact of neglecting W;; on absorption cross sec-
tions for d + >*Nb (I = 0 bins). The “Diff.” column represents (Full
W —W;; =0).

Quantity Full W;; Wi =0 Diff.

op (mb) 1733.2 1713.2 4200
op (mb) 414.1 350.8 +63.3
Oine (Mb) —146.7 0.0 —146.7
oa (mb) 2000.7 2064.0 —63.3
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FIG. 2. Comparison of absorption cross-section matrices for d + **Nb at 25.5 MeV (I = 0 bins). Left: Full coupling calculation. Right:
Approximation with W;; = 0. The negative off-diagonal values in the full calculation (left) indicate coherent interference flux loss, which is

artificially removed in the approximation (right).

the approximation, the flux distribution is fundamentally al-
tered. Contrary to naive expectations, the total absorption
cross section in the approximation (oa = 2064.0 mb) is ac-
tually larger than in the full calculation (o4 = 2000.7 mb).
This counterintuitive result occurs because the approximation
removes the large negative interference term that naturally
regulates the total absorption in the full physical picture.
Simultaneously, the removal of the coupling leads to a signif-
icant underestimation of the breakup absorption component,
with o dropping from 414.1 to 350.8 mb, and a slight de-
crease in direct absorption op from 1733.2 to 1713.2 mb.
This comparison demonstrates that absorption involves a
coherent superposition where the interference couplings play
a dual role: they serve to enhance the specific absorption
pathways (o and op) by redistributing flux between channels,
while simultaneously reducing the total reaction probability
through destructive interference. Consequently, the approxi-
mation of neglecting off-diagonal imaginary couplings fails
on two fronts: it overestimates the total absorption while
underestimating the individual absorption components. This
implies that prior analyses based on incoherent approxima-
tions likely underestimated breakup absorption cross sections.
As noted in Sec. II B, the specific numerical partition between
op and oy is basis dependent, but their sum op + ojy (the
total continuum contribution) and the qualitative conclusions
regarding coherent interference remain basis-independent.

B. Absorption mechanism in weakly bound nuclei: °Li Case

Building on the insights obtained from the deuteron case,
we next consider the heavier and more complex projectile
OLi, focusing on the 5Li 4+ °Co reaction at 21.5 MeV and
the °Li 4 2%Pb reaction at 33 MeV. The °Li projectile is
described within an «-d cluster model. In the initial analysis,
continuum states with £ < 1 are included and discretized up to
an excitation energy of 12 MeV, which allows a transparent vi-
sualization of the absorption decomposition. To compare with
the experimental data and assess the influence of the d-wave
continuum, we then present a more realistic calculation for
the °Li + 2%Pb system, extending the model space to £ < 2

with eight bin states for each partial wave while keeping the
same 12 MeV excitation-energy cutoff. For the °Li 4+ >Co
system, the fragment-target optical potentials are taken from
Refs. [25,26]. For the °Li + 2®Pb system, the fragment-target
optical potentials are taken from Refs. [26,27]; in addition, the
surface part of the deuteron-target optical potential is removed
following Refs. [28,29] for °Li + 2%Pb system.

Numerical robustness. To ensure that the qualitative con-
clusions are not artifacts of discretization, we have verified
convergence with respect to the key model-space parameters:
number of bins, maximum excitation energy, maximum par-
tial wave £pn.x, and integration parameters (matching radius
Rumax and radial step size). Varying the number of bins by
+20% or extending E,x by 4 MeV changes o by less than
3% and leaves the ratio oy, /oa stable to within 10%. The
pattern of large negative oy, and enhanced component cross
sections in the full calculation persists across all tested dis-
cretization schemes, confirming that these are robust physical
features rather than numerical artifacts.

Figure 3 visualizes the absorption cross-section decom-
position for the °Li + *Co system. The heatmap reveals a
distinct topological structure: the diagonal elements (red) rep-
resenting direct absorption (op) and breakup absorption (op)
are universally positive, whereas the off-diagonal elements
(blue) representing the interference term (oj,) are predomi-
nantly negative. This pattern is particularly pronounced for
the / = 1 continuum states. Physically, the [ =1 (p-wave)
continuum in SLi corresponds to the a-d relative motion
with one unit of angular momentum, which couples strongly
to the / = 0 ground state through the dipole component of
the fragment-target interaction. This strong coupling, com-
bined with the lower centrifugal barrier for / = 1 compared
to higher partial waves, produces large off-diagonal matrix
elements W;; and hence dominant interference contributions.
The energy-resolved perspective in Fig. 4 further confirms that
this interference is not an artifact of energy averaging; rather,
the negative oy, contribution persists across the excitation
energy spectrum, actively competing with the positive
breakup absorption terms. A qualitatively similar pattern is
observed for the heavier target system, °Li + 2%®Pb (Fig. 5),
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FIG. 5. Decomposition of the total absorption cross section o
for °Li + 2%Pb at 33 MeV.

TABLE II. Impact of neglecting W;; on absorption cross sec-
tions for the °Li system (¢ < 1).

Quantity Full W;; Wi;;=0 Diff.
°Li + ¥Co at 21.5 MeV

op (mb) 1365.66 1338.63 +27.03

og (mb) 569.19 362.08 +207.11

Oine (Mb) —398.53 0.0 —398.53

o (mb) 1536.31 1700.71 —164.40
°Li 4 2%8Pb at 33 MeV

op (mb) 544.03 520.77 +23.26

op (mb) 324.42 304.15 +20.27

Oint (Mb) —87.4 0.0 —87.4

o (mb) 781.06 824.92 —43.86

indicating that this interference mechanism is a robust feature
of weakly bound projectile reactions, independent of the target
mass.

To quantify the dynamical role of the ground state-
continuum couplings, we compare the full calculation with
the W;; = 0 approximation in Table II. The results reveal
a profound flux redistribution mechanism that is consistent
between the Co and Pb targets but far more dramatic in
magnitude than the deuteron case. In the full calculation, the
interference term oy, provides a large negative contribution
(—398.5 mb for Co and —87.4 mb for Pb with ¢ < 1), which
acts to regulate the total absorption cross section. Conse-
quently, neglecting these couplings leads to an overestimation
of oa by approximately 10.7% for the Co system and 5.6%
for the Pb system (in the simplified £ < 1 basis).

However, the most striking physical insight lies in the
decomposition of the absorption components. The full cal-
culation shows significantly higher values for both direct
absorption (op) and breakup absorption (op) compared to the
approximation. For the °Li + Co system, the full coupling
enhances og by 207.1 mb (from 362.1 to 569.2 mb, a 57% in-
crease). For the °Li + 2%®Pb system (with £ < 1), o increases
by 20.3 mb (from 304.2 to 324.4 mb) and op by 23.3 mb.
This implies that the off-diagonal imaginary couplings act
as a “pump,” facilitating the transfer of flux from the elastic
channel into the breakup absorption channels. When Wj; is
removed, this bridge is broken, starving the breakup absorp-
tion channels of flux.

To assess the role of the d-wave (£ = 2) continuum states
and to examine the energy dependence of the coupling effects,
we present in Table III calculations for °Li 4 2%*Pb employing
£ < 2 with 8 bin states per partial wave at three incident ener-
gies: 29, 33, and 39 MeV. The corresponding elastic scattering
angular distributions are shown in Fig. 6.

At 33 MeV, the extension to £ = 2 substantially amplifies
the flux redistribution compared to the £ < 1 basis: op in-
creases from 324.4 to 453.2 mb (a 40% enhancement) and
the magnitude of the interference term deepens from —87.4
to —222.1 mb, while the total absorption o remains nearly
unchanged at 779 mb, confirming flux conservation. The
overestimation of o4 when setting W;; = 0 thereby grows
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TABLE III. Impact of neglecting W;; on absorption cross sec-
tions for the °Li 4+ 2°*Pb system with £ < 2 (8 bin states per partial
wave).

Quantity Full W;; W;;=0 Diff.
°Li+ 2%Pb at 29 MeV, ¢ < 2
op (mb) 216.21 212.96 +5.25
op (mb) 137.56 127.38 +10.18
O (mb) —64.75 0.0 —64.75
o (mb) 289.03 340.34 —51.31
°Li+ 2%Pb at 33 MeV, £ < 2
op (mb) 548.23 491.33 +56.90
op (mb) 453.20 377.45 +75.75
O (mMb) —222.1 0.0 —222.10
o (mb) 779.33 868.78 —89.45
°Li+ 2%Pb at 39 MeV, ¢ < 2
op (mb) 984.43 832.04 +152.39
op (mb) 824.05 670.04 +154.01
O (mMb) —405.16 0.0 —405.16
o (mb) 1403.32 1502.08 —98.76

from 5.6% (with £ < 1) to 11.5% (with £ < 2), underscoring
that any incoherent approximation becomes progressively less
reliable as the model space is enlarged to include the physi-
cally important £ = 2 continuum.

The multienergy comparison in Table III reveals a sys-
tematic energy dependence of the coupling effects. As the
incident energy increases from 29 to 39 MeV, the absolute
magnitude of ojyc grows substantially (from —64.8 to —222.1
to —405.2 mb), and the full-coupling calculation enhances
both op (by 8%, 20%, and 23% at 29, 33, and 39 MeV,
respectively) and op (by 1.5%, 11.6%, and 18.3%) relative
to the W;; = 0 approximation. This indicates that the off-
diagonal imaginary couplings play an increasingly important
dynamical role in redistributing flux into specific absorption
channels as the reaction moves above the Coulomb barrier.
Counterintuitively, the relative overestimation of the total o
by the approximation actually decreases with energy, from
17.7% at 29 MeV to 11.5% at 33 MeV and 7.0% at 39 MeV.
This occurs because the overall growth of on with energy
outpaces the growth of the absolute overestimation, even as
the internal flux redistribution becomes more pronounced.

The elastic-scattering angular distributions in Fig. 6 pro-
vide an additional perspective on the same coupling effects.
The full £ < 2 calculation reproduces the elastic scattering
angular distributions [30] well at all three energies, whereas
the W ; = 0 approximation shows clear deviations, especially
at 29 MeV. As the incident energy increases to 33 and 39 MeV,
the difference between the two calculations in the elastic
channel becomes progressively smaller. This indicates that
near-barrier elastic scattering is particularly sensitive to the
detailed structure of the imaginary coupling matrix, while at
higher energies the dominance of strong overall absorption
reduces that sensitivity.

These findings challenge the validity of incoherent approx-
imations for weakly bound nuclei. The interference couplings

S/Cgun
e
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150 180
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FIG. 6. Elastic scattering angular distributions for °Li + 2%Pb at
29, 33, and 39 MeV, shown as the ratio o /or,n. CDCC calculations
with £ < 2 are compared: full coupling (solid line) and the W;; =0
approximation (dashed line); experimental data (yellow circles) [30].

play a dual role: they enhance specific reaction pathways
(boosting op and op), while simultaneously contributing a
negative interference term that reduces the total reaction
probability. Thus, retaining the full nondiagonal imaginary
coupling matrix is necessary for correctly predicting the par-
titioning of flux between direct and breakup mechanisms.

IV. SUMMARY AND DISCUSSION

In this work, we have applied the generalized optical
theorem [20] within the Continuum-Discretized Coupled-
Channels (CDCC) framework and investigated the role of
off-diagonal imaginary couplings in the absorption mech-
anism of weakly bound nuclei. By decomposing the total
absorption cross section into direct absorption (op), breakup
absorption (og), and the interference term (oj,), we have
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elucidated the complex quantum interference effects that gov-
ern the redistribution of reaction flux.

The theoretical analysis establishes that the total absorption
is not merely an incoherent sum of channel probabilities.
Instead, it includes coherent interference terms (oy,) aris-
ing from the off-diagonal imaginary couplings (W;;). Our
numerical calculations for d + **Nb and °Li + 3°Co / 2%Pb
consistently demonstrate that these interference terms are pre-
dominantly negative in the systems studied, representing a
destructive interference mechanism that plays a central role
in flux conservation within the model space.

The comparison between full coupled-channel calculations
and the W;; =0 approximation reveals a dual role of the
off-diagonal imaginary couplings: they enhance specific ab-
sorption channels while generating a negative interference
term. In all systems studied, the full calculation increases
both op and op relative to the W;; = 0 limit, with the effect
becoming particularly strong for °Li + *Co and for °Li +
208ph once the £ =2 continuum is included. At 33 MeV
for ®Li + 2°®Pb, extending the model space from £ < 1 to
£ < 2 enhances og by 40% and deepens oj, from —87.4 to
—222.1 mb, showing that the coupling effects grow with the
size of the model space.

In all systems studied, oy, is large and negative, acting as a
regulator in the coherent decomposition. Neglecting it there-
fore overestimates the total absorption cross section, by about
10% for °Li + Co, by 5.6% for °Li + 2°*Pb at 33 MeV with
£ < 1, and by 11.5% for the corresponding £ < 2 calculation.
For °Li 4+ 2®Pb with ¢ < 2, the magnitude of oy, increases
strongly from 29 to 39 MeV, while the relative overestimation
of o decreases from 17.7% to 7.0%. Thus, flux redistribution
becomes stronger with increasing energy even though the
relative error in o4 becomes smaller. We note that the sign of
oine 18 an empirical result of the present calculations; whether
destructive interference is a general property of weakly bound
systems remains an open theoretical question.

This analysis clarifies why models that neglect off-diagonal
imaginary couplings are physically incomplete. We have also
verified that the qualitative conclusions are numerically ro-
bust against reasonable changes in binning, excitation cutoff,
maximum continuum partial wave, and radial integration pa-
rameters.

A potential objection is that the comparison between full
and W;; = 0 calculations in this work employs identical op-
tical potential parameters. One might argue that refitting the
parameters within the W;; = 0 approximation could restore
agreement with elastic scattering data, effectively “renormal-
izing” the missing oy physics into adjusted potential depths
or geometries. While such parameter adjustment may in-
deed recover acceptable fits to elastic angular distributions,
it comes at the cost of distorting the extracted component
cross sections. The refitted parameters would compensate
for the missing coherent interference by artificially modify-
ing the absorption strengths, leading to systematically biased
values of op and op. This is precisely the core message
of the present work: merely reproducing experimental ob-
servables is insufficient; the underlying reaction mechanism
must be correctly captured. A model that fits data through

parameter tuning but misrepresents the flux partitioning will
yield misleading physical interpretations, particularly when
extrapolating to unmeasured observables or different reaction
systems.

Direct experimental validation of individual components,
and specifically the interference term oy, is intrinsically im-
possible: detectors register asymptotic products, not internal
coherence terms of the wave function. Component extrac-
tions (e.g., direct vs breakup fractions) are therefore model
dependent. Moreover, we emphasize that the absorption cross
section o calculated within the CDCC framework includes
all flux absorbed by the imaginary potentials, encompassing
not only fusion but also transfer reactions, deep inelastic scat-
tering, and other nonelastic channels. The quantities op and
op should be interpreted as components of total absorption
rather than pure fusion. Disentangling genuine fusion from
transfer would require either fusion-specific short-range po-
tentials or explicit coupling to transfer channels. Nevertheless,
the central conclusion, that coherent interference generates a
significant oy, term (observed to be negative in the systems
studied), applies to any absorption mechanism governed by
nondiagonal imaginary couplings. The value of the present
work is to provide a rigorous theoretical constraint (the gener-
alized optical theorem and its component analysis) based on
flux conservation.

Implications for experimental analysis. Our findings have
direct consequences for the extraction of reaction cross
sections from experimental data. A common experimental
procedure is to measure the total fusion cross section and then
use theoretical models to partition it into complete fusion (di-
rect) and incomplete fusion (breakup-induced) components.
If the theoretical model employed for this partition neglects
the off-diagonal imaginary couplings, as is done in many
simplified CDCC or optical model analyses, the extracted
breakup contribution will be systematically underestimated.
We therefore urge experimentalists to adopt full-coupling
CDCC calculations, retaining all W;; terms, as the baseline for
any model-assisted decomposition of absorption data (which
may be identified with fusion when the imaginary potential
is designed specifically for fusion absorption). Furthermore,
when comparing theoretical predictions with measured elastic
scattering angular distributions, the full-coupling calculation
should be used; as shown in Figs. 1 and 6, simplified models
produce qualitatively different angular distributions and can
be especially misleading near the Coulomb barrier, where the
elastic channel is most sensitive to the detailed structure of the
imaginary coupling matrix.

In conclusion, the component analysis presented here
demonstrates that accurate predictions for weakly bound
nuclei require the retention of the full nondiagonal imagi-
nary coupling matrix. The quantum interference mediated by
these couplings is not merely a perturbative correction but a
significant driver of reaction dynamics in the systems stud-
ied. It determines the correct partitioning between direct and
breakup mechanisms while respecting flux conservation, and
its impact depends both on the adopted model space and on
the incident energy. Beyond CDCC, the generalized optical-
theorem-based component analysis is applicable to broader

054601-10



COHERENT ABSORPTION DYNAMICS: THE DUAL ROLE ...

PHYSICAL REVIEW C 113, 054601 (2026)

coupled-channel problems (including transfer), and we ad-
vocate it as a standard paradigm for mechanism-resolved
extraction of reaction observables.
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