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Abstract. The past couple of decades have seen tremendous advances in nuclear structure and reaction theory.
Innovative theory frameworks for describing the nuclear many-body system, increasingly powerful computers,
and opportunities for confronting theory predictions with data on unstable nuclei, have been driving the field.
An important goal is to move from phenomenological ingredients in reaction calculations to predictive theories
based on microscopic frameworks. We discuss ongoing efforts aimed at integrating microscopic descriptions
of nuclear structure into reaction predictions for medium-mass and heavy nuclei. This contribution highlights
areas where Eric Bauge, a champion for building bridges, has made important contributions by encouraging
and enabling collaborations between communities with complementary expertise.

1 Introduction

With the advent of radioactive beams we can now tackle
questions about static and dynamic properties of not only
stable, but also exotic nuclei. This gives us opportunities
to test theory predictions and to plan experiments that un-
cover systematic trends in nuclei, such as the evolution of
shell structure, nuclear deformation, and collective modes
of excitation. We need improved reaction theory to de-
velop signatures that experiments can look for and to in-
terpret the findings [1]. We also want to calculate structure
and reaction inputs for applications: Astrophysics simula-
tions, for instance, require nuclear structure and reaction
information for unstable nuclei. Many of these nuclei will
be accessible experimentally, but only a small portion will
be measured [2, 3], thus measurements need to be comple-
mented by theoretical predictions.

To make progress on both these fronts, we need to in-
tegrate nuclear structure and reaction theory. In the last
decade or so there has been significant progress in mov-
ing towards much more sophisticated and predictive de-
scriptions of reactions involving light nuclei [4]. This was
a logical extension of the ab initio nuclear structure de-
scriptions that were developed in the early 2000s and that
continue to be extended [5]. The resonating group method
(RGM) is a useful approach for combining structure and
reactions. For binary reactions, it starts with an expan-
sion of the full wave function into cluster wave functions
that incorporate the ab initio structure information. One
then solves the Hill-Wheeler equations to obtain the rel-
ative wave function which in turn can be used to calcu-
late reaction observables. Applications of the RGM with
the no-core shell model (NCSM) as its structure compo-
nent have been very successful for light nuclei [6]. A
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major advantage is that the approach treats structure and
reactions on the same footing and utilizes state-of-the-art
nuclear interactions including 2-body and 3-body forces.
The NCSM/RGM approach can also be cast in a frame-
work that uses a symmetry-adapted basis [7]. The extra
complication that arises from using a more complicated
[SU(3)] coupling scheme instead of the familiar angular-
momentum coupling is offset by computational gains and
the prospect of reaching heavier nuclei well beyond the p
and sd shells [8, 9].

Most descriptions of reactions with medium-mass and
heavy nuclei (A > 20) do not use the RGM approach,
but make significant simplifications. Normally, they treat
direct and compound-nuclear reactions separately. For
direct reactions, one often starts with a simplified pic-
ture in which the internal structure of the interacting nu-
clei is ignored and focuses on the reaction mechanism.
Cross sections are typically normalized to reproduce data.
This clearly limits the predictive power of such calcu-
lations. Given the availability of sophisticated structure
models for medium-mass and heavy nuclei, it is worth-
while to develop reaction descriptions that utilize their
structure predictions. Here we discuss an approach that in-
tegrates structure information from Hartree-Fock Bogoli-
ubov (HFB) theory and the Quasiparticle Random-Phase
Approximation (QRPA) into a coupled-channels reaction
framework.

2 Integrated theory for direct scattering

Our focus is on developing structure and reaction tools
that can be applied to a large number of isotopes, includ-
ing heavy deformed nuclei. We use HFB+QRPA struc-
ture theory, based on the Gogny finite-range interaction
and implemented in an axially-symmetric deformed ba-
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sis [10, 11]. This structure approach has been success-
fully employed to describe properties of nuclear ground
states, as well as excitations at low and high energies [12].
It is particularly well suited to provide structure input for
coupled-channels calculations of elastic and inelastic scat-
tering [13—-16]. The expected outcome will be a com-
putational capability that predicts neutron scattering ob-
servables for nuclear data evaluations [17-19], charged-
particle scattering for surrogate reaction applications [20—
24], and that enables the study of fundamental nuclear
properties both near and away from the valley of stabil-
ity [25].

We start from a set of coupled-channels equations for
binary reactions:
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where u.(r) is the relative-motion wave function in chan-
nel ¢, r the distance between projectile and target, u. the
reduced mass, /. denotes the relative angular momentum,
and k. the relative momentum; VLJL is the potential that
couples the ground states of target and projectile to the
relevant excited states, and the diagonal term V. is the op-
tical potential for channel c. At present, we consider only
elastic and inelastic scattering, i.e. we have the same pro-
jectile and target nuclei in the initial and final channels.

For inelastic nucleon-nucleus scattering, VCJC, involves
a sum over angular-momentum recoupling coefficents and
folding integrals of the form
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where I, denotes the target spin, v’ (r, r,) is the effective
interaction between the projectile nucleon at r and a tar-
get nucleon at r,, and ng’;"‘/(r,) is the (radial) transition
density that is obtained from the QRPA structure calcu-
lation for the target nucleus. Here L,S,J,T denote the
change in orbital angular momentum, spin, total angular
momentum, and isospin of the target nucleus. We use the
JLMB variant of the Jeukenne-Leujene-Mahaux (JLM) ef-
fective nucleon-nucleon interaction, developed by Bauge
et al. [26-29]. For cases with a composite projectile that
can be excited an analogous projectile folding term enters
the coupling potentials.

The structure information obtained from HFB+QRPA
calculations is encoded in the ground state and transition
densities; the folding procedure and subsequent use of
the coupling potentials in a coupled-channels or distorted-
wave Born approximation (DWBA) calculation effectively
integrates structure and scattering calculations. The ad-
vantage of this integrated microscopic approach over cal-
culations with phenomenological coupling potentials is
that it allows for scattering predictions when there is no
data to scale the cross sections.

3 Results for selected nuclei

The applications we are interested in involve elastic scat-
tering and inelastic scattering to both low-lying states (up
to E,, = 3 MeV) and higher-energy states (up to E,, =~ 30
MeV). Consequently, the structure model chosen must be
able to provide reliable information on such states. We em-
ploy the DIM parametrization of the finite-range Gogny
force, which was introduced to provide reliable properties
for both nuclear matter and finite nuclei, including masses,
radii, giant resonances, and fission [12].

3.1 Ground states of Zr isotopes

Within our HFB framework, which uses an axially-
symmetric deformed basis and includes the complete
Coulomb interaction also in the pairing fields, we obtain
ground state properties that are in good agreement with al-
ternative predictions and experimental data. In Fig. 1 we
show predicted ground state deformation, binding energy
per nucleon (BE/A), and relative charge radius shifts (672,
relative to the value for %°Zr) for the chain of even-even
zirconium isotopes, from A=78 to A=122. Experimental
binding energies are well reproduced. The charge radius
shifts and deformations are mostly in good agreement with
experimental data, with deviations existing in cases where
shape coexistence introduces additional correlations that
are beyond the present work, but can be treated, e.g. with
the Generator Coordinate Method (GCM). For a more de-
tailed discussion, see Ref. [30].
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Figure 1. HFB predictions for ground state properties of the
78-1227y isotopes. Shown are 8 deformation (top panel), binding
energy per nucleon BE/A (middle), and charge radius shift rel-
ative to *°Zr (bottom). Where available, experimental data are
shown for comparison.

3.2 States at low and high excitation energies in Zr

To obtain structure information for excited states, we build
QRPA excitations on top of the calculated HFB minima,
using the same basis and interaction to achieve a consistent
overall treatment. Predicted energies for low-lying states,
reduced electromagnetic strengths, specifically B(E2) and
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B(E3) values, are found to be in reasonable agreement
with experiment, see Ref. [30].

An attractive feature of the QRPA approach is that it
can also describe collective excitations at tens of MeV.
We have calculated monopole, dipole, quadrupole, and oc-
tupole responses for spherical and deformed Zr nuclei and
found good agreement with available data or known sys-
tematics, see Ref.[30].

3.3 Microscopic structure of resonances in “>Mo

Our QRPA approach provides us with a useful tool to in-
vestigate collective nuclear excitations, including the well-
studied giant-dipole resonance (GDR) and the more exotic
pygmy and toroidal dipole resonances [25, 31, 32]. Under-
standing the emergence of both single-particle and collec-
tive properties is, in general, an important goal of nuclear
structure physics. Dipole resonances are of particular in-
terest, as they are known to impact neutron capture reac-
tions which are important for nuclear astrophysics simu-
lations [33]. Understanding the mechanisms responsible
for the occurrence of dipole resonances, their underlying
structural properties, and their evolution with mass num-
ber, neutron excess, and deformation, will improve calcu-
lations of neutron-capture cross sections.
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Figure 2. J* = 1~ excitation spectrum for >Mo (panel a) and
transition densities for selected states. The state at E,, = 14.36
MeV (panel b) exhibits neutron skin oscillations at the nuclear
surface and both proton and neutron oscillations in the interior,
while the state at 17.69 MeV (panel c) shows a pattern character-
istic of an isovector giant-dipole oscillation.

QRPA calculations provide information on the ener-
gies of excited states and on the nature of the excitation.
Transition densities (TDs) play an important role in the
analysis of the structure of the excited states, as the TDs
represent, for each state, changes relative to the ground
state. An example is shown in Fig. 2 for Mo. Panel
(a) shows the B(E1) spectrum for this spherical nucleus.
Panels (b) and (c) show the TDs for two excited states, se-
lected from a region around the neutron separation energy
(S, = 12.7 MeV), indicated by the blue band.

The radial TDs are shown for states at E,, = 14.36
MeV (panel b) and E,, = 17.69 MeV (panel c). The
TDs are given for neutrons and protons (solid blue and
red curves) and also as isoscalar and isovector quantities

(dashed black and orange curves), for easier interpreta-
tion. The two states exhibit clearly distinct behaviors. The
pattern in panel (c) is characteristic of an isovector giant
dipole state, while panel (b) shows strong neutron oscilla-
tion in the nuclear surface, behavior that is often associated
with a pygmy dipole resonance (PDR).

This example illustrates that the region near S, con-
tains both PDR- and GDR-type excitations. This has im-
plications for the interpretation of experiments that find an
enhancement in the dipole response near S ,,. More work is
needed to disentangle the structure effects in a systematic
manner.

3.4 Elastic and inelastic scattering predictions

To obtain predictions for elastic and inelastic scatter-
ing, we use the folding approach described above and in
Refs. [15, 16] to produce coupling potentials V7 (r) and
Vi,,(r) for use in DWBA calculations with the coupled-
channels code Fresco[34]. Results for proton scattering
off ®*Zr at multiple incident proton energies are shown in
Fig. 3. The results in panel (a) show excellent agreement
with experimental data for Ep.,, = 12.7 MeV and 22.5
MeV. Panel (b) shows predictions for inelastic scattering
to the first excited 3~ state in **Zr, for three different beam
energies. Where data is available, the agreement is quite
good. Similar results have been obtained for both proton
and neutron scattering from other Zr isotopes [16].
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Figure 3. Predictions for elastic (top) and inelastic (bottom)
proton scattering off **Zr, for various beam energies. The open
circles represent experimental data [35-37]. The DWBA scatter-
ing calculations used the folded coupling potentials described in
the text; they have not been fitted to the data, but are predictions.
Curves and data have been scaled for better visibility.

Inelastic scattering to low-lying excitations in both
spherical and deformed nuclei, including actinides, is im-
portant for improving nuclear data evaluations. Charged-
particle inelastic scattering to higher-energy states is
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needed to enable surrogate-reaction applications, which
require calculated spin-parity populations for the surro-
gate reaction used. Charged-particle scattering can also
be used to probe the resonance structure near the neutron
separation energy. Extensions of the present integrated
structure-and-reaction framework are being developed to
address these challenges.

4 Concluding thoughts

Recent theoretical developments have made it possible to
achieve very good predictions of nuclear structure prop-
erties for a large number of nuclei across the isotopic
chart. The method described here integrates state-of-the-
art HFB+QRPA nuclear structure calculations with a mod-
ern reaction approach to achieve a predictive capability for
elastic and inelastic (direct) scattering. Developments are
also needed to improve predictions of (direct) transfer re-
actions [38]. Furthermore, efforts are underway to inte-
grate nuclear structure properties, such as level densities
and y-ray strength functions into the statistical descrip-
tions of compound nuclear reactions [39].

Building bridges between nuclear structure and reac-

tions is critical for achieving predictive reaction capabili-
ties for both direct and compound nuclear reactions. Col-
laborations have played, and continue to play, an important
role in advancing the relevant theoretical capabilities, in
developing and validating codes, and for gaining physics
insights. We remember Eric Bauge for his technical con-
tributions to this field, and for enabling collaborations and
building bridges between different communities.
This work was performed under the auspices of the U.S. Depart-
ment of Energy by Lawrence Livermore National Laboratory un-
der Contract DE-AC52-07NA27344, with support from LDRD
projects 19-ERD-017, 24-ERD-023.
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