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We present the first results of a comprehensive microscopic approach to describe nucleus-nucleus elastic
collisions by means of an optical potential derived at first order in multiple-scattering theory and computed
by folding the projectile and target nuclear densities with the nucleon-nucleon 7 matrix, which describes the
interaction between each nucleon of the projectile and each nucleon of the target. Chiral interactions are
consistently used in the calculation of the ¢ matrix and of the nonlocal nuclear densities, which are

computed within the ab initio no-core shell model. Cross sections calculated for & collisions on 'C and '°0
at projectile energies in the range 100-300 MeV are presented and compared with available data. For

momentum transfer ¢ up to about 1.0 fm~! our results are in good agreement with the experimental data,
whereas for higher momenta a reduction of the imaginary contributions is needed.
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Nucleus-nucleus collisions are fundamental processes
that provide insight into the properties of nuclear matter and
the dynamics of heavy-ion interactions. They are usually
described by traditional phenomenological models which
often rely on tunable parameters to fit experimental data,
limiting their predictive power, particularly concerning
exotic nuclei. The study of microscopic optical potentials
(OPs) has been and still is a fascinating area of research in
nuclear physics, since they play a crucial role in under-
standing the interactions of nucleons in atomic nuclei [1-4]
and in describing nucleon-nucleus and nucleus-nucleus
interactions. From the experimental point of view, in the
past decade a large effort has been made to study short-
lived exotic nuclei using proton elastic scattering in inverse
kinematics at facilities such as the CSRe storage ring of
HIRFL-CSR [5], GSI/FAIR [6], and the RIBF at RIKEN
[7]. In the near future the dynamics of elastic scattering
involving light bound nuclei will likely receive consider-
able attention as a probe of unexpected deviations from the
theoretical expectations based on our present knowledge of
the nucleon-nucleon interaction.

In general, OPs have broad implications across various
nuclear reactions, such as nucleon-induced reactions or
fusion processes. OPs find applications in astrophysics,
where they are crucial for modelling nucleosynthesis in
stars and understanding stellar evolution [8], but they also
play a significant role in nuclear energy applications, such
as reactor design and fuel cycle simulations [9].

The importance of a microscopic description of nucleus-
nucleus collisions is also connected to the relevance for
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hadron-therapy applications and space radiation protection
[10]. In fact, modeling the space radiation environment is a
crucial step in planning for space missions and the analysis
of shielding efficiency. The space radiation transport codes
used to describe the transport of ions and secondary
particles produced from nuclear collisions require knowl-
edge of the relevant nuclear reactions, among them elastic
scattering. At the moment such reactions are described by
phenomenological models [11,12] due to theoretical lim-
itations and the scarcity of data.

Since microscopic approaches are derived from first
principles, they ensure consistency with the underlying
physics. These methods incorporate fundamental inter-
actions, nuclear structure information, and experimental
constraints to construct a comprehensive picture of nuclear
systems. As a result, microscopic approaches provide a more
fundamental understanding of the phenomena and avoid
ad hoc assumptions usually included in phenomenological
descriptions. Microscopic models offer the advantage of an
enhanced predictive power, allowing them to rigorously
extrapolate beyond the experimental data used to construct
the OP. This predictive capability is crucial for investigating
unexplored regions of the nuclear chart, exotic nuclei,
and nuclear reactions under extreme conditions, e.g., those
encountered in astrophysical environments. By employing
solid theoretical models it is possible to make significant
progress in the interpretation of the complex nature of these
potentials and their impact on nuclear phenomena [4].

In this Letter we present a model to derive a microscopic
nucleus-nucleus OP from the multiple-scattering theory.

© 2025 American Physical Society


https://orcid.org/0000-0002-1012-7238
https://orcid.org/0000-0001-5271-8784
https://orcid.org/0000-0002-9958-993X
https://orcid.org/0000-0003-1901-0885
https://orcid.org/0000-0002-6535-2141
https://ror.org/00ks66431
https://ror.org/03kgj4539
https://ror.org/04s5mat29
https://ror.org/01111rn36
https://ror.org/01111rn36
https://ror.org/01st30669
https://crossmark.crossref.org/dialog/?doi=10.1103/qxtf-5b4y&domain=pdf&date_stamp=2025-10-21
https://doi.org/10.1103/qxtf-5b4y
https://doi.org/10.1103/qxtf-5b4y

PHYSICAL REVIEW LETTERS 135, 172501 (2025)

We refer to Supplemental Material [13] for a sketch of the
main steps of the derivation of the OP, as well as for some
computational and numerical details. At first order in the
theory, corresponding to the single-scattering approxima-
tion, the OP for elastic nucleus-nucleus collisions is
obtained from the double-folding integral of the free
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In Eq. (1) the variables ¢ = k' — k and 2K = k’ + k are the
momentum transfer and the average momentum, respec-
tively, where k and k' are the initial and final relative
momenta in the nucleus-nucleus frame; Qp and Q are
integration variables, Ap and Ay the number of nucleons of
the projectile and of the target and # the Mgller factor that
imposes the Lorentz invariance between different reference
systems, as discussed in Supplemental Material [13].

The energy £ at which the NN ¢ matrix is computed is a
complicated function of K, Qp, and Q, and makes the
calculation of Eq. (1) unfeasible. In the present work this is
set to one-half the kinetic energy of a single nucleon in the
projectile nucleus (see Ref. [13] for more details).

We note that the ¢ matrix entering Eq. (1) only contains
the central (spin-independent) term, because the other terms
lead to small or vanishing contributions. Consequently,
our OP only contains the central term. However, we would
like to stress that this term contains both real (V) and
imaginary (W) parts, such that U = V 4 iW. In particular,
the imaginary part is produced in the calculation by the
imaginary part of the ¢ matrix.

The use of the free two-nucleon scattering operator is an
approximation that reduces the complexity of the original
many-body problem to a form in which we only have to
solve two-body equations, neglecting the effect of nuclear
binding on the two interacting nucleons.

In this Letter we present numerical results of the cross
sections obtained with the microscopic OP of Eq. (1) for a
selected set of cases of “He elastic scattering off ’C and '%0
at three incoming energies, 104, 130, and 240 MeV, for
which experimental data are available.

For the calculation of the nonlocal density of the
projectile and target nuclei in momentum space we employ
the no-core shell model (NCSM) approach [33,34].
The NCSM is based on an expansion of the nuclear
wave function in a harmonic oscillator basis characterized
by the frequency 7@ and the basis truncation parameter
N ,.ax» Which specifies the number of nucleon excitations

nucleon-nucleon (NN) ¢ matrix and the densities of the
projectile () and target (T) nuclei, p®) and p(7), respec-
tively. In our approach, the NN ¢ matrix plays the role of an
effective interaction between a proton or neutron (p or n) in
[® and a proton or neutron in T. The general formula of our
OP is then given by [13]

Ap + Ay Ap— 1 Ay —1
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ApAy Ap Op + Ay Or
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|
above the lowest energy configuration allowed by the
Pauli principle.

All our calculations have been performed with the NN
chiral interaction developed by Entem et al. [35] up to the
fifth order (N*LO) with a 500 MeV cutoff and the three-
nucleon (3N) local-nonlocal chiral interaction at N2LO
presented in Refs. [36,37], with the low-energy constants
fixed at ¢, = —1.8 and ¢y = —0.31 [38]. The same NN
chiral interaction used to compute the nuclear densities is
consistently used in the calculation of the NN ¢ matrix. For
the three nuclei we employed 7w = 18 MeV and a Agrg =
1.8 fm™! cutoff for the similarity renormalization group
(SRG) [39.,40] procedure (including the SRG induced 3N
force in all the calculations), and we performed calculations
up to N, = 8 for '*C and '%0, and N,,,, = 16 for “He.

In Figs. 1 and 2 we display in solid red lines the
differential cross sections (divided by the Rutherford
cross section) obtained with our OP as a function of
the momentum transfer ¢ for the 'C(*He,“He)'”C and
160(*He, “He)'%0 reactions, respectively, at the three afore-
mentioned energies. In both figures our OP gives a good
description (size, shape, position of the minima) of the
experimental data for values of ¢ < 1.0 fm™!, showing that
our microscopic model, which does not contain adjustable
parameters, is theoretically well founded and should have
good predictive power in situations for which empirical
data are not yet available, e.g., for exotic nuclei. In both
figures, however, for larger values of ¢ our results under-
predict the data and the disagreement increases with ¢g. The
reason for the disagreement is not clear, but it is likely due
to the approximate description of the interaction of a
nucleon in the projectile and a nucleon in the target by
the free NN ¢ matrix, which seems to introduce an
excessive contribution from the absorptive imaginary part
of the OP in the model. In order to test this hypothesis, we
performed calculations with an artificially reduced imagi-
nary component multiplied by 0.5. This reduction (the
corresponding results are depicted by red dashed lines in
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FIG. 1. Ratio of the differential cross section to the Rutherford
cross section as a function of the transferred momentum ¢ for the
reaction '°C(*He, “He)'C. Calculations are performed at projec-
tile energies £ = 104, 130, and 240 MeV. Experimental data
[41-43] are shown by black circles with corresponding error bars.
The solid red lines are obtained using our microscopic OP of
Eq. (1); red dashed lines are obtained rescaling the imaginary part

of our OP by a factor 0.5. The results obtained in Ref. [44] are
shown by the shaded blue bands for a comparison.

the figures) barely changes the behaviour at small g,
whereas it substantially improves the agreement up to
large values of the momentum transfer.

As a benchmark, recent calculations by Durant and
Capel [44] are also shown in the figures by the light blue
bands. In Ref. [44] the OP is obtained from the double-
folding method using chiral NN interactions at N’LO [45]
and realistic nuclear densities; the bands give theoretical
uncertainties by use of different cutoff radii in the chiral
interaction and different nuclear densities. A few years
ago we performed a similar investigation for proton-
nucleus elastic scattering, showing that a satisfactory level
of convergence could be achieved once chiral interactions
developed up to N*LO are employed [46]. For the nucleus-
nucleus case, the sensitivity of our theoretical predictions
upon different interactions and truncation schemes has
been studied in Supplemental Material [13], as shown in
Figs. S1 and S2.

In Ref. [44] the imaginary part of the OP is obtained
from the real one, either, as in phenomenological
approaches [47,48], multiplying the real part by a propor-
tionality constant

W =NyV, (2)
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FIG. 2. The same as in Fig. 1 but for the reaction

160 (*He, *He) '60.

with Ny, in the range 0.5-0.8, or linking the two parts by
applying the Kramers-Kronig dispersion relations

1 0 VEx(E/) !
W(E) = ”7?/_00 wll g, 3)
where P denotes the Cauchy principal value of the integral
and Vg, the exchange part of the real component. Eq. (3)
ensures that the OP is constrained by the correct energy
dependence of the imaginary absorptive part. In Ref. [44]
the two prescriptions give similar results, even if the
Kramers-Kronig relations yield better agreement with data,
for large values of ¢ and without any free parameter.
The light blue bands in Figs. 1 and 2 are computed with the
imaginary part obtained with Eq. (3). In any case both
prescriptions give results closer to our dashed line than to
our solid lines, i.e., to our results with the reduced
imaginary part of our OP.

Additional information concerning the connection
between the phenomenological and the microscopic
description of the absorptive component of the optical
potential can be obtained by looking separately at the real
and imaginary parts. As mentioned previously, in phenom-
enological approaches a typical prescription is given by
Eq. (2). This choice is based on the underlying assumption
that W and V have a similar behavior as functions of the
relevant coordinates. In Fig. 3 we show with the dashed
blue lines the results obtained adopting Eq. (2), where the
imaginary part of our microscopic OP is replaced by the
real part multiplied by 0.5. We can see that for all three
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FIG. 3. Ratio of the differential cross section to the Rutherford
cross section as a function of the transferred momentum ¢ for the
reaction '?C(*He, “He)'?C. The dashed red lines are the same as in
Fig. 1; the dashed blue lines are the corresponding results
obtained replacing the imaginary part of our OP with its real
part rescaled by the same factor 0.5.

energies the results obtained with the phenomenological
prescription are very close to those obtained by rescaling
the imaginary part (dashed red lines). In our analysis we
have plotted the real and imaginary parts and have con-
firmed that they have very similar shapes. The reason why
the two curves are not exactly the same is because the real
and imaginary parts of the OP have slightly different depths
and in this work we always rescaled the two parts with the
same factor.

In Fig. 4 we show the reaction cross section '*C (“He,
reac) in comparison with experimental data [49-55] that
cover a large energy range (10-1100 MeV). Our results
overestimate data but are able to describe their overall
behavior, which is not trivial since microscopic approaches
are usually able to reproduce angular distributions but not
necessarily integrated quantities. Once the imaginary part
has been halved, in the energy range 100-300 MeV (in
which we are more confident about the approximations of
our model and where the available differential cross section
data allow the rescaling procedure), our results displayed
by the dashed red line fall close to the experimental data.

In conclusion, we have presented the first results of a
microscopic approach to describe nucleus-nucleus colli-
sions. Our microscopic OP provides a good description of
the experimental data for values of momentum transfer up
to 1.0 fm~! and underestimates the data for larger values.
The disagreement between theoretical and experimental
results in this region indicates that the OP seems to be too
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FIG. 4. Reaction cross section '2C (*He, reac) as a function of
the projectile laboratory energy E;,,. The solid red line is the
result of our microscopic OP; the dashed red line is obtained
rescaling the imaginary part of our OP by a factor 0.5.
Experimental data are shown by filled colored symbols with
the corresponding error bars: rightward black triangles [49],
orange squares [50], downward violet triangles [56], brown
circles [51-53], green circles [54], and pink diamonds [55].

absorptive and a simple reduction of the imaginary part
seems to confirm that.

The theoretical reason for this excess of absorption is
however not clear. The model contains several approxima-
tions which might explain the disagreement with the data,
such as the use of the free NN ¢ matrix to describe the
interaction between a nucleon in the projectile and one in
the target, the prescription used to fix the energy £ at which
the ¢ matrix is computed, or the single-scattering approxi-
mation adopted to derive the OP. Including multiple
scattering effects can play a significant role, as discussed
in Ref. [57] for the nucleon-nucleus case. The inclusion of
medium effects [58] could be also helpful to reduce the
disagreement with experimental data.

In spite of all the adopted approximations and without
any free parameters our results are able to describe the
overall behavior of the reaction cross section, which is
not trivial, and are in remarkable agreement with the
experimental differential cross section for values of
g < 1.0 fm™". In our opinion, this is a clear indication that
these first results represent a significant step towards a
microscopic description and a more fundamental under-
standing of nuclear collisions.

Despite the overall quality of the description of exper-
imental observables, our approach is well suited for
improvements. Our theoretical model, we believe, can be
improved through two main aspects: on the one hand, by
analyzing and studying the various prescriptions for the
energy variable of the propagator; on the other hand, by
conducting a thorough investigation of the imaginary
component of the optical potential, particularly exploring
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the potential existence of a connection with the dispersive
relations approach.

Our results highlight the significance of incorporating
quantum mechanical effects (through sophisticated many-
body methods like multiple-scattering theory) and detailed
nuclear descriptions of projectiles and targets (by ab initio
methods like the NCSM approach) to accurately describe
the optical potential. These findings not only provide
deeper insights into the fundamental processes governing
nuclear interactions but also pave the way for more accurate
and predictive models in nuclear physics, particularly for
exotic nuclei. Future work should aim to refine these
models further and explore their implications for a broader
range of nuclear phenomena.
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