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Motivation
Develop a microscopic framework to perform 
reliable predictions for nuclear reactions (elastic, 
inelastic, transfer,…) despite the nature of the 
projectiles (protons, neutrons, antiprotons, ions,…)

FRIB

GANIL

and many more experimental facilities…



Optical potentials
Phenomenological approach Microscopic approach

 Very successful (large community)
 Easy to use (but not always)
 Open-access codes (TALYS, FRESCO, 

EMPIRE, FLUKA,…)
 

 How to extrapolate to exotic nuclei
 How (and where) to improve the description 

of data

 Difficult to manage
 No open-access codes so far (only to generate 

NN potentials)
 High-performance computers needed 

(depends on the reaction)

 Parameter free predictions (no fit)
 Reliable when extrapolate to exotic nuclei
 How (and where) to improve the description 

of data guided by theory (maybe difficult)

full non-locality
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Fig. 22. Line: SPP fit of elastic scattering data. Symbols: for the reaction 12C + 12C in a wide range of energies [42].

The SPP is a local-equivalent energy-dependent potential; it was proposed in [42], and describes elastic scattering
and direct reactions for a large number of heavy-ion collisions in a very wide energy region as shown in [42]. Within
this model, the local equivalent form of the nuclear potential is connected with the folding potential through [44]

ULE(E,R) = e−4v2/c2
dr1

∫∫
ρ1(r1)ρ2(r2)V0δ(R + r2 − r1)dr2 = VF (R)e−4v2/c2

, (23)

where V0 = −430MeV fm3 and v is the relative velocity between the nuclei.
With this derivation, the effect of the Pauli non-locality is equivalent to a velocity dependent nuclear interaction.

At low energies, around the Coulomb barrier, the effect of the Pauli non-locality is negligible. At high energies, around
200MeV/u there is about one order of magnitude reduction of the local-equivalent potential with respect to the
corresponding folding potential. The imaginary part of the SPP is taken to be either a Woods-Saxon potential or to
have the same geometry of the real potential but multiplied by a normalisation factor.

Due to the simple parametrisation of the SPP and its effectiveness in reproducing a wide range of experimental
data, it is widely used in various types of calculations requiring the optical model potential. As an example, in complex
calculations as CC or Continuum Discretised Coupled channel alculations that are used to describe various reaction
processes, elastic and inelastic scattering, transfer or fusion, the SPP is used as “bare” potential (the one-body optical
potential appearing in the channel-coupling equations) (e.g., [7,45,46]). In fig. 22 is shown the result of the fit with
the SPP of elastic scattering data for the reaction 12C + 12C in a wide range of energies.

6 Summary

In this contribution we have introduced some basic concepts of nuclear scattering and optical model, having as
a target undergraduate or PhD students. The idea of optical model was introduced in the late 40s [47], however
this simple theory is still commonly used for many types of applications. Indeed, most of the more sophisticated
calculations require, at a some point, the use of an optical potential to mimic the nucleon-nucleus or nucleus-nucleus
interaction. This paper deals with the description of the more frequently used phenomenological optical potentials,
i.e. Woods-Saxon and double-folding potentials, trying to highlight the progresses that have been made over the years
in order to keep a simple but satisfactory theory that would account for the complexity of the many-body scattering
problem. When coupling of the internal structure of the colliding nuclei with their relative motion becomes relevant,
the simple volume potentials are no longer adequate in reproducing the experimental data. This for example occurs
in the scattering of “exotic” nuclei, such as halo nuclei. Additional terms, called dynamic polarisation potentials,
needs to be added in order to reproduce the experimental data. Notwithstanding its simplicity, important information
on the effects of nuclear structure on the dynamics of the reaction can be derived from an optical model analysis
(e.g. [2,3,30]).
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Roadmap towards microscopic optical potentials
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Roadmap towards microscopic optical potentials
p ChPT

Optical Potential

Target Density
Structure part of the OP

Projectile Density

A
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Second step
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Roadmap towards microscopic optical potentials
p ChPT

Optical Potential

Final step 
putting everything together

Multiple scattering theory - spectator expansion
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Multiple scattering approximation for NA

Many-body propagatorProjectile-target interaction
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Full 3N 
interaction is 
still missing

Lippmann-Schwinger equation for the nucleon-nucleus transition amplitude

elastic case



Multiple scattering approximation for NA
Lippmann-Schwinger equation for the nucleon-nucleus transition amplitude

Let’s introduce the optical potential U
Projection operators

P space (elastic)

Q Space

elastic case

Works by Thaler, Watson, Satchler,…



The spectator expansion 
Transition amplitude for elastic scattering

The spectator expansion

[Chinn, Elster, Thaler, Weppner, PRC 52, 1992 (1995)]
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Transition amplitude for elastic scattering

The spectator expansion

[Chinn, Elster, Thaler, Weppner, PRC 52, 1992 (1995)]
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The first-order spectator expansion 
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The first-order spectator expansion 

1. Folding procedure with full non-locality

2. Many-body complexity has been strongly reduced

3. Well suited for intermediate energies (70 - 350 MeV), we need improvements 
(work is in progress) for lower and higher energies

4. It does not require any correction/fit, approximations should be considered



Free two-body scattering matrix

The first-order spectator expansion 

• Simple one-body equation
• Can be solved easily
• Only NN interaction



Nonlocal one-body density
• Computationally expensive
• Obtained from the No-Core Shell Model 
 or the Self-Consistent Green’s Function
• Calculation performed with NN and 
 3N interaction

Spectral Function of 56Ni

neutron)
removal

neutron)
addition

scattering

56Ni

[CB,&M.HjorthJJensen,&Pys.&Rev.&C79,&064313&(2009)
CB,&Phys.&Rev.&Lett.&103,&202502&(2009)]

FaddeevJRPA (FRPA)&calculations

00

The first-order spectator expansion 

Free two-body scattering matrix

• Simple one-body equation
• Can be solved easily
• Only NN interaction



Møller factor

It imposes the Lorentz invariance of flux when we pass from the 
NA to the NN frame where the t matrices are evaluated

The first-order spectator expansion 

Nonlocal one-body density
• Computationally expensive
• Obtained from the No-Core Shell Model 
 or the Self-Consistent Green’s Function
• Calculation performed with NN and 
 3N interaction

Spectral Function of 56Ni

neutron)
removal

neutron)
addition

scattering

56Ni

[CB,&M.HjorthJJensen,&Pys.&Rev.&C79,&064313&(2009)
CB,&Phys.&Rev.&Lett.&103,&202502&(2009)]

FaddeevJRPA (FRPA)&calculations

00

Free two-body scattering matrix

• Simple one-body equation
• Can be solved easily
• Only NN interaction



Chiral interactions
Advantages

  QCD symmetries are consistently respected
  Systematic expansion (order by order we know 

exactly the terms to be included)
  Theoretical errors
  Two- and three-nucleon forces belong to the 

same framework
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Figure 1. Hierarchy of nuclear forces in chiral perturbation theory (ChPT). Solid lines represent
nucleons and dashed lines pions. Small dots, large solid dots, solid squares, triangles, diamonds, and
stars denote vertices of index D = 0, 1, 2, 3, 4, and 6, respectively. Further explanations are given in
the text.

The reason why we talk of a hierarchy of nuclear forces is that two- and many-nucleon forces are
created on an equal footing and emerge in increasing number as we go to higher and higher orders.
At NNLO, the first set of nonvanishing three-nucleon forces (3NF) occur [28,29], cf. column “3N Force”
of Figure 1. In fact, at the previous order, NLO, irreducible 3N graphs appear already, however, it has
been shown by Weinberg [14] that these diagrams all cancel. Since nonvanishing 3NF contributions
happen first at order (Q/Lc)3, they are very weak as compared to the 2NF which starts at (Q/Lc)0.

More 2PE is produced at n = 4, next-to-next-to-next-to-leading order (N3LO), of which we show
only a few symbolic diagrams in Figure 1. There is a large attractive one-loop 2PE contribution (the
bubble diagram with two large solid dots ⇠ c2

i ), which is slightly over-doing the intermediate-range
attraction of the 2NF. Two-loop 2PE graphs show up for the first time and so does three-pion exchange
(3PE) which necessarily involves two loops. 3PE was found to be negligible at this order [30,31]. Most
importantly, 15 new contact terms ⇠ Q4 arise and are represented by the four-nucleon-leg graph with
a solid diamond. They include a quadratic spin-orbit term and contribute up to D-waves. Mainly due
to the increased number of contact terms, a quantitative description of the two-nucleon interaction up
to about 300 MeV lab. energy is possible, at N3LO [15,32]. Besides further 3NF, four-nucleon forces
(4NF) start at this order. Since the leading 4NF come into existence one order higher than the leading

We use these interactions as the only input to 
calculate the effective interaction between 
projectile and the target and into the 
description of the target density



Target description - light nuclei

• NN-N4LO + 3Nlnl  (12C, 16O)
- N4LO:   Entem et al., Phys. Rev. C 96, 024004 (2017)
- 3Nlnl:   Navrátil, Few-Body Syst. 41, 117 (2007)
- cD & cE: Kravvaris et al., Phys. Rev. C 102, 024616 (2020)

• NN-N3LO + 3Nlnl  (9,13C, 6,7Li, 10B)
- N3LO:   E&M, Phys. Rev. C 68, 041001(R) (2003)
- 3Nlnl:   Navrátil, Few-Body Syst. 41, 117 (2007)
- cD & cE: Somà et al., Phys. Rev. C 101, 014318 (2020)
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At NNLO, the first set of nonvanishing three-nucleon forces (3NF) occur [28,29], cf. column “3N Force”
of Figure 1. In fact, at the previous order, NLO, irreducible 3N graphs appear already, however, it has
been shown by Weinberg [14] that these diagrams all cancel. Since nonvanishing 3NF contributions
happen first at order (Q/Lc)3, they are very weak as compared to the 2NF which starts at (Q/Lc)0.
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attraction of the 2NF. Two-loop 2PE graphs show up for the first time and so does three-pion exchange
(3PE) which necessarily involves two loops. 3PE was found to be negligible at this order [30,31]. Most
importantly, 15 new contact terms ⇠ Q4 arise and are represented by the four-nucleon-leg graph with
a solid diamond. They include a quadratic spin-orbit term and contribute up to D-waves. Mainly due
to the increased number of contact terms, a quantitative description of the two-nucleon interaction up
to about 300 MeV lab. energy is possible, at N3LO [15,32]. Besides further 3NF, four-nucleon forces
(4NF) start at this order. Since the leading 4NF come into existence one order higher than the leading
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Elastic scattering: p+12C and p+16O
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• The t matrix is computed with the N4LO interaction
• The density is computed with the N4LO + 3Nlnl interaction

Vorabbi et al., PRC 103, 024604 (2021)
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Assessing the impact of the 3N interaction
General equation for the optical potential

Treatment of the 3N force

Modification of the t matrix

Density 
dependent

[Holt et al., Phys. Rev. C 81, 024002 (2010)]

Vorabbi et al., PRC 103, 024604 (2021)



Assessing the impact of the 3N interaction

• For all nuclei we found very small contributions to the differential 
cross section

• The contributions to the spin observable are larger and they seem 
to improve the agreement with the data

Vorabbi et al., PRC 103, 024604 (2021)



Extension to non-zero spin targets

Vorabbi et al., Phys. Rev. C 105, 014621 (2022)



Convergence (where to stop the chiral expansion)
• Density computed with NN+3N interaction

-NN interactions at all orders 

-3N only at N2LO with cD and cE refitted 
at each order 

• Bands are obtained starting from N2LO 
when the matter density 𝛒 is allowed to vary 
between 0.08 and 0.13 fm-3

• At N3LO the results seem to achieve a good 
degree of convergence

Vorabbi et al., PRC 103, 024604 (2021)
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Extension to antiproton-nucleus elastic scattering

• The projectile information only enters the        matrix. 
For antiprotons we make the following replacement

• An antiproton-nucleon interaction is needed.        chiral interaction derived up to N3LO 
 

• No projectile-target anti-symmetrisation

• Antiprotons are mostly absorbed at the surface of the nucleus so the first-order 
expansion should work better in this case!

[Dai, Haidenbauer, Meißner, JHEP 07 (2017) 78]

Vorabbi et al., PRL 124, 162501 (2020)



Extension to antiproton-nucleus elastic scattering

Vorabbi et al., PRL 124, 162501 (2020)

Antiprotons mostly interact at the 
surface of the nucleus so the first-
order expansion should work better 
in this case.



Extension to heavier nuclei - SCGF
Symmetry 2016, 8, 26 10 of 43
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Figure 1. Hierarchy of nuclear forces in chiral perturbation theory (ChPT). Solid lines represent
nucleons and dashed lines pions. Small dots, large solid dots, solid squares, triangles, diamonds, and
stars denote vertices of index D = 0, 1, 2, 3, 4, and 6, respectively. Further explanations are given in
the text.

The reason why we talk of a hierarchy of nuclear forces is that two- and many-nucleon forces are
created on an equal footing and emerge in increasing number as we go to higher and higher orders.
At NNLO, the first set of nonvanishing three-nucleon forces (3NF) occur [28,29], cf. column “3N Force”
of Figure 1. In fact, at the previous order, NLO, irreducible 3N graphs appear already, however, it has
been shown by Weinberg [14] that these diagrams all cancel. Since nonvanishing 3NF contributions
happen first at order (Q/Lc)3, they are very weak as compared to the 2NF which starts at (Q/Lc)0.

More 2PE is produced at n = 4, next-to-next-to-next-to-leading order (N3LO), of which we show
only a few symbolic diagrams in Figure 1. There is a large attractive one-loop 2PE contribution (the
bubble diagram with two large solid dots ⇠ c2

i ), which is slightly over-doing the intermediate-range
attraction of the 2NF. Two-loop 2PE graphs show up for the first time and so does three-pion exchange
(3PE) which necessarily involves two loops. 3PE was found to be negligible at this order [30,31]. Most
importantly, 15 new contact terms ⇠ Q4 arise and are represented by the four-nucleon-leg graph with
a solid diamond. They include a quadratic spin-orbit term and contribute up to D-waves. Mainly due
to the increased number of contact terms, a quantitative description of the two-nucleon interaction up
to about 300 MeV lab. energy is possible, at N3LO [15,32]. Besides further 3NF, four-nucleon forces
(4NF) start at this order. Since the leading 4NF come into existence one order higher than the leading

Self Consistent Green’s Function (SCGF)

Somà, Frontiers 8 (2020) 340   

NNLOsat

Ekström et al, PRC 91, 051301(R) (2015)
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Figure 2: Charge density distribution for 132Xe obtained from
Gorkov SCGF calculations at ADC(2). The dotted line with
grey band corresponds to the two-point Fermi distribution
with parameter and error bars extracted from Ref. [10].

ences between ADC(2) and ADC(3) results any further in
this Letter. In the following, we will hence represent our
results as a band obtained for frequencies from 10 to 14
MeV at Nmax = 13 and from 12 to 14 MeV at Nmax = 11,
for E3max = 16.

From this procedure, the charge radius of 132Xe is
estimated to be 4.824 ± 0.124 fm, which agrees with the
value extracted from the SCRIT experiment recently,
namely Èr2Í1/2 = 4.79+0.11

≠0.08 fm [10]. For comparison,
the calculations have been reproduced using the newly-
proposed NN+3N(lnl) interaction [36], which is known
to have good convergence properties with respect to the
model space size and to give results similar to the very
succesful 1.8/2.0(EM) interaction [33]. In contrast with
NNLOsat, the charge radius obtained for 132Xe is 4.070 ±
0.045 fm, largely underestimating the experimental value
consistently with studies on lighter nuclei [36]. Despite
this failure at reproducing the experimental value, one
notices that NN+3N(lnl) yields better-converged values
than NNLOsat as expected.

Additionally to the sole charge radius, another quan-
tity that can be computed from SCGF calculations is
the charge density distribution. In the case of 132Xe,
the SCRIT group extracted the parameters c and t
for a two-parameter Fermi charge distribution fl(r) =
fl0/ {1 + exp[4 ln 3(r ≠ c)/t]}. Fig. 2 displays this two-
point Fermi distribution as a dotted line with a gray
band representing the error bars, while the green band
represents our SCGF calculations. It can be observed
that while the SCGF calculations agree with the 2-point
Fermi distribution at the surface of the nucleus, though
slightly over-predicting the charge radius, we obtain an
oscillating behaviour for the density inside the nucleus
that cannot be reproduced with only a two-point Fermi
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Figure 3: Luminosity multiplied by the di�erential cross-
section for 132Xe obtained from Gorkov SCGF calculations
at ADC(2). The values for the NN+3N(lnl) interaction have
been scaled by 102 for clarity. The grey bands correspond to
the two-point Fermi distribution with parameter and error
bars extracted from Ref. [10]. Experimental values are taken
from [10], and duplicated with a scaling of 102 for comparison
with NN+3N(lnl) values, where error bars have been removed
for clarity.

distribution. Extracting a three-point Fermi distribution
from the experiment would require an increase in its lu-
minosity, such that possible discrepancies between theory
and experiment cannot be discussed any further here.

To better gauge the discrepancies between the theoret-
ical and experimental bands in Fig. 2, we compare the
computed electron scattering cross-sections directly to
SCRIT data. Fig. 3 displays the di�erential cross sec-
tions multiplied by the luminosity as a function of the
e�ective momentum transfer for the three experimental
electron beam energies of Ee = 151 MeV, 201 MeV and
301 MeV. Experimental points and error bars are taken
from Ref. [10]. The di�erent bands are computed using
the DREPHA code [54] starting from the nuclear charge
density distributions obtained from the two-point Fermi
distribution of Ref. [10] (grey bands) and from our SCGF
calculations using NNLOsat (coloured bands). The calcu-
lation is performed in the Distorted Wave Born Approx-
imation (DWBA) [55–57]. The results show very good
agreement with the experimental values, with only an in-
terval of e�ective momentum transfers between 0.8 fm≠1

Vorabbi et al., PRL 125, 182501 (2020)



Results for proton scattering off 40,48Ca
Vorabbi et al., PRC 109, 034613 (2024)

• First microscopic OP calculations for calcium and nickel from ab initio densities
• Densities are always computed with the NNLOsat



Results for proton scattering off 58,60Ni

The data for the analysing power are remarkably well described
Vorabbi et al., PRC 109, 034613 (2024)



Results for Calcium isotopic chain
Vorabbi et al., PRC 109, 034613 (2024)



Total cross sections
•At high energies, 180-250 MeV, our 

approach is able to describe the data

•The adopted impulse approximation 
gradually worsens as the energy 
decreases, without any abrupt 
divergence

•In the range 70-180 MeV, data 
are overestimated

•Below 70 MeV, the impulse 
approximation is questionable

Vorabbi et al., PRC 109, 034613 (2024)



Application of MST to inelastic scattering
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U =
AX

k=1

t0k
• U still defined within multiple scattering theory
• Impulse approximation
• New projection operators to obtain OP components

The inelastic transition amplitude

Distorted waves

General expression of the potential
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The inelastic transition amplitude

Required potentials

Application of MST to inelastic scattering



Inelastic scattering: first results

Theoretical B(E2; 0+ -> 2+) = 35.2987 e2 fm4

Experimental B(E2; 0+ -> 2+) = 39.7(33) e2 fm4
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A+ i(� · n̂)C

• The NN t matrix adopted for the calculation of 
the 3 potentials contains only two terms so far

• The general shape of the data is reproduced

• No adjustments, no free parameters 

• Large angles behaviour needs improvement

Vorabbi et al., submission to PRC (2025)
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• The NN t matrix adopted for the calculation of 
the 3 potentials contains only two terms so far

• Large angles behaviour needs improvement

Theoretical B(E2; 0+ -> 2+) = 35.2987 e2 fm4

Experimental B(E2; 0+ -> 2+) = 39.7(33) e2 fm4



OP for nucleus-nucleus elastic scattering

(A+B)-body propagator
More complicated than

the NA case
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⌧ij = vij + vijG0(E)⌧ij

Two-body propagatorImpulse approximation
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⌧ij ⇡ tij = vij + vij g0(E) tij

The spectator expansion

Transition amplitude for elastic scattering

Vorabbi et al., accepted in PRL (2025)

…



<latexit sha1_base64="t91UhPQNFWP13wEd/r31UmLg2pM="></latexit>

U(q,K) =
X

↵=n,p

X

�=n,p

Z
dP

Z
dQ ⌘(q,K,P ,Q) t↵�(q,K,P ,Q; E) ⇢(P)↵ (q,P ) ⇢(T)� (q,Q)

Projectile density
Target density

First-order OP for nucleus-nucleus elastic scattering
Møller factor

It imposes the Lorentz invariance of flux when we pass from the 
NA to the NN frame where the t matrices are evaluated

Nonlocal one-body density
• Computationally expensive
• Obtained from the No-Core Shell Model 
 or the Self-Consistent Green’s Function
• Calculation performed with NN and 
 3N interaction

Spectral Function of 56Ni

neutron)
removal

neutron)
addition

scattering

56Ni

[CB,&M.HjorthJJensen,&Pys.&Rev.&C79,&064313&(2009)
CB,&Phys.&Rev.&Lett.&103,&202502&(2009)]

FaddeevJRPA (FRPA)&calculations

00

Free two-body scattering matrix

•Simple one-body equation
•Can be solved easily
•Only NN interaction



Elastic 4He-16O scattering
• Parameter-free predictions

• Nice reproduction of experimental data 
at low-momentum transfer (q ≲ 1 fm-1)

• Underestimates the high q behaviour, 
too much absorption?

• Competitive with a chiral microscopic 
inspired model by Durant and Capel

Vorabbi et al., accepted in PRL (2025)



Elastic 4He-16O scattering
How to solve the high-q behaviour? Very 
likely the introduction of higher-order 
effects would help 

In the meantime, inspired by 
phenomenological optical potentials, we 
can reduce by hand the imaginary part

A guess in the range of 0.5/0.6 could be 
tested. We have chosen 0.5 (green line).
The agreement is nicely improved.

Vorabbi et al., accepted in PRL (2025)



Elastic 4He-12C scattering

• Same behaviour as 
in the oxygen case. 

• A highly non-trivial 
fact is the quality of 
agreement along 
different energies 
without any other 
corrections aside 
the absoprtion 
reduction.

Vorabbi et al., accepted in PRL (2025)



Elastic 4He-12C scattering
It is interesting to study a connection 
between phenomenology and 
theoretically inspired approaches.

Vorabbi et al., accepted in PRL (2025)

We tested the usual adopted convention 
that the imaginary component of the 
optical potential could be taken as 
follows

meaning that from a phenomenogical point 
of view they have the same functional 
dependence. We conferm the prescription 
from a microscopic approach.

Im Uopt = 1/2 Re Uopt



Nucleus-nucleus scattering: NN sensitivity

Vorabbi et al., accepted in PRL (2025)



Conclusions
 Achieved a satisfactory description of nucleon elastic scattering of light and 

medium-mass nuclei at the first order of the spectator expansion
 Extension of the model to nucleon-nucleus inelastic scattering
 Achieved a first step in the derivation of a nucleus-nucleus optical potential

 Inclusion of medium effects/higher order effects (soon,  end of 2025)
 Extend the high-energy limits of applicability of the optical potential
 Inclusion of the second-order term of the spectator expansion
 Consistent treatment of the full 3N interaction
 Extend the formalism to transfer/charge-exchange (long term goal)


