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Abstract. We study how EFT can improve the description of reactions used to study the
structure of exotic nuclei. Using Halo EFT helps constraining the potential that simulates the
interaction between the projectile constituents. It enables us to include ab initio results within
the reaction model and to clearly identify the nuclear properties probed by the reaction. New
local chiral EFT nucleon-nucleon interactions can also be used to derive nucleus-nucleus optical
potentials from first principles, which can provide reliable inputs in reaction modelling.

1. Introduction
Halo nuclei have been discovered thanks to the development of radioactive-ion beams in the
mid-80s [1]. Compared to their isobars, they exhibit very large reaction cross sections on light
targets that have been interpreted as the sign of a matter radius larger than the A1/3 behaviour
observed for stable and many other nuclei. This unusual size is qualitatively understood as
resulting from a strongly clusterised structure: halo nuclei are seen as a compact core to which
one or two neutrons are loosely bound. Thanks to this loose binding the valence neutrons exhibit
a high probability of presence at a large distance from the other nucleons, forming a diffuse halo
around the core. This exotic nuclear structure is encountered at the limit of stability, where the
binding energy for one or two neutrons becomes very small. The nucleus 11Be is an archetypical
one-neutron halo nucleus, while 11Li exhibits a two-neutron halo. Due to their exotic structure,
halo nuclei are a challenge for nuclear-structure models. Very recently, Calci et al. have been
able to compute 11Be within a No-Core Shell Model with continuum calculation (NCSMC)
[2], managing to describe the halo structure, the 10Be-n continuum, and the well-known shell
inversion between the 1/2+ ground state and the 1/2− bound excited state.
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Being located at the limit of stability, halo nuclei exhibit very short lifetimes, which makes it
difficult to employ the usual spectroscopic techniques to study their structure. Therefore, they
are usually studied indirectly through reactions like transfer (see the contribution of Yang in
these proceedings [3]) or breakup [4]. In the latter reaction, the halo dissociates from the core
during the collision with a target. To get valuable information from such measurements, an
accurate reaction model coupled to a realistic description of the projectile and reliable inputs
for the models are needed. In this contribution, we explore how effective field theory (EFT) can
help us build a realistic few-body description of 11Be from the ab initio calculation of Calci et
al. [2] and how it could help us derive the optical potentials needed as inputs for the reaction
model from first principles. The former task is performed within the EFT description of halo
nuclei [5, 6]; for the latter, we test the double-folding of a local chiral EFT nucleon-nucleon
interaction with the density of the projectile and the target [7].

After a quick presentation of the reaction model we consider in this study, we present in
Sec. 3 how the ab initio results are described within the Halo EFT. In Sec. 4, we summarise
the first results obtained using a double-folding procedure to derive optical potentials from first
principles. Finally, we conclude in Sec. 5

2. Reaction model
We consider reactions in which the one-neutron halo nucleus 11Be interacts with a target. The
simplest way to describe such collisions is to consider a two-body model of the projectile, hence
seen as an inert 10Be core in its 0+ ground state to which a neutron is loosely bound [8]. Such
structure is described by the Hamiltonian

H0 = Tr + Vcn(r), (1)

where the effective potential Vcn simulates the interaction between the 10Be core c and the
valence neutron n. The particulars about this interaction will be detailed in Sec. 3.

The internal structure of the target T is neglected and its interaction with the projectile
constituents is described by optical potentials VcT and VnT . So far these potentials are taken
from the literature, where they have been adjusted to reproduce elastic-scattering data. In
Sec. 4, we will explore how they could be derived from first principles using a double-folding
procedure.

Within this model, the study of the reaction reduces to solving the following three-body
Schrödinger equation

[TR +H0 + VcT + VnT ] Ψ(r,R) = ET Ψ(r,R) (2)

with the initial condition that the incoming projectile is initially in its ground state φ0:

Ψ(r,R) −→
Z→−∞

eiKZφ0(r). (3)

Various techniques exist to solve this problem, see Ref. [8] for a recent review. We will use the
dynamical eikonal approximation (DEA) [9, 10], which is very efficient and precise at the beam
energies considered here [11].

3. Including Halo EFT within reaction models
3.1. EFT description of 11Be
Usually, the potential that simulates the c-n interaction within reaction models exhibits a Woods-
Saxon form factor. The depth of that potential is then adjusted to reproduce the basic properties
of the projectile, like its binding energy and the quantum numbers of its ground state. We suggest
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Figure 1. Left: 1s1/2 reduced radial wave function describing the 1/2+ ground state of 11Be.

Right: s1/2 phase shift. Calculations performed within the Halo EFT description of 11Be with
different Gaussian width σ are confronted to the ab initio predictions [2].

to replace this phenomenological interaction by an effective interaction based on Halo EFT [5].
We use a Gaussian shape which, at next-to-leading order (NLO), can be taken to be [6]

Vlj(r) = V 0
lj e
− r2

2σ2 + V 2
lj r

2e−
r2

2σ2 . (4)

In each partial wave of orbital angular momentum l and total spin j, such a form gives us
two parameters that can be adjusted to reproduce the energy of the projectile states and their
asymptotic normalisation constant (ANC), for bound states, or their width, for resonant states.
The low-energy spectrum of 11Be is well known, however the ANC of its two bound states have
not been directly measured. To help us in this task, we rely on the ab initio calculation of Calci
et al. which is the most advanced calculation of 11Be available so far [2].

The Gaussian width σ is a length scale that helps us evaluate the sensitivity of the reaction
model to short-range physics. In the following, we consider σ = 1.2, 1.5, and 2 fm.

This two-body model of 11Be assumes that its 1/2+ ground state corresponds to the single-
particle state in which the valence neutron sits in the intruder 1s1/2 partial wave. The 1/2−

bound excited state corresponds to the regular 0p1/2 shell-model state. The reduced radial wave
function is plotted in the left panel of Fig. 1 for the different Gaussian widths σ = 1.2 (red solid
line), 1.5 (green dashed line), and 2 fm (magenta dotted line). These Halo EFT wave functions
are compared to the ab initio result [2] (blue short-dashed line). All wave function exhibit
the same asymptotic behaviour since our Gaussian potentials have been fitted to reproduce the
binding energy and the ANC of the ab initio calculation. However, they significantly differ in
the interior as expected from the difference in the short-range scale chosen for each potential.

The right panel of Fig. 1 displays the s1/2 phase shift obtained by the three different Gaussian
potentials. Since they have been adjusted to the same binding energy and ANC, they exhibit
very similar phase shifts, especially at low energy, where their effective-range expansion is nearly
identical [6]. These phase shifts compare very well with the ab initio prediction up to E = 1–
1.5 MeV in the 10Be-n continuum. Similar results are obtained in the p1/2 partial wave. In the

strict Halo EFT taken at NLO, the 10Be-n interaction is switched off in all other partial waves,
either because there is no low-energy state that generates a significant phase shift, or because
their orbital angular momentum is too high.
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Figure 2. Energy distributions for the breakup of 11Be on Pb at 69AMeV (left) and on C at
67AMeV (right). The data are from Ref. [4].

3.2. Breakup of 11Be
Starting from the effective description of 11Be derived in the previous section, we perform
breakup calculations within the DEA using the numerical condition and inputs (viz. optical
potentials) of Ref. [10]. We consider the experimental conditions of the RIKEN experiment [4]:
a Pb target at 69AMeV and a C target at 67AMeV. The corresponding breakup cross section
are plotted in Fig. 2 as a function of the 10Be-n relative energy E after dissociation [6]. The
contributions of the dominant partial waves are depicted as well.

It is interesting to note that in both cases, the computed cross sections are nearly identical
for all three different descriptions of 11Be. This confirms that—at least in the non-resonant
continuum—breakup is a peripheral process, in the sense that it probes only the tail of the wave
function [12]. Accordingly the three different descriptions, which produce identical ANCs for
the ground state, lead to identical cross sections. Interestingly, this is true even on light targets,
for which the reaction is dominated by the short-range nuclear interaction.

As expected from a collision on a heavy target, the breakup on Pb (Fig. 2 left) is mostly
Coulombian. Therefore, the major partial waves populated in the continuum are the p waves.
In this case, the agreement with the RIKEN data are excellent, without any fitting parameter.
This confirms the value of the ground-state ANC predicted by the ab initio calculation.

The collision on C (Fig. 2 right) populates, in addition to the p waves, a significant amount
of the d-wave continuum. In this case, the agreement with the data is less good. Although it
produces the right order of magnitude and the general trends of the data, our calculations clearly
miss the low-energy peak that corresponds to the 5/2+ state in the 10Be-n continuum. That
state is usually described as a single-particle d5/2 resonance [13]. Unfortunately, adding that

state in an extension of our Halo EFT description of 11Be does not fully solve the problem [6].
This suggests that some significant degrees of freedom are missing in order to correctly describe
that state and its influence on the reaction calculation. Within the Halo EFT expansion scheme,
the first degree of freedom that has been overlooked in our model would most certainly be the
first 2+ excited state of the 10Be core. Adding this state in an extension of the present model
would most likely improve our comparison with the data. This is one of our goals for the future.
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4. Deriving optical potential from first-principle chiral EFT NN interactions
4.1. Double-folding procedure
The core of halo nuclei is usually itself radioactive; it is therefore difficult to find the proper
optical potential to describe its interaction with the target. To see if it can be derived from first
principles, we study the development of an optical potential from chiral EFT nucleon-nucleon
(NN) interactions using a double-folding procedure. To perform these calculations, we take
advantage of the recent development of local chiral EFT NN interactions [14, 15].

The potential is built at the Hartree-Fock level, including both the direct and exchange terms
[16]

VF (r, Ecm) = VD(r) + VEx(r, Ecm) (5)

The former is calculated by integrating the NN interaction over the neutron (n) and proton (p)
density distributions ρn,p1 and ρn,p2 of the colliding nuclei,

VD(R) =
∑

i,j=n,p

∫ ∫
ρi1(r1) v

ij
D(S) ρj2(r2) d

3r1d
3r2 , (6)

where R is the relative coordinate between the centre of mass of the nuclei, r1 and r2 are the
coordinates from the centre of mass of each nucleus, S = R− r1 + r2, and the sum i, j is over
neutrons and protons with their respective densities. The exchange term reads

VEx(R, Ecm) =
∑

i,j=n,p

∫ ∫
ρi1(r1, r1 + S) vijEx(S)ρj2(r2, r2 − S) exp

[
iK(R) · S
µ/mN

]
d3r1d

3r2 , (7)

where µ = mNA1A2/(A1 +A2) is the reduced mass of the colliding nuclei (with mN the nucleon
mass) and the integral is over the density matrices ρi(R,R± S) of the nuclei. The momentum
for the NN relative motion K is related to Ecm and the double-folding potential [16, 7].

Following this method, we calculate double-folding potentials at LO, NLO and N2LO, using
different cutoffs R0 [7]. Examples of the potentials we obtain are presented in the left panel of
Fig. 3. We observe a systematic order-by-order behaviour expected in EFT. Moreover, we see
that the potential exhibits a rather small dependence on the cutoff, indicating that it is not very
sensitive to the short-range details of the NN interaction.

In addition to the real part provided by Eq. (5), optical potentials also include an imaginary
part that simulates the absorption from the elastic channel due to other open channels, like
inelastic scattering or transfer. In this first attempt, we follow the São Paulo group and assume
the imaginary part to be proportional to the real part obtained by double folding [18]

UF (r) = (1 + iNW )VF (r), with NW = 0.6–0.8. (8)

4.2. 16O-16O scattering and fusion
To evaluate the validity of our potentials, we perform calculations for 16O-16O elastic scattering
at different energies and compare them to data [7]. This is illustrated in the right panel of Fig. 3,
where the ratio of the elastic-scattering cross section is presented as a ratio to the Mott cross
section at Elab = 350 MeV. Interestingly, we observe the very same systematic order-by-order
behaviour expected in the EFT as in the double-folding calculation (see the left panel of Fig. 3).
We also note that the sensitivity to the cutoff R0 is rather small and becomes noticeable only at
sufficiently large angles (θ > 20◦–25◦). The agreement with the data is quite good, given that
there is no parameter adjusted to fit the data. However, there remains some uncertainty to the
choice of the scaling of the imaginary part NW [7].
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Figure 3. 16O-16O elastic scattering at Elab = 350 MeV. Left: double-folding potential built
from local chiral EFT NN interactions at LO, NLO and N2LO [7]. Right: elastic-scattering cross
section as a ratio to Mott cross section obtained with these potentials. Data are from Ref. [17].

2 4 6 8 10 12 14 16 18 20

E
cm

 [MeV]

10
18

10
20

10
22

10
24

10
26

S
 [

M
eV

 b
]

Tserruya et al. (1978)

Hulke et al. (1980)

Wu et al. (1984)

Kuronen et al. (1987)

Duarte et al. (2015)

LO, R=1.4 fm
NLO, R

0
=1.4 fm

N
2
LO, R

0
=1.2fm

N
2
LO, R

0
=1.4 fm

N
2
LO, R

0
=1.6 fm

Figure 4. Astrophysical S factor for the 16O-16O fusion as a function of the centre-of-mass
energy Ecm [7]. The data are from Refs. [19, 20, 21, 22, 23].

We can also check the reliability of our double-folding potential by computing the
astrophysical S factor for 16O-16O fusion, which has been measured at various energies
[19, 20, 21, 22, 23]. The results of this test are displayed in Fig. 4. As in the previous case, we
observe the expected EFT order-by-order behaviour and note once more that the sensitivity of
this observable to the details of the NN interaction remains small [7]. The agreement with the
data are rather good, given that no parameter has been adjusted to fit the data.

5. Conclusion
In this work, we study the possibilities offered by EFT to improve the modelling of reactions
involving halo nuclei. First, Halo EFT [5] provides an efficient tool to include the relevant
degrees of freedom of the projectile nuclear structure within the few-body model of reactions. It
also enables us to account for the outputs of ab initio nuclear-structure models within reaction
calculations. The excellent agreement we have obtained for non-resonant breakup calculations
using these outputs confirm their validity. The systematic study of these reactions with an EFT
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description of the projectile also shows which degrees of freedom are required in order to properly
describe the projectile and obtain theoretical cross sections in agreement with experiments. In
particular, our analysis shows that the 10Be core excitation plays a significant role in the resonant
breakup of 11Be in the collision on a C target.

Second, we have shown how the recently derived local chiral EFT NN interactions [14, 15]
can be used to build the nucleus-nucleus optical potentials required in the modelling of nuclear
reactions. Using a double-folding technique, we have produced optical potentials that provide
elastic-scattering cross sections and astrophysical S factors for fusion in good agreement with
16O-16O data [7]. These preliminary results are very encouraging. An important uncertainty
remains about the choice of the imaginary part of the potential, and we plan to focus our future
work in this direction.

These first attempts of combining EFT used in nuclear structure with an accurate few-body
description of nuclear reactions are very promising. Our results show that it could lead to a
significant improvement of the reaction modelling for exotic nuclei and, accordingly, to a better
analysis of reaction measurements at radioactive-beam facilities.
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