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Introduction : halo nuclei

Halo nuclei
Halo nuclei are found far from stability
Exhibit peculiar quantal structure :

Light, n-rich nuclei

Low S n or S 2n

With large matter radius
due to strongly clusterised structure :
neutrons tunnel far from the core and form a diffuse halo

One-neutron halo
11Be ≡ 10Be + n
15C ≡ 14C + n
Two-neutron halo
6He ≡ 4He + n + n
11Li ≡ 9Li + n + n

Noyau stable

Noyau riche en neutrons

Noyau riche en protons

Noyau halo d’un neutron

Noyau halo de deux neutrons

Noyau halo d’un proton-N

6Z

n

1H 2H 3H

3He 4He 6He 8He

6Li 7Li 8Li 9Li 11Li

7Be 9Be 10Be 11Be 12Be 14Be

8B 10B 11B 12B 13B 14B 15B 17B 19B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

This exotic structure challenges nuclear-structure models
[see talks of P. Navrátil and J. Casal]



Introduction : halo nuclei

Ab initio description of 11Be
Halo nuclei are now accessible to ab initio models [see talk of P. Navrátil]
Calci et al. have computed 11Be within NCSMC : [PRL 117, 242501 (2016)]

bound-state splitting, but below Λ3N ¼ 400 MeV the influ-
ence of the 3N interaction is too strongly reduced such that
the spectra approach the pureNN result. On the contrary, the
converged spectrumwith the simultaneously fittedNN þ 3N
interaction, named N2LOSAT [29], successfully achieves the
parity inversions between the 3=2−1 and 5=2

þ resonances and,
albeit marginally, for the bound states. The low-lying spec-
trum is significantly improved and agrees well with the
experiment, presumably due to the more accurate description
of long-range properties caused by the fit of the interaction
to radii of p-shell nuclei. On the other hand, the strongly
overestimated splitting between the 3=2−2 and 5=2− states
hints at deficiencies of this interaction, which might originate
from a too large splitting of the p1=2-p3=2 subshells.
In addition to the resonances observed in the experiment,

all theoretical spectra predict a low-lying 9=2þ resonance
suggested in Refs. [52,53]. For the N2LOSAT interaction,
the resonance energy is close to the one predicted by the
Gamow shell model [54], although our ab initio calcu-
lations predict a broader width. Another interesting prop-
erty is the position of the 3=2þ resonance that is strongly
influenced by the 2þ1 state of 10Be. For all theoretical
calculations the energies of these correlated states are
almost degenerate, while in the experiment the 2þ1 state
in 10Be is about 470 keVabove the tentative 3=2þ state and
coincides with the 3=2−2 and 5=2− resonances.
Nuclear structure and reaction properties.—Except for

the two bound states, all the energy levels of Fig. 3
correspond to nþ 10Be scattering states. The corresponding
phase shifts obtained with the N2LOSAT interaction are
presented in Fig. 3 (see Supplemental Material for further
details [46]). The overall proximity of the Nmax ¼ 7 and 9
results confirms the good convergence with respect to the
model space. The states observed in 11Be are typically
dominated by a single nþ 10Be partial wave, but the
illustrated eigenphase shifts of the 3=2þ state consist of a
superposition of the 4S3=2 and 2D3=2 partialwaves. The parity
of this resonance is experimentally not uniquely extracted

[1], while all ab initio calculations concordantly predict it to
be positive. The bound-state energies aswell as the resonance
energies andwidths for different interactions and bothmany-
body approaches are summarized in Table I. In the case of the
NN þ 3Nð400Þ interaction, however, the fast 3=2þ phase
shift variation near the nþ 10Beð2þ1 Þ threshold does not
correspond to a pole of the scattering matrix, such that this
state is not a resonance in the conventional sense and a width
could not be extracted reliably. The theoretical widths tend to
overestimate the experimental value, but overall the agree-
ment is reasonable, especially for the N2LOSAT interaction.
Experimentally, only an upper bound could be determined
for the5=2− resonancewidth, and the theoretical calculations
predict an extremely narrow resonance.
Although the bulk properties of the spectrum are already

well described, accurate predictions of observables, such as
electric-dipole (E1) transitions, which probe the structure
of the nucleus, can be quite sensitive to the energies of
the involved states with respect to the threshold. Based on
our analysis, the discrepancies between the theoretical and
experimental energy spectra can be mostly attributed to
deficiencies in the nuclear force. Therefore, it can be
beneficial to loosen the first-principles paradigm to remedy
the insufficiencies in the nuclear force and provide accurate
predictions for complex observables using the structure

FIG. 2. NCSMC spectrum of 11Be with respect to the nþ 10Be threshold. Dashed black lines indicate the energies of the 10Be states.
Light boxes indicate resonance widths. Experimental energies are taken from Refs. [1,51].

FIG. 3. Thenþ 10Bephaseshiftsasafunctionofthekineticenergy
in the center-of-mass frame. NCSMC phase shifts for the N2LOSAT
interaction are compared for two model spaces indicated by Nmax.
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Introduction : halo nuclei

Reactions with halo nuclei

Halo nuclei are fascinating objects
but difficult to study [τ1/2(11Be)= 13 s]

How can one probe their structure ?
⇒ require indirect techniques, like reactions :
Elastic scattering, transfer, knockout
Breakup ≡ dissociation of halo from core

by interaction with target

Need good understanding of the reaction mechanism
i.e. an accurate theoretical description of reaction
coupled to a realistic model of projectile

(Some) halo nuclei can now be calculated ab initio
What has been recently achieved in nuclear-reactions theory ?



Few-body description of reaction

Few-body framework
Usually, projectile (P) modelled as a two-body quantum system :
core (c)+loosely bound neutron (n) described by

H0 = Tr + Vcn(r)

Vcn effective interaction
describes the quantum system
with ground state Φ0

Target T seen as structureless

c

n
P

T

R

r

Interaction with target simulated by optical potentials
⇒breakup reduces to three-body scattering problem :

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

with initial condition Ψ(r, R) −→
Z→−∞

eiKZΦ0(r)
Various methods have been developed
[Baye & P. C., Clusters in Nuclei, Vol. 2, Lecture Notes in Physics, Vol. 848]



Developments beyond few-body Microscopic Cluster Model

Microscopic description of the projectile
Idea : consider an microscopic cluster model of the projectile :

H0 =
∑A

i=1 ti +
∑A

i< j=1 vi j

[Descouvemont & Hussein, PRL 111, 082701 (2013)]
7Li+208Pb elastic scattering @ 27 MeV

section is much smaller than the elastic one and is
more sensitive to the details of the wave function.
Notwithstanding that no fitting procedure has been applied,
the agreement with the data is fair. Here again, the role of
the breakup channels is not negligible. In particular, the
second excited state j ¼ 7=2�, which is a resonant state in
the continuum, slightly reduces the cross section.

This exploratory work on the 7Liþ 208Pb elastic scat-
tering shows that the MCDCC is a powerful tool for the
description of low-energy reactions involving weakly
bound nuclei, where breakup couplings are important.
It is expected to be particularly suited to the scattering
of exotic nuclei, which present low breakup thresholds,
enhancing the effect of the continuum. The model is based
on nucleon-target optical potentials only, which are avail-
able over a wide range of masses and scattering energies.
Without any renormalization factors, we have shown that
7Liþ 208Pb elastic and inelastic cross section data can be
fairly well reproduced provided that breakup channels are
properly included.

The present approach opens new perspectives in
nucleus-nucleus reaction calculations at low energies. We
concentrated here on 7Li, a well-known �� t cluster
nucleus. However, extending Eq. (2) to include core exci-
tations is quite feasible. In fact, several microscopic cluster
calculations have been performed with core excitations
(see, e.g., Ref. [43] for 11Be and Ref. [44] for 17C).
Calculations involving these exotic nuclei are much more
involved, but the model itself is identical. In addition, the
present approach can easily be extended to three-cluster
projectiles, such as the Borromean two-neutron halo
nuclei, 6He and 11Li, where RGM wave functions are
available [45,46]. Finally, other processes, such as breakup
and fusion reactions, both of great current interest, can be
described by generalizations of the present work.
This text presents research results of the IAP program

P7/12 initiated by the Belgian-state Federal Services for
Scientific, Technical and Cultural Affairs. P. D. acknowl-
edges the support of F.R.S.-FNRS (Belgium) and FAPESP
(Brazil). M. S. H. acknowledges partial support from the
FAPESP, the CNPq, and the INCT-IQ (Brazilian agencies).
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FIG. 3. Inelastic 7Liþ 208Pb ! 7Lið1=2�Þ þ 208Pb cross sec-
tion atElab ¼ 27 MeV. The dotted line represents the calculations
without breakup channels, i.e., limited to the ground and first
excited states. The data are taken from Ref. [47] (black circles)
and Ref. [42] (open circles). The MCDCC curves for jmax ¼ 3=2
and jmax ¼ 5=2 are superimposed at the scale of the figure.

FIG. 2. 7Liþ 208Pb elastic cross sections, normalized to the
Rutherford cross section, at Elab ¼ 27 MeV (a) and 35 MeV (b).
Dotted lines represent the calculations without breakup channels
(at 35 MeV the curves with one and two channels are almost
superimposed), and the solid lines are the full calculations with
increasing �� t angular momentum jmax. Experimental data are
from Ref. [37].
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FIG. 6. Elastic 6He + 120Sn cross sections for the full CDCC
calculation (solid lines) and for the single-channel approximation
(dashed lines). The experimental data are taken from Ref. [49].

These choices are guided by several reasons: (i) covering a
wide mass range, from light to heavy targets; (ii) experimental
data are available; (iii) local nucleon-target interactions,
i.e., specifically fitted to nucleon scattering data, have been
determined [42].

Figure 4 shows the 6He + 27Al system, at four energies.
These energies (Ec.m. = 7.8,9.0,9.8,11.0 MeV) are signif-
icantly higher than the Coulomb barrier (VB ≈ 3.9 MeV).
Although a slight improvement of the theoretical results is ob-
tained within the multichannel calculation, the single-channel
approximation is not very different. A similar conclusion
has been drawn recently for the 9Be + 27Al system, in a
nonmicroscopic CDCC model [47]. This weak sensitivity to
breakup channels will be analyzed in more detail in Sec. IV E.

In Figs. 5 and 6, I present the 6He + 58Ni and 6He + 120Sn
cross sections, respectively. Here the differences between
the full calculation and the single-channel approximation
are increasing. The converged results are close to those of
Ref. [43], where a nonmicroscopic α + n + n description of
6He was used. In Fig. 7, I consider the 6He + 208Pb system,
which was used as an illustration of convergence issues in
Fig. 3. The strong influence of breakup channels is confirmed
at the three energies. Let us emphasize that all cross sections
are obtained with the same conditions of calculations. The
only difference is that, of course, the choice of the neutron-
and proton-target potentials is adapted to each system.

Finally, let us briefly discuss the role of non-natural-parity
partial waves of 6He (j = 0−,1+,2−, etc.). These states
cannot be coupled to the j = 0+ ground state, but may
play a role through couplings to the continuum. As a full
calculation, involving all pseudostates with jmax = 3 and
Emax = 15 MeV is extremely demanding in terms of computer
time and memory, I have performed two calculations with
Emax = 10 MeV and j = 0+,1−,2+ or j = 0±,1±,2±. The
difference between the two cross sections should provide a
fair insight into the influence of non-natural-parity states. The
calculation has been done for 6He + 208Pb at Elab = 22 MeV.
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FIG. 7. Elastic 6He + 208Pb cross sections for the full CDCC
calculation (solid lines) and for the single-channel approximation
(dashed lines). The experimental data are taken from Ref. [44] (a),
(b, full circles), Ref. [45] (b, open circles), and Ref. [50] (c).

The differences in the cross sections are, however, too small
to be visible on a figure. The cross sections differ by less than
0.5% and are therefore not shown.

C. Role of the 6He halo in elastic scattering

The role of a halo structure in nucleus-nucleus scattering
takes its origin from the long range of the density in weakly
bound nuclei. Quantitatively, however, this influence of the
halo is more difficult to assess. In the present work, I investigate
this effect by considering the short- and long-range parts of
the nuclear densities. For the 6He ground state, the proton

034616-6

θ (deg)

Good agreement with data (no fitting parameter)
Significant effect of breakup channel
especially on heavy targets and for loosely bound projectiles
Extended to 2-n halo nucleus 6He [Descouvemont PRC 93, 034616]
So far limited to elastic scattering



Developments beyond few-body Core excitation

Including the core excitation
Idea : consider that the core can be in an excited state :

H0 = Hc(ξc) + Tr + Vcn(ξc, r)
[Summers, Nunes & Thompson PRC 73, 031603 (2006)]

[Lay, de Diego, Crespo, Moro, Arias & Johnson PRC 94, 021602 (2016)]
11Be ≡ 10Be(0+)⊗ n(1s1/2) + 10Be(2+)⊗ n(0d5/2)+. . .

Core excitation in structure of the projectile & during reaction process
19C+p→18C+n+p @ 70AMeV

RAPID COMMUNICATIONS

LAY, DE DIEGO, CRESPO, MORO, ARIAS, AND JOHNSON PHYSICAL REVIEW C 94, 021602(R) (2016)
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FIG. 2. Angular distribution of the resonant breakup of 19C on
protons at 70 MeV/nucleon. The solid red line and the dashed
blue line correspond to the XCDCC calculation for the first and
the second 5/2+ resonance of the P-AMD model [34] respectively.
The dotted dashed line corresponds to a XDWBA calculation for the
first 5/2+ resonance. The dotted line corresponds to an inert-core
DWBA calculation where ground state and resonance are considered
to be pure s1/2 and d5/2 states respectively. Experimental data are from
Ref. [33].

The calculated breakup angular distributions for the two
5/2+ resonances predicted by our structure model are shown in
Fig. 2. The first 5/2+ resonance is the one that best reproduces
the experimental data. However, the second resonance gives a
similar angular distribution and even the sum of both would be
consistent with the data. As shown in Ref. [12], the magnitude
and shape of the resonant breakup is sensitive to the weights of
the different configurations of each state. Unfortunately, in this
case, both resonances are mainly based in the 2+ core excited
state and, therefore, there is not a clear difference between
both choices. Furthermore, in this case the population of both
resonances was found to be almost exclusively due to the
core excitation mechanism. To illustrate this effect, we include
in Fig. 2 a standard inert-core DWBA calculation where the
ground state and the 5/2+ resonant state are represented by
pure s1/2 and d5/2 single-particle configurations orbiting an
inert 18C core, respectively. The result of this calculation is
given by the dotted line in Fig. 2. It is clearly seen that the
resulting angular distribution significantly underestimates the
magnitude of the data, and fails to reproduce the shape too.
The same conclusion was achieved in Ref. [35] where a AGS-
Faddeev calculation, using a more realistic p-n interaction
(CD-Bonn), but ignoring core excitations, was also found to
provide too small a breakup cross section. This result clearly
shows that the observed resonant peak is not consistent with a
simple 2s1/2 → 1d5/2 transition and evidences the dominance
of the core excitation mechanism in the present case, resulting
from the large 18C(2+) component in both resonances (cf.
Table I). The DCE mechanism is much larger than that found
in the 11Be +p case, in which the valence and core excitations
have been found to be of similar magnitude.

Additionally, XDWBA and XCDCC calculations for the
first 5/2+ resonance have been performed. Both calculations

give almost identical results as expected at intermediate
energies. This agreement shows that the process is a one-step
excitation, which in this case is almost entirely a dynamical
core excitation.

A final comment is in order related to the agreement
between the semimicroscopic calculations presented here in
Fig. 2 and the fully microscopic calculations presented in
Ref. [33]. These two approaches give very similar results,
thus indicating that the microscopic description of 19C is able
to reproduce the collective nature of the core excitations.
However, in such a description it is very difficult to isolate
and identify the underlying core structures responsible for
the resonances. In our semimicroscopic approach this can
be easily done as presented in Table I. More importantly,
the reaction frameworks used here are able to consider and
distinguish the contribution of valence and core excitations to
the total cross section. This allows us to predict quantitatively
the contribution to the resonances of 18C ground state and
excited states, an observable that can be compared directly
with the experimental yields.

Conclusions. We have investigated the role of core excita-
tions in the resonant breakup of 19C on a proton target. For that,
we have considered a two-body model for 19C and performed
XCDCC and XDWBA calculations that include the possibility
of core (18C) excitations in the structure of the projectile as
well as in the reaction dynamics.

We have compared our results with the experimental data
measured by Satou and collaborators [33] for this reaction,
at an incident energy of 70 MeV/nucleon, corresponding to
the angular distribution for a resonant state in 19C, which was
identified with the second 5/2+ state predicted by sd shell-
model calculations.

Our structure calculations, based on a particle-plus-core
model of 19C, predict two 5/2+ low-lying resonances, but
none of them at the energy of the peak observed in [33].
Furthermore, the corresponding angular distributions are both
compatible with the shape and magnitude of the experimental
one, thus precluding an unambiguous identification of the
experimental peak with one or another. This result is un-
derstood as a consequence of the similar structure for the
two resonances. Both resonances are mainly based on the
first 2+ state of the core. Therefore, it is clearly seen in
the present analysis that the dynamic excitation of the core
is the main mechanism responsible for the peak observed in
the breakup with protons. Moreover, we have shown that the
pure valence excitation mechanism, assuming a 2s1/2 → 1d5/2

single-particle transition, gives a negligible contribution here.
This is the first case where we have identified that the core
excitation mechanism dominates overwhelmingly.

The present results are in contrast with the naive picture
of halo nuclei where the weakly bound neutron is completely
decoupled from the rest of the nucleons inside the core, which
could be considered as a frozen object. We had previously
found cases where single-particle excitations of the valence
particle and dynamic excitations of the core compete on equal
footing, leading to an interesting interplay of both processes
[12]. However, the dynamic excitation of the core in 19C is so
strong that it is the core that plays the main role in the breakup
reaction of a halo nucleus.

021602-4

Exp. [Y. Satou et al. PLB 660, 320 (2008).]

11Be+p→10Be+n+p @ 63.7AMeV
R. DE DIEGO, R. CRESPO, AND A. M. MORO PHYSICAL REVIEW C 95, 044611 (2017)
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FIG. 2. Differential energy distribution following the breakup
of 11Be on protons at 63.7 MeV/nucleon. Solid and dashed (red)
lines correspond to the full (0+ + 2+) and the 2+ contribution of
the XCDCC calculation, while the dot-dashed line (green) represents
the result without dynamic core excitation. The arrow indicates the
energy of the 10Be(2+) + n threshold.

to Coulomb breakup and it was not present in our previous
calculations owing to the smaller cutoff in the total angular
momentum. We show also the separate contribution for each
of the states of the core. We note that both contributions
include the core-excitation effect through the admixtures of
core-excited components in the projectile (structure effect) and
the core-target potential (dynamics). However, the production
of 10Be(2+) is only kinematically allowed when the excitation
energy is above the 10Be(2+) + n threshold, which lies at an
excitation energy of 3.87 MeV with respect to the 11Be(g.s.).
Consequently, for the lower-energy interval (top panel) the
system will necessarily decay into 10Be(g.s.) + n, irrespective
of the importance of the DCE mechanism. Notice that the
emitted 10Be(2+) fragments would be accompanied by the
emission of a γ ray with the energy corresponding to the
excitation energy of this state, thus allowing an unambiguous
separation of both contributions.

This is better seen in Fig. 2, where the differential
energy cross section is plotted after integration over the
angular variables �K in Eq. (24). The solid line is the full
XCDCC calculation, considering the core-excitation effects
in both the structure and the dynamics of the reaction, and
includes the two possible final states of the 10Be nucleus.
The 10Be(2+) contribution (red dashed line) only appears for
Erel > 3.4 MeV, corresponding to the 10Be(2+) + n threshold.
As already noted, above this energy, the 10Be fragments can
be produced in either the g.s. or the 2+ excited state. We
also show the calculation omitting the DCE mechanism (green
dot-dashed curve) and considering only the CA contributions
in the structure of the projectile. By comparing with the total
distribution, it becomes apparent that the DCE mechanism
is very important in this reaction. In particular, the energy
spectrum is dominated by two sharp peaks corresponding
to the 5/2+

1 and 3/2+
1 resonances, with the latter populated

mostly by a DCE mechanism [17]. Despite the relatively small
THO basis, the energy profile of these resonances is accurately
reproduced and this highlights the advantage of the pseudostate
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FIG. 3. Calculated laboratory-frame double differential cross
section for the 10Be fragments emitted in the process 11Be + p

at 63.7 MeV/nucleon when four different scattering angles are
considered. The blue solid and red dashed lines refer to the
contributions from the different core states.

method over the binning procedure when describing narrow
resonances. Finally, besides the resonant contribution, we also
note that there is a nonresonant background at low relative
energies and above the 10Be(2+) + n threshold.

Regarding the three-body observables [Eq. (25)], we
present in Fig. 3 the energy distributions of the 10Be fragments
from the breakup process at four laboratory angles, plotting
separately the 0+ and 2+ contributions. We observe from
this plot the increasing relative importance of the 10Be(2+)
distribution with the angle. This is expected because larger
scattering angles of the core imply a stronger interaction with
the proton target. It is also apparent that this distribution is
shifted to lower energies with respect to the 10Be(g.s.) owing to
the higher excitation energy required to produce the 10Be(2+)
fragments. The angle-integrated contributions can be seen in
Fig. 4, where we note the dominance from the 0+ component
to the overall energy distribution, although the 2+ contribution
amounts to 13% of the total cross section at this energy.

B. 11Be + 64Zn breakup

We consider the 11Be + 64Zn reaction at 28.7 MeV for
which inclusive breakup data have been reported in Ref. [28]
and have been analyzed within the standard CDCC framework
in several works [44–46] and also within the XCDCC frame-
work [21]. The results presented here follow closely those
included in this latter reference, but with two main differences:
First, in that work the 10Be scattering angle was approximated
by the 11Be∗ angle, assuming two-body kinematics, whereas
the appropriate kinematical transformation is applied here;
second, the XCDCC calculations are performed here in an
augmented model space, including higher values of the relative
orbital angular momentum between the valence and core
particles. In addition, the former analysis is extended by

044611-6

Th. [de Diego, Crespo & Moro PRC 95, 044611 (2017)]

Good agreement with data (no fitting parameter)
Significant influence in resonant breakup [cf. Moro’s talk on Monday]



Back to the few-body model : Halo EFT

Halo EFT
Replace core-n interaction by effective potentials in each partial wave

Use Halo EFT : clear separation of scales (in energy or in distance)
⇒ provides an expansion parameter (small scale / large scale)
along which the low-energy behaviour is expanded

[C. Bertulani, H.-W. Hammer, U. Van Kolck, NPA 712, 37 (2002)]
[H.-W. Hammer, C. Ji, D. R. Phillips JPG 44, 103002 (2017)]

Use narrow Gaussian potentials

Vl j(r) = V l j
0 e−

r2

2σ2 + V l j
2 r2e−

r2

2σ2

@ NLO fit V l j
0 and V l j

2 to reproduce

εnl j (known experimentally)

Cnl j (from ab initio calculation of Calci et al. [PRL 117, 242501 (2016)])

σ = 1.2, 1.5 or 2 fm is a parameter used to evaluate the sensitivity of the
calculations to the short-range physics



Back to the few-body model : Halo EFT

NLO analysis of 11Be breakup on Pb and C @ 70AMeV
11Be+Pb→10Be+n+Pb
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Exp. [Fukuda et al. PRC 70, 054606 (2004)]
Th. [P.C., Phillips & Hammer PRC 98, 034610 (2018)]

All calculations (σ) provide identical results⇒ reaction is peripheral
Pb : Excellent agreement with data⇒ confirms ab initio predictions
C : General shape of experimental cross section well reproduced
But breakup strength missing at the 5/2+ and 3/2+ resonances
⇒ Need to go beyond NLO and constrain d continuum
Same results obtained at 520AMeV [see L. Moschini’s talk 27341]



Back to the few-body model : Halo EFT

11Be+C→10Be+n+C @ 67AMeV (beyond NLO)
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In nuclear breakup, resonances play significant role
⇒ Need to go beyond NLO [P.C., Phillips & Hammer PRC 98, 034610]

Still need additional breakup strength : missing 10Be(2+)
[de Diego, Crespo & Moro, PRC 95, 044611 (2017)]

Adding an effective 3-b force solves the issue
Confirming the role of the excitation of the core in the reaction process

[cf. A. Moro’s talk on Monday]



Summary

Summary and prospect

Halo nuclei can now be studied ab initio

They are mostly studied through reactions
Recently there has been some new developments :
Use of a microscopic cluster model of the projectile

I Good agreement with data (no fitting parameter)
I So far limited to elastic scattering

Include core excitation
I Improve the projectile description and the reaction dynamics
I Significant in resonant breakup

Halo EFT description of the projectile
I Includes nuclear-structure observable order by order
I Effective 3-b forces can simulate core excitation

These developments enable us to infer more information
from nuclear-reaction data and test ab initio predictions
Stay tuned. . .



Summary
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