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Halo nuclei

Stable nuclei

Binding energy well described by Bethe-Weizsäcker

EB = avA − asA2/3 − aC
Z(Z−1)

A1/3 − aA
(A−2Z)2

A + δ(A,Z)

⇒ stable nuclei ≡ liquid droplet of radius R ∝ A1/3

[K. S. Krane, Introductory Nuclear Physics (Wiley, NY, 1987)]



Halo nuclei

Unstable nuclei. . .
In the mid-80s, Isao Tanihata used RIBs to measure interaction
cross sections of light exotic nuclei.
[I. Tanihata et al. PRL 55, 2676 (1985)]
In a simple geometrical model

σI(P,T ) = π[RI(P) + RI(T )]2
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Some nuclei appear larger : 6He, 11Be, 11Li,. . .
⇒ large collective deformation or exotic structure?



Halo nuclei

Parallel-momentum distributions
These nuclei exhibit also a narrow parallel-momentum distribution in
one-neutron removal reaction

[E. Sauvan et al. PLB, 491, 1 (2000)]
Sign of an extended spacial core-neutron distribution



Halo nuclei

Halo structure

Seen as core + one or two neutrons at large distance
[P. G. Hansen and B. Jonson, Europhys. Lett. 4, 409 (1987)]

Peculiar structure of nuclei due to small S n or S 2n

⇒neutrons tunnel far from the core to form a halo

Halo only appears for low centrifugal barrier (low `)
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Halo nuclei

Halo nuclei

Light, neutron-rich nuclei
small S n or S 2n

low-` orbital

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

Proton halœs are possible but less probable : 8B, 17F
Two-neutron halo nuclei are Borromean. . .
c+n+n is bound but not two-body subsystems
e.g. 6He bound but not 5He or 2n



Halo nuclei

Borromean nuclei

Named after the Borromean rings. . .
[M. V. Zhukov et al. Phys. Rep. 231, 151 (1993)]



Breakup reaction

Breakup reaction
Halo nuclei are fascinating objects
However difficult to study experimentally [τ1/2(11Be)= 13 s]
How can one probe their structure?
⇒ require indirect techniques, like reactions

Breakup ≡ dissociation of projectile in constituent clusters
by interaction with target

11Be + 12C → 10Be + n + 12C
8B + 208Pb → 7Be + p + 208Pb

The target T acts differently on projectile P contituents
⇒ tidal force→ breakup
Need a good understanding of the reaction mechanism
i.e. an accurate theoretical description of reaction
coupled to a realistic model of projectile
Elastic breakup ≡ all clusters measured in coincidence

(exclusive measurement)



Breakup reaction

Framework

Projectile (P) modelled as a two-body system :
core (c)+loosely bound fragment ( f ) described by

H0 = Tr + Vc f (r)

Vc f adjusted to reproduce
P spectrum

Target T seen as
structureless particle

R

r

T

P

c

f

P-T interaction simulated by optical potentials

⇒breakup reduces to three-body scattering problem :[
TR + H0 + VcT + V f T

]
Ψ(r, R) = ET Ψ(r, R)



Breakup reaction

Projectile Hamiltonian H0

H0 = −
~2∆r

2µc f
+ Vc f (r)

Vc f has usually a Woods-Saxon form factor,
but we’ll see that Halo-EFT can be efficiently used instead

c- f relative motion described by H0 eigenstates
Enl < 0 : discrete set of bound states H0 φnlm(r) = Enl φnlm(r)
E > 0 : c- f continuum ≡ broken up projectile

H0 φklm(r) = E φklm(r) where E = ~2k2/2µc f

Breakup ≡ transition from bound state to continuum
through interaction with target (Coulomb and nuclear)

Breakup can take place in one or more steps
will be sensitive to both bound and continuum states



Breakup reaction

Example : 11Be

1/2+ -0.504 1s1/2
1/2− -0.184 0p1/2

10Be + n

5/2+ 1.274 d5/2

11Be spectrum

11Be ≡ 10Be(0+) + n

10Be cluster assumed in 0+ ground state
(extreme shell model)

⇒ spin and parity of 11Be states
fixed by angular momenta l and j of n :

1/2+ ground state in s1/2
1/2− excited state in p1/2
5/2+ resonance in d5/2

⇒ fit V0 in s1/2, p1/2 and d5/2 waves
(but not in p3/2. . . )



Breakup reaction

Projectile-target interaction : VcT and V f T

The breakup channel is explicitly included in the collision description

However other channels not included :
absorption of the fragment by the target
excitation of the core
. . .

c-T and f -T interactions described by optical potentials VcT and V f T

Their imaginary parts simulate the absorption to other channels

Usually chosen in the literature
VcT : problematic if c-T scattering not measured
⇒ extrapolate what exists or use folding technique
V f T : many N-T global potentials exist
[Becchetti and Greenlees, Phys. Rev. 182, 1190 (1969)]
[Koning and Delaroche NPA 713, 231 (2003) ]



Reaction models

Three-body Scattering Problem
Within this framework breakup reduces to three-body problem[
TR + H0 + VcT + V f T

]
Ψ(r, R) = ET Ψ(r, R)

with the initial condition

Ψ(r, R) −→
Z→−∞

eiKZ+···φn0l0m0(r)

⇔ P in its ground state φn0l0m0 impinging on T

R

r

T

P

c

f

Various methods developed to solve that equation
[Recent review : Baye, P.C., Lecture Notes in Physics 848, 121 (2012)]
Coupled-channel method with discretised continuum (CDCC)
Time-dependent approach (TD)
(semiclassical)
Eikonal approximation
. . .



Reaction models CDCC

Coupled-Channel method
The eigenstates of H0 {|φi〉} are a basis in r : H0|φi〉 = Ei|φi〉

Idea : expand Ψ on that basis : Ψ(r, R) =
∑

i χi(R)〈r|φi〉[
TR + H0 + VcT + V f T

]
Ψ(r, R) = ET Ψ(r, R)

⇔
∑

i

TRχi(R)|φi〉 + χi(R)H0|φi〉 + (VcT + V f T )χi(R)|φi〉

=
∑

i

ETχi(R)|φi〉

〈φ j| ⇓

TR χ j(R) + E j χ j(R) +
∑

i

〈φ j|VcT + V f T |φi〉 χi(R) = ET χ j(R)

This is a set of coupled equations in χi(R)
where the coupling terms are 〈φ j|VcT + V f T |φi〉

i.e. connect the various projectile states through the P-T interaction
Problem : continuum states φklm are not discrete. . .



Reaction models CDCC

Discretising the Continuum
Model of breakup requires description of continuum
must be tractable in computations, i.e. discrete

[Rawitscher, PRC 9, 2210 (1974)]

φklm with k ∈ R+ → φilm with i ∈ N

Various methods exist :
mid-point : divide continuum in bins [Ei − ∆Ei/2, Ei + ∆Ei/2]
and choose φilm(r) = φkilm(r) to describe bin i
average the wave function over the bin

φilm(r) =
1

Wi

∫ Ei+
∆Ei

2

Ei−
∆Ei

2

fi(E) φklm(r) dE with Wi =

∫ Ei+
∆Ei

2

Ei−
∆Ei

2

fi(E)dE

⇒ square-integrable wave functions φilm

pseudo-states : solve H0 φilm = E φilm on a finite basis
⇒ square-integrable wave functions φilm but Ei not chosen



Reaction models CDCC

CDCC

Continuum Discretised Coupled-Channel : CDCC
[Austern et al. , Phys. Rep. 154, 125 (1987)]
[Tostevin, Nunes, Thompson, PRC 63, 024617 (2001)]
Recent review : [Yahiro et al. , PTEP 2012 01A206 (2012)]

Fully quantal approximation
No approximation on P-T motion, nor restriction on energy
But expensive computationally (at high energies)

Various codes have been written to solve these coupled equations
fresco written by Ian Thompson is free on www.fresco.org.uk

[Thompson, Comput. Phys. Rep. 7, 167 (1988)]

www.fresco.org.uk


Reaction models CDCC

Example : 8B breakup

8B + 58Ni→ 7Be + p + 58Ni @26MeV

Exp. :[V. Guimarães et al. PRL 84, 1862 (2000)]

tended range of continuum energies is included, the bin dis-
cretization may itself not be fine enough so that the basis of
bin states is sufficiently complete. We have therefore verified
the stability of our results, with regard to the bin size, by
doubling the number of bins and confirming that the same
results are produced.

1. Angular distributions

The convergence of the three-body calculations withEmax
is clearly illustrated in Fig. 1. Here we show the7Be labo-
ratory differential cross section angular distributions from
calculations that include continuum bins up toEmax
53,4,6,8, and 10 MeV. The calculations for this conver-
gence test use multipolesq<2 and l<3. The calculations
use the BG proton-target potential and the EB proton-7Be
potential. For the largerEmax the bins have been constructed
so as not to alter their low energy discretization. The calcu-
lation of the three-body cross sections thus provides a differ-
ent interpretation of the reaction mechanism, and evidence
for significantly higher-energy excitations than would be de-
duced from the earlier calculations and their comparison
with the 8B* c.m. cross section. We will show that these
high relative motion excitations are reflected in the calcu-
lated breakup energy distributions for7Be and the proton.

Figures 2 and 3 present the calculated7Be laboratory dif-
ferential cross section angular distribution, integrated over
energy and proton angles and averaged over the core detector
solid angles, and compare this with the data@24#. The 7Be
detectors were circular, subtending a solid angleDVc com-
prising a circle of radius 6° about the nominal laboratory
angle u lab . They have a stated Gaussian efficiency profile
«(u) with full width at half maximum of 10.9°@17#. Hereu
is measured from the nominalu lab setting.

The convergence of the calculations with multipole order,
and also with the included continuum partial waves, is
shown in Fig. 2. Here the long-dashed curve is the result
shown in Fig. 1, converged with respect to excitation energy,
with q<2 andl<3. The solid curve includes also the effects
of the q53 multipole couplings forl<3. The dot-dashed
curve is a calculation whereq54 multipole couplings and

the l 54 breakup partial waves are included. The additional
effects are small and the remaining calculations therefore use
the truncated model space withq<3 andl<3.

The solid curve in Fig. 3 uses the BG proton-target po-
tential and the EB proton-7Be potential. In Ref.@28# it was
shown that different7Be-58Ni potential models give essen-
tially the same shape for the8B* c.m. angular distribution,
while the cross-section normalization depends on the size of
the 8B g.s. wave function. The long-dashed curve in Fig. 3
shows the results of using the proton-7Be interaction of Kim
et al. @32#. Consistent with earlier work, the cross section is
enhanced due to the larger predicted8B rms radius in this
model.

The Becchetti-Greenlees@33# proton-58Ni potential, used
above and previously, has surface imaginary strength and
geometry parametersW512 MeV, r W51.32 fm, andaW
50.534 fm when computed at 3 MeV proton energy. Expe-
rience tells us@34# that the BG parameters give reasonable
fits to data only down to approximately 10 MeV. An alter-

FIG. 1. Convergence of the calculated laboratory-frame7Be
cross section angular distribution following the breakup of8B on
58Ni at 25.8 MeV as a function of the maximum proton-7Be rela-
tive energy included in the calculation.

FIG. 2. The calculated laboratory-frame7Be cross section an-
gular distribution following the breakup of8B on 58Ni at 25.8 MeV.
The long-dashed curve is theEmax510 MeV, l<3, q<2, calcula-
tion from Fig. 1. The solid curve includesq53 multipole terms
while the dot-dashed curve includes bothq54 andl 54 effects.

FIG. 3. The calculated laboratory-frame7Be cross section an-
gular distribution following the breakup of8B on 58Ni at 25.8 MeV
from the EB~solid! and Kim ~dashed! models for the proton-7Be
interaction and the BG proton-target interaction. The dotted-dashed
curve uses the EB proton-7Be interaction and the VG proton-target
interaction. The experimental data are from Ref.@17#.

CALCULATIONS OF THREE-BODY OBSERVABLES IN . . . PHYSICAL REVIEW C63 024617

024617-5

Th. :[Tostevin et al. PRC 63, 024617 (2001)]



Reaction models CDCC

Influence of breakup on the elastic channel

9,10,11Be + Zn @ 24.5MeV

the barrier, the extracted TR cross section was found to be
similar to the one of 9Beþ 209Bi. In [18] 11Beþ 120Sn,
quasi-elastic-scattering [the 11Beð12�Þ inelastic excitation

was included] AD was measured, but in a very limited
angular range.

This Letter reports, for the first time, clear experimental
evidence of strong effects of the 11Be halo structure on
elastic-scattering and reaction mechanisms in collisions
close to the Coulomb barrier. We measured high quality
elastic-scattering AD of 9;10;11Be on a 64Zn target, in a wide
angular range and with small angular step, at Ec:m: �
24:5 MeV, corresponding to about 1.4 the Coulomb bar-
rier. Moreover, in the case of the 11Be halo nucleus, the
breakup or transfer AD was extracted. The three beryllium
isotopes have different structures, namely, 9Be is a
Borromean weakly bound nucleus (Sn ¼ 1:67 MeV),
with a well-developed �-�-n cluster structure (see, e.g.,
[19]). With an additional nucleon and due to pairing, 10Be
in its ground state is equally deformed but much more
bound (Sn ¼ 6:81 MeV) than 9Be. Finally, 11Be is a one
neutron halo nucleus whose core is 10Be and its binding
energy is only Sn ¼ 503 keV [20]. By comparing the
elastic-scattering AD for these three systems, the separate
effect of the weak binding and halo structure can be
investigated.

The data with the radioactive beams were obtained, in
the same experiment, using the new postaccelerated 10;11Be
beams of REX-ISOLDE at CERN. The detection system
used consisted of an array of Si-detector telescopes each
formed by a 40 �m, 50� 50 mm2, �E DSSSD detector
(16� 16 pixels) and a 1500 �m single pad E detector. The
detectors were placed very close to the target in order to
have a large angular (10� � � � 150�) and solid angle
coverage. Because of the high granularity, the AD could be
obtained with a 1� step. The beam energy resolution was
insufficient to separate 11Be elastic from inelastic scatter-
ing of the 11Be 1st excited state at Ex ¼ 320 keV, but as we
will see in the following, the inelastic channel contributes
very little to the measured AD. A 550 and 1000 �g=cm2

64Zn target was used with 10Be and 11Be beams, respec-
tively. The target was tilted at 45� to facilitate the mea-
surement in the angular region around 90�. The average
beam intensity was 106 and 104 pps for 10Be and 11Be,
respectively. Because of the very compact geometry of the
detection system, small variations of the beam position
onto the target resulted in a non-negligible variation of
the detector angles. Therefore, particular care was taken
in the off-line analysis, to reconstruct the correct detector
angles. This was done by looking at the small angle
Rutherford scattering in the two front detectors placed
symmetrically with respect to the beam axis. In order to
check the adopted procedure, 12C, 10Beþ 197Au elastic-
scattering at energies Ec:m: ¼ 25:7 and 27.9 MeV, respec-
tively, was also measured and the expected Rutherford
cross sections were obtained. The experiment with the

stable 9Be beam was performed at Laboratori Nazionali
del Sud (LNS) in Catania. The 9Be beam was delivered by
the 14 MV SMP Tandem of LNS and was impinging on a
550 �g=cm2 64Zn target. Five Si-detector telescopes
(10 �m�E and 200 �m E detectors), placed on a rotating
arm, allowed the measurement of the elastic-scattering AD
up to 110�.
In Fig. 1 the AD for the scattering of 9;10;11Beþ 64Zn are

shown in linear scale. As one can see, in spite of the very
different binding energies of 9Be and 10Be, their elastic-
scattering AD are similar. 11Be scattering shows a very
different pattern; the main feature that one can observe in
Fig. 1 is a dramatic reduction of the elastic cross section at
forward angles. A similar reduction of the elastic cross
section is observed in collisions involving deformed nuclei
[21] where it arises from coupling with the strong Coulomb
excitation of the 2þ state in the target. In [4] the effect of
coupling with a large Coulomb dipole excitation due to the
presence of the continuum low-lying E1 strength is inves-
tigated for 6He projectile on different target charges and
beam energies. It is concluded that close to the Coulomb
barrier, coupling to Coulomb dipole breakup should be
evident only in scattering with targets having high charge
(ZT � 80) and that measurements with lighter targets
(ZT � 28) are not sensitive to this coupling. 11Be has
strong low-lying continuum dipole strength, as 6He. The
observation of a strong reduction of the Coulomb-nuclear
interference peak (CNIP) in the scattering of 11Be with a
light charge target must be due to other mechanisms be-
sides coupling to Coulomb breakup. These mechanisms
could be associated with the halo structure. In 6He-induced
collisions, a clear reduction of the elastic scattering in the
CNIP region is observed, although not as large as in the
present case only for heavy targets [22]. The 6He elastic-

FIG. 1 (color online). Elastic-scattering angular distributions
on 64Zn: 9Be (triangles), 10Be (diamonds), and 11Be (squares).
The lines represent the OM calculations for 9Be (dot-dashed
line), 10Be (dashed line), and 11Be (full line). The inset shows the
measured AD (symbols) and OM fit (full line) for the 11Beþ
64Zn system together with the result of the calculation for the
inelastic excitation of (12

�, Ex ¼ 0:32 MeV, dashed line). The

error bars are statistical for 10;11Be and statisticalþ systematic
for 9Be on 64Zn. See text for details.

PRL 105, 022701 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
9 JULY 2010

022701-2

Exp. : [A. Di Pietro et al. PRL 105, 022701 (2010)]

9,10Be elastic scattering reproduced with usual optical potentials
11Be elastic scattering strongly affected by breakup channel



Reaction models CDCC

Influence of breakup on the elastic channel
11Be + Zn @ 24.5MeV

EXPERIMENTAL STUDY OF THE COLLISION 11Be . . . PHYSICAL REVIEW C 85, 054607 (2012)
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FIG. 8. (Color online) Elastic scattering angular distribution
for the 11Be+64Zn system (symbols). The dotted line is the OM
calculation performed with the bare interaction alone, and the solid
line is the OM calculation adding the Coulomb DPP to the bare
potential. See text for details.

B. CDCC calculations

The measured quasielastic angular distribution has been
also compared with CDCC calculations. In the CDCC method,
the projectile is described in a two-body model (10Be + n

in this case) and coupling to breakup channels is taken into
account by considering inelastic excitations of this composite
projectile to the unbound states. For simplicity, we ignore
the contribution of 10Be excited states in the 11Be states. So,
within this simplified model, the 11Be ground state (1/2+) and
the first excited state (1/2−; Ex = 320 keV) are described,
respectively, by the pure single-particle configurations 2s1/2

and 1p1/2, coupled to the 10Be ground state. The continuum
spectrum was discretized using the standard binning method.
For each 10Be − n partial wave (�), the spectrum was truncated
at a maximum excitation energy (εmax) and divided into a set
of energy intervals (bins). For each interval, a representative
normalizable wave function is constructed by averaging the
continuum wave functions within the bin interval. In order to
achieve full convergence of the calculated quasi-elastic cross
section we needed to include n+10Be partial waves up to � ≈ 5,
and a maximum excitation energy of εmax = 12 MeV, with
respect to the neutron separation threshold.

The neutron-10Be interaction, which is required to generate
the 11Be wave functions, was adopted from Ref. [22]. This
potential consists of a central and a spin-orbit component, of
WS shape, with a fixed geometry and a parity-dependent depth.
For even partial waves, this potential reproduces the ground-
state separation energy as well as the position of the 5/2+
resonance at Ex = 1.8 MeV, assuming that these states are
described by pure 2s1/2 and 1d5/2 configurations, respectively.
For the � = 1 states, the depth was adjusted to reproduce the
separation energy of the 1/2− bound excited state (assuming a
1p1/2 configuration). For other odd partial waves, we just used
the depth determined for � = 1.

In CDCC, the three-body wave function (two-body pro-
jectile plus target) is expanded in the truncated model space

0 20 40 60 80 100
θc.m. (deg)  

0

0.5

1
σ/

σ R

CDCC: full
CDCC: no continuum
CDCC: nuclear only
CDCC: Coulomb only

11
Be+

64
Zn

FIG. 9. (Color online) Differential quasielastic angular distri-
butions measured in the present experiment (symbols) and CDCC
calculations. The solid line is the full CDCC calculation. The dotted
line is the calculation including only the ground state and first excited
state of 11Be. The dashed (dot-dashed) line is the CDCC calculation
including only nuclear (Coulomb) breakup.

for the internal states of the projectile. When inserted into
the Schrödinger equation, this gives rise to a set of coupled
differential equations, which are solved by numerical integra-
tion subject to the appropriate boundary conditions. In this set
of equations, the main physical ingredients are the coupling
potentials, which are generated by folding the sum of the
10Be-target and neutron-target interactions with the internal
states of the projectile. For the 10Be-target potential, we used
the optical potential extracted in Ref. [6] from the fit of the
10Be+64Zn elastic data. The n-64Zn interaction was taken from
the global parametrization of Koning and Delaroche [23],
evaluated at the appropriate energy per nucleon. The coupling
potentials are expanded in multipoles (λ) up to a maximum
value of λmax = 5. Both nuclear and Coulomb couplings were
included.

The coupled equations were solved for total angular
momenta up to J = 1000 and up to a matching radius of
1000 fm. These calculations were performed with the code
FRESCO [21].

In Fig. 9 we compare the measured quasielastic cross
section with the calculations. The solid line is the full CDCC
calculation. The dotted line is the calculation omitting the
coupling to the continuum states, that is, including only the
ground state and first excited state of 11Be. Comparing these
two curves, we see that the coupling to the breakup channels
has a strong influence on the elastic cross section. In particular,
the inclusion of these couplings produces a sizable reduction in
the elastic cross section at angles of around 30◦. A qualitatively
similar effect has been observed in other reactions induced by
weakly bound nuclei (see, e.g., Refs. [2], [18], [24], and [25],).
Overall, the full CDCC calculation reproduces fairly well the
data in the full angular range, although some overestimation
is seen at large angles.

We have examined the contribution of the inelastic ex-
citation of the 1/2− bound state to the quasielastic cross
section. This contribution is found to be relatively large

054607-7

[A. Di Pietro et al. PRC 85, 054607 (2012)]

9,10Be elastic scattering reproduced with usual optical potentials
11Be elastic scattering strongly affected by breakup channel
Confirmed by CDCC calculations



Reaction models Time-dependent approach

Time-dependent model
P-T motion described by classical trajectory R(t) defined by Vtraj(R)

T

c

f

P

b
R(t)

r
RcT (t)

RfT (t)

P structure described quantum-mechanically by H0

Time-dependent potentials simulate P-T interaction

⇒ time-dependent (TD) Schrödinger equation

i~
∂

∂t
Ψ(r, b, t) = [H0 + VcT (t) + V f T (t) − Vtraj(t)]Ψ(r, b, t)

Solved for each b with initial condition Ψ(m0) −→
t→−∞

φn0l0m0



Reaction models Time-dependent approach

Numerical resolution of the TD Schrödinger equation
Time-step evolution approximating the evolution operator

Ψ(m0)(r, b, t + ∆t) = U(t + ∆t, t) Ψ(m0)(r, b, t)

with U(t′, t) = exp[ i
~

∫ t′

t
H(τ)dτ] and Ψ(m0)(r, b, t → −∞) = φn0l0m0(r)

Faster computation compared to CDCC
because each trajectory treated separately
Lacks quantum interferences between trajectories

Many codes developed to solve TD
Partial-wave expansion of Ψ :
[Kido, Yabana, and Suzuki, PRC 50, R1276 (1994)]
[Esbensen, Bertsch and Bertulani, NPA 581, 107 (1995)]
[Typel and Wolter, Z. Naturforsch.A 54, 63 (1999)]
Expansion on a 3D spherical mesh :
[P. C., Melezhik and Baye, PRC 68, 014612 (2003)]
Expansion on 3D cubic lattice : [Fallot et al. NPA700, 70 (2002)]



Reaction models Time-dependent approach

Example : 15C Coulomb breakup
15C ≡ 14C(0+) + n

15C + 208Pb→ 14C + n + 208Pb @68AMeV

Exp. :[Nakamura et al. PRC 79, 035805 (2009)]
COULOMB DISSOCIATION OF 15C AND RADIATIVE . . . PHYSICAL REVIEW C 80, 024608 (2009)
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FIG. 7. (Color online) Decay energy spectra obtained in first-order perturbation theory (a) and in the dynamic calculations with Lmax = 4
(b) compared to the data of Ref. [4]. The dashed curves show the calculated spectra. The solid curves include the experimental energy resolution
and have been scaled to give an optimum fit to the data.

that was used in the experiment [4]. The dynamic calculations
have actually already converged at a smaller scattering angle
because of the strong absorption at small impact parameters.
For example, at the impact parameter b = 9 fm, where the
dynamic dissociation probability is already quite small, the
Coulomb scattering angle is θcm = 4.9◦.

C. Analysis of the measured spectra

The decay-energy spectrum of 15C at 68 MeV/nucleon on
a Pb target was measured for two center-of-mass acceptance
angles, namely, at 2.1◦ and 6◦ [4]. The data are compared
to the first-order and the dynamic calculations in Fig. 7(a)
and 7(b), respectively. The actual calculations are shown by
dashed curves. The solid curves were obtained by a folding and
scaling procedure: The calculated spectra were first folded with
the experimental energy resolution, which is a Gaussian with a
(1σ ) width of �Erel = 0.23

√
Erel [4]. The folded spectra were

next scaled by the factor Sc, which optimizes the χ2 fit to the
data. The values of the scaling factors and the associated best
values of the χ2 per point are listed in Table II for different
values of Lmax.

The decay-energy spectra for θ < 2.1◦ were calculated with
a sharp cutoff at the impact parameter where the Coulomb
scattering angle is θ = 2.1◦. An acceptance angle of 6◦
does not impose any strict cutoff on the dynamic calculation
because it converges already at a smaller angle. The first-order
Coulomb excitation calculation, however, does not have such a
natural cutoff, except from Coulomb scattering, but that leads
to a very large cross section. The first-order decay-energy
spectrum (E1 Coulex) shown in Fig. 7(a) for θ < 6◦ was
therefore determined by integrating over all impact parameters
for which the minimum distance of closest approach is
larger than 1.2(A1/3 + A

1/3
2 ). The associated minimum impact

parameter for a Coulomb trajectory is 9.7 fm, which is a fairly
reasonable choice because it falls in the region where the
absorption in the dynamic calculation sets in (see Fig. 3.)

The dynamic calculations converge quickly for the smaller
acceptance angle. This can be seen in Table II, where the
scaling factor Sc that gives the best fit to the data is independent
of Lmax. At the 6◦ acceptance angle, the scaling factor increases
by almost 5% to the value Sc ≈ 0.98 for Lmax = 4; it is not

expected to increase much further for larger values of Lmax.
The scaling factors obtained in the two analyses are therefore
approximately identical and the χ2/N value is also very
reasonable for both acceptance angles. This implies that the
adopted nuclear interactions with the target must be realistic
because the calculations at large scattering angles are strongly
influenced by the nuclear interactions, whereas the dissociation
at the smaller acceptance angle is dominated by Coulomb
dissociation.

The results of the first-order analysis are shown in the
first line of Table II. The analysis of the large acceptance
angle measurement is not so interesting because the fit is poor
and the necessary scaling factor is small and uncertain. The
uncertainty stems from the crude estimate of the minimum
impact parameter. Although one could possibly choose a better
value for the minimum impact parameter, the fit to the data
would still be poor because the first-order decay-energy spectra
are narrow compared to the results of the dynamic calculations
at small impact parameters. This can be seen in Fig. 4.

The result of first-order perturbation theory at the smaller
acceptance angle is much more interesting. Here the χ2/N

value is good and the necessary scaling factor does not differ
dramatically from the dynamic calculations. However, we shall
see in the next section that the 4% larger scaling factor of
the dynamic calculation, combined with other corrections,
is essential for reaching a good agreement with the neutron
capture data.

TABLE II. Analysis of the measured decay-energy spectra of 15C
on a Pb target [4]. The scaling factor Sc and the associated χ 2/N for
the best fit to the data up to Erel < 4 MeV are shown as functions of
the maximum angular momentum Lmax and for the two acceptance
angles of the experiment. Also shown are the cross sections before
and (in brackets) after the folding and scaling procedure.

Lmax θ < 2.1◦ θ < 2.1◦ θ < 6.0◦ θ < 6.0◦

σ (mb) Sc–χ 2/N σ (mb) Sc–χ 2/N

E1 Coulex 326 [303] 0.941–0.87 767 [638] 0.841–2.24
2 316 [303] 0.972–0.76 750 [696] 0.939–1.15
3 316 [303] 0.972–0.77 732 [699] 0.969–1.20
4 316 [304] 0.973–0.77 716 [696] 0.984–1.19
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FIG. 7. (Color online) Decay energy spectra obtained in first-order perturbation theory (a) and in the dynamic calculations with Lmax = 4
(b) compared to the data of Ref. [4]. The dashed curves show the calculated spectra. The solid curves include the experimental energy resolution
and have been scaled to give an optimum fit to the data.

that was used in the experiment [4]. The dynamic calculations
have actually already converged at a smaller scattering angle
because of the strong absorption at small impact parameters.
For example, at the impact parameter b = 9 fm, where the
dynamic dissociation probability is already quite small, the
Coulomb scattering angle is θcm = 4.9◦.

C. Analysis of the measured spectra

The decay-energy spectrum of 15C at 68 MeV/nucleon on
a Pb target was measured for two center-of-mass acceptance
angles, namely, at 2.1◦ and 6◦ [4]. The data are compared
to the first-order and the dynamic calculations in Fig. 7(a)
and 7(b), respectively. The actual calculations are shown by
dashed curves. The solid curves were obtained by a folding and
scaling procedure: The calculated spectra were first folded with
the experimental energy resolution, which is a Gaussian with a
(1σ ) width of �Erel = 0.23

√
Erel [4]. The folded spectra were

next scaled by the factor Sc, which optimizes the χ2 fit to the
data. The values of the scaling factors and the associated best
values of the χ2 per point are listed in Table II for different
values of Lmax.

The decay-energy spectra for θ < 2.1◦ were calculated with
a sharp cutoff at the impact parameter where the Coulomb
scattering angle is θ = 2.1◦. An acceptance angle of 6◦
does not impose any strict cutoff on the dynamic calculation
because it converges already at a smaller angle. The first-order
Coulomb excitation calculation, however, does not have such a
natural cutoff, except from Coulomb scattering, but that leads
to a very large cross section. The first-order decay-energy
spectrum (E1 Coulex) shown in Fig. 7(a) for θ < 6◦ was
therefore determined by integrating over all impact parameters
for which the minimum distance of closest approach is
larger than 1.2(A1/3 + A

1/3
2 ). The associated minimum impact

parameter for a Coulomb trajectory is 9.7 fm, which is a fairly
reasonable choice because it falls in the region where the
absorption in the dynamic calculation sets in (see Fig. 3.)

The dynamic calculations converge quickly for the smaller
acceptance angle. This can be seen in Table II, where the
scaling factor Sc that gives the best fit to the data is independent
of Lmax. At the 6◦ acceptance angle, the scaling factor increases
by almost 5% to the value Sc ≈ 0.98 for Lmax = 4; it is not

expected to increase much further for larger values of Lmax.
The scaling factors obtained in the two analyses are therefore
approximately identical and the χ2/N value is also very
reasonable for both acceptance angles. This implies that the
adopted nuclear interactions with the target must be realistic
because the calculations at large scattering angles are strongly
influenced by the nuclear interactions, whereas the dissociation
at the smaller acceptance angle is dominated by Coulomb
dissociation.

The results of the first-order analysis are shown in the
first line of Table II. The analysis of the large acceptance
angle measurement is not so interesting because the fit is poor
and the necessary scaling factor is small and uncertain. The
uncertainty stems from the crude estimate of the minimum
impact parameter. Although one could possibly choose a better
value for the minimum impact parameter, the fit to the data
would still be poor because the first-order decay-energy spectra
are narrow compared to the results of the dynamic calculations
at small impact parameters. This can be seen in Fig. 4.

The result of first-order perturbation theory at the smaller
acceptance angle is much more interesting. Here the χ2/N

value is good and the necessary scaling factor does not differ
dramatically from the dynamic calculations. However, we shall
see in the next section that the 4% larger scaling factor of
the dynamic calculation, combined with other corrections,
is essential for reaching a good agreement with the neutron
capture data.

TABLE II. Analysis of the measured decay-energy spectra of 15C
on a Pb target [4]. The scaling factor Sc and the associated χ 2/N for
the best fit to the data up to Erel < 4 MeV are shown as functions of
the maximum angular momentum Lmax and for the two acceptance
angles of the experiment. Also shown are the cross sections before
and (in brackets) after the folding and scaling procedure.

Lmax θ < 2.1◦ θ < 2.1◦ θ < 6.0◦ θ < 6.0◦

σ (mb) Sc–χ 2/N σ (mb) Sc–χ 2/N

E1 Coulex 326 [303] 0.941–0.87 767 [638] 0.841–2.24
2 316 [303] 0.972–0.76 750 [696] 0.939–1.15
3 316 [303] 0.972–0.77 732 [699] 0.969–1.20
4 316 [304] 0.973–0.77 716 [696] 0.984–1.19

024608-5

Th. :[Esbensen, PRC 80, 024608 (2009)]

Higher-order effects play a significant role
Perturbation treatment of the reaction can be treacherous



Reaction models Eikonal approximation

Eikonal approximation
Three-body scattering problem :[

TR + H0 + VcT + V f T

]
Ψ(r, R) = ET Ψ(r, R)

with condition Ψ(m0) −→
Z→−∞

eiKZφn0l0m0

Eikonal approximation : factorise Ψ = eiKZΨ̂

TRΨ = eiKZ[TR + vPZ +
µPT

2
v2]Ψ̂

Neglecting TR vs PZ and using ET = 1
2µPT v2 + En0l0

i~v
∂

∂Z
Ψ̂(r, b,Z) = [H0 − En0l0 + VcT + V f T ]Ψ̂(r, b,Z)

solved for each b with condition Ψ̂(m0) −→
Z→−∞

φn0l0m0(r)
This is the dynamical eikonal approximation (DEA)
[Baye, P. C., Goldstein, PRL 95, 082502 (2005)]

Same equation as TD with straight line trajectories



Reaction models Eikonal approximation

Eikonal cross section

After some mathematical developments. . .
[Goldstein, Baye, P.C. PRC 73, 024602 (2006)]

dσbu

dEdΩ
∝

1
2l0 + 1

∑
m0

∑
lm

∣∣∣∣∣∫ ∞

0
J|m0−m|(qb) S (m0)

klm (b) bdb
∣∣∣∣∣2 ,

S (m0)
klm (b) = 〈φklm|Ψ̂

(m0)(Z → ∞)〉 are breakup amplitudes

dσbu

dEdΩ

∫
dΩ

−→
dσbu

dE

⇒Dynamical eikonal extends TD
takes into account interferences between trajectories
(sum of breakup amplitudes)



Reaction models Eikonal approximation

Usual Eikonal

i~v
∂

∂Z
Ψ̂(r, b,Z) = [H0 − En0l0 + VcT + V f T ]Ψ̂(r, b,Z)

The usual eikonal uses adiabatic approx. H0 − En0l0 ∼ 0

Ψ̂
(m0)
eik (r, b,Z) = exp

{
−

i
~v

∫ Z

−∞

dZ′
[
VcT (r, b,Z′) + V f T (r, b,Z′)

]}
φn0l0m0(r)

Easy to interpret and implement
Neglects internal dynamics of projectile

⇒ dynamical eikonal generalises eikonal



Reaction models Eikonal approximation

Example : 11Be Coulomb breakup
11Be + 208Pb→ 10Be + n + 208Pb @69AMeV

Exp. :[Fukuda et al. PRC 68, 054606 (2004)]

Eik.dpsDyn. Eik.
0 � E � 1 MeV� (degrees)

d�=d
(b/sr
)

6543210

10510410310210110010�1
Th. :[Goldstein, Baye, P.C. PRC 73, 024602 (2006)]

DEA exhibits interferences (oscillations)
Usual eikonal diverges at forward angles (adiabatic approx.)



Comparison of breakup models

15C+Pb @ 68AMeV : energy distribution

Exp.
dea
td

cdcc

E (MeV)

d
σ
b
u
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E
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b
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eV
)

543210

400

300

200

100

0

Excellent agreement between all three models
[P.C., Esbensen and Nunes, PRC 85, 044604 (2012)]

Excellent agreement with experiment
[Nakamura et al. PRC 79, 035805 (2009)]

⇒Confirms the validity of the approximations
. . . and the two-body structure of 15C



Comparison of breakup models

15C+Pb @ 68AMeV : angular distribution
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TD lacks quantum interferences
but reproduces the general trend at small θ
DEA exhibits quantum interferences
though much less time consuming than CDCC



Comparison of breakup models

15C + Pb @ 20AMeV
dσbu/dE
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TD gives trend of CDCC
(lacks oscillations)
DEA peaks too early

DEA,CDCC due to Coulomb deflection
Eikonal is a high-energy approximation
A semiclassical correction can account for the Coulomb deflection

[Fukui, Ogata, P.C. PRC 90, 034617 (2014)]



What do we learn from breakup of halo nuclei ?

And now what?

We now have models of breakup of halo nuclei
They reliably describe the reaction mechanism

What do we learn from breakup on the structure of halo nuclei ?
11Be calculated ab initio by [Calci et al. PRL 117, 242501 (2016)]
How can we test their predictions?

Studies on the sensitivity of breakup calculations to projectile
description :

[P.C. & Nunes PRC73, 014615 (2006), ibid. 75, 054609 (2007)]

We address both questions within Halo-EFT
[C. Bertulani, H.-W. Hammer, U. Van Kolck, NPA 712, 37 (2002)]

[H.-W. Hammer, C. Ji, D. R. Phillips JPG 44, 103002 (2017)]



What do we learn from breakup of halo nuclei ? Description of 11Be

Ab initio description of 11Be
NCSMC calculation of 11Be [Calci et al. 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.

PRL 117, 242501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

9 DECEMBER 2016

242501-3
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= 0.90

1
2
− bound excited state :
ε 1

2
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C 1
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− = 0.129 fm−1/2

S0p 1
2

= 0.85

Calci et al. also predict the 10Be-n phaseshift



What do we learn from breakup of halo nuclei ? Description of 11Be

10Be-n Halo-EFT potential
Replace 10Be-n interaction by effective potential 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 @ LO

Vl j(r) = V l j
0 e−

r2

2σ2

In s 1
2 fit V l j

0 to reproduce
I εnl j (known experimentally)

For l > 0 : Vl j = 0

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



What do we learn from breakup of halo nuclei ? Description of 11Be

10Be-n Halo-EFT potential
Replace 10Be-n interaction by effective potential 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 @ NLO

Vl j(r) = V l j
0 e−

r2

2σ2 + V l j
2 r2e−

r2

2σ2

In s 1
2 and p 1

2 : fit V l j
0 and V l j

2 to reproduce
I εnl j (known experimentally)
I Cnl j (predicted ab initio) [Calci et al. PRL 117, 242501 (2016)]

Vp3/2 = 0 to reproduce ab initio δ3/2− ∼ 0
For l > 1 : Vl j = 0

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



What do we learn from breakup of halo nuclei ? Description of 11Be

s1
2 : @ LO potentials fitted to ε 1

2
+

Potentials fitted to ε1s 1
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= −0.503 MeV

Ground-state wave function

r0 = 2 fm (LO)
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⇒ reaction is peripheral

[P.C. & Nunes PRC73, 014615 (2006), ibid. 75, 054609 (2007)]



What do we learn from breakup of halo nuclei ? Description of 11Be

s1
2 : @ NLO potentials fitted to ε 1
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+ and C 1
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Potentials fitted to ε1s 1
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= −0.503 MeV and C1s 1
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Ground-state wave function

Asymptotics

ab initio

σ = 2 fm

σ = 1.5 fm

σ = 1.2 fm

r (fm)

u
1s
1/
2
(f
m

−
1/
2
)

20151050

0.5

0.4

0.3

0.2

0.1

0

−0.1

−0.2

−0.3

−0.4

−0.5

s 1
2 phaseshifts

ab initio

σ = 2 fm

σ = 1.5 fm

σ = 1.2 fm

E (MeV)
δ s

1/
2
(d
eg
)

43210

0

−30

−60

−90

−120

−150

−180

Wave functions : same asymptotics but different interior
δs 1

2
: all effective potentials are in good agreement with ab initio
up to 1.5 MeV (same effective-range expansion)

Similar results obtained for p1
2 (excited bound state)



Breakup of 11Be Coulomb breakup

Coulomb breakup : 11Be+Pb→10Be+n+Pb
RIKEN : 69A MeV

Exp. (Θ < 6◦)
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σ = 1.5 fm

σ = 1.2 fm
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Exp : [Fukuda et al. PRC 70, 054606 (2004)]
Th. : [P.C., Phillips & Hammer, PRC 98, 034610]

GSI : 520A MeV
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Exp : [Palit et al. PRC 68, 034318 (2003)]
Th. : [Moschini & P.C. PLB 790 367 (2019)]

All calculations provide very similar results for all σ
despite the difference in the internal part of the wave function
⇒ reaction is peripheral [P.C. & Nunes PRC75, 054609 (2007)]

Excellent agreement with data (no fitting parameter)
⇒ confirms ab initio ANC and phaseshift



Breakup of 11Be Nuclear breakup

Nuclear breakup : 11Be+C→10Be+n+C
RIKEN : 67A MeV

Exp.
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Exp : [Nakamura et al. PRC 70, 054606 (2004)]
Th. : [P.C., Phillips & Hammer, PRC 98, 034610]
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Exp : [Palit et al. PRC 68, 034318 (2003)]
Th. : [Moschini & P.C. PLB 790 367 (2019)]

All potentials produce very similar breakup cross sections
⇒ still peripheral (even if nuclear dominated)

[P.C. & Nunes PRC 75, 054609 (2007)]

Order of magnitude of experiment well reproduced
Breakup strength missing at the 5/2+ and 3/2+ resonances

⇒ for this observable, the continuum must be better described



Breakup of 11Be Nuclear breakup

d 5
2 : potentials fitted to εres
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Identical δd 5
2

up to 1.5 MeV
up to 5 MeV for the narrow potentials (σ = 1.2 or 1.5 fm)
Excellent agreement with ab initio results up to 2 MeV
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11Be+C→10Be+n+C @ 67AMeV (beyond NLO)
Total breakup cross section
and dominant contributions
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Folded with energy resolution
[Fukuda et al. PRC 70, 054606 (2004)]

Exp.
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All potentials produce similar breakup cross sections
In nuclear breakup, resonances play significant role

[P.C., Goldstein & Baye PRC 70, 064605 (2004)]

Still, resonant breakup not correctly described
degrees of freedom [10Be(2+)] missing in the effective model

[Moro & Lay PRL 109, 232502 (2012)]
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Simulating core excitation with 3-b force
Virtual excitation of 10Be(2+)
can be simulated by 3 body force :
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3-b force can efficiently simulate 10Be excitation
[P.C., Phillips & Hammer PLB 825, 136847 (2022)]

The range in the c-T distance should equal that of VcT (3.5 fm)
I too small (R0 = 2 fm) : no effect
I too large (R0 = 6 fm) : erroneous angular distribution



Summary

Summary and prospect
Halo nuclei studied mostly through reactions
Mechanism of breakup with halo nuclei understood
To what are these reactions sensitive?
How can we relate ab initio calculations to reaction
observables?
Halo EFT : [P.C., Phillips, Hammer, PRC 98, 034610 (2018)]
Efficient way to include the significant degrees of freedom
Using one Halo-EFT description of 11Be, we reproduce
Coulomb and nuclear breakup

I 70A MeV : [P.C., Phillips, Hammer, PRC 98, 034610 (2018)]
I 520A MeV : [Moschini & P.C. PLB 790 367 (2019)]

These reactions are peripheral⇒ sensitive to ANC and phaseshifts
Agreement with data validates the ab initio predictions
Same results on 15C : [Moschini, Yang & P.C., PRC 100, 044615 (2019)]

Future :
I Extend to other nuclei (e.g., 31Ne)
I Include core excitation in Halo EFT
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