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In 1997 Kuo et al predicted that in halo nuclei core polarization would be suppressed, 
and that  the fundamental nucleon-nucleon interaction could be probed in a clearer 
and more direct way in halo nuclei than in ordinary nuclei….

T.T.S. Kuo et al,
PRL 78 (1997) 2708 
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The admixture of d5/2 x 2+ configuration
in the 1/2+ g.s. of 11Be is about 15%

… But experiments demonstrated that the core dynamics plays an important role…
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A  careful analysis of transfer reactions is needed 
to estimate phonon admixtures in the wavefunctions   
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Fig. 7. Theoretical angular distributions calculated under the DWBA obtained with single-particle
SE form factors for states in 10Be. The points are the experimental angular distributions.

calculation. The largest-angle points were not used in the extraction of spectroscopic
factors in Ref. [21], neither are they so used in the present paper.

5. Analysis of angular distributions

5.1. Optical-model potentials

Different combinations of optical potentials for the entrance and exit channels have been
tried in the calculations presented below, in order to test the sensitivity of the extracted
spectroscopic factors to the input parameters. All the optical potentials used in the present
analysis have the standard Woods–Saxon or Woods–Saxon derivative form.
For the entrance channel, three principal optical potentials have been used. The most-

recent global nucleon–nucleus optical parameterisation is the “CH89” one of Varner et
al. [44]. This has dependences on energy, mass and isospin, adjusted for a range of stable
nuclei from masses A = 40 to 209. However, data from recent proton elastic scattering
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1. Introduction

The nucleus 11Be is of especial interest for several reasons. As is well known, the
ground-state spin parity is 1/2+ in contradiction to the simple shell model and spherical
Hartree–Fock prediction of 1/2−. This “parity inversion” is correctly predicted by, for
example, recent psd-shell calculations of Brown [1]. The 2s1/2 intruder orbital is lowered
by the noncentral part of the particle–hole interaction [2]. Moreover, 11Be is often regarded
as the classic one-neutron halo nucleus: the small single-neutron separation energy of
505 keV together with an assumed s-wave nature of the valence neutron leads to a very
extended spatial distribution [3,4].
Several calculations of the 11Be ground-state structure have been performed. The

theoretical approaches include: the shell model [5,6], the variational shell model [7], the
Generator Coordinate model [8], and coupling of the neutron with a vibrational [9–11] or
rotational core [12,13]. Most of these models correctly reproduce the parity inversion and
high-energy reaction data, but make very different predictions about the degree of coupling
of an s1/2 neutron to the 10Be 0+ ground-state core relative to a d5/2 neutron coupled to
a 2+ excited core (the first excited state of 10Be at 3.368 MeV).
A direct test of the models for the structure of 11Begs may be made by measuring the

relative cross sections of one-neutron pick-up reactions feeding the 0+ and 2+ states
of 10Be. Transfer cross sections depend on the overlap between the wave functions
of the initial and final states through the radial neutron form factors ulj (r). Standard
distorted wave Born approximation (DWBA) analyses assume that these form factors are
proportional to single-particle wave functions U

sp
lj (r), so that one may calculate cross

sections independently of any prior assumption about the structure of initial and final states,
apart from an overall normalisation factor. The latter is the spectroscopic factor, which is
defined as the product of the overlap integral

∫
u2lj (r)r

2 dr and a factor (n+ 1) [14], where
n in the present case is the neutron occupation number of the 2s1d shell in 10Be. If one
expresses the wave function of the 1/2+ 11Be ground state as the sum of the single-particle
and core excited components

∣∣11Begs
〉
= α

∣∣10Be
(
0+)

⊗ 2s
〉
+β

∣∣10Be
(
2+)

⊗ 1d
〉
, (1)

the spectroscopic factors S(0+) and S(2+) for transfer to the ground and first excited
state of 10Be should be directly related to α2 and β2, respectively, assuming negligible
population of the 2s1d orbitals by 10Be core neutrons. 2 Table 1 gives spectroscopic factors
deduced from the various models cited above. These spectroscopic factors vary widely. For
example, the standard Shell Model [5,6] predicts S(0+) = 0.74 and S(2+) = 0.19, while

2 Strictly speaking, α and β should be equal to the fractional parentage coefficients, the squares of which add
up to unity. The relation between these and spectroscopic factors is given in Appendix A and Ref. [14].

Good agreement with 2+ cross sections is obtained 
in DWBA with β2 = 0.17 considering the coupling effects on 
the transfer form factor;  using β as a simple spectroscopic
factor one finds β2 = 0.28



Typical spherical 
mean-field results
with Skyrme forces
(Sagawa,Brown,Esbensen 
PLB  309(93)1)

Parity inversion in N=7 isotones is not reproduced by spherical mean field 
obtained from non relativistic energy density functionals.     
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N=7 isotones 
F. Barranco et al., 
PRL 119 (2017) 
082501
PRC 101 (2020)
031305(R)

The parameters of the mean field are adjusted
to reproduce the s.p. levels after 
renormalization processes have been 
 calculated



11Be within NCSMC:  
Discrimination among chiral nuclear forces 
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11Be with NCSMC
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9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold
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PVC Ab Initio

The description of the experimental results from     
complementary approaches can be of great interest 11Be

F. Barranco et al., PRL 119 (2017) 082501
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FIG. 4. (a-c) (continuous curve) Absolute di↵erential and (insets) summed cross sections associated with the reactions 2H(10Be,11Be)1H at
E=107 MeV, populating the 1/2+, 1/2�, and 5/2+ states. The experimental data [6] are displayed in terms of solid dots. (d) Same as before,
but for the reaction 1H(11Be,10Be)2H at E=388.3 MeV, populating the 2+ state [3].
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10Be(d,p)11Be   at Ed = 21.4 MeV
Test of the single-particle component  of the many-body wavefunction
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Lattice Effective field theory  

S. Shen et al,  134, 162503 (2025)



Comparison with the model by Ikeda, Myo et al. 

K. Ikeda et al,
Lect. Notes in Physics 818 (2010) 

The p1/2 orbit is pushed up by 
pairing correlations
and tensor force. Only 3/2-  
configurations
are included: coupling to core 
vibrations (1/2-) is
not considered. Binding energy is 
given  as input. 50%(s2)-50%(p2) 
wavefunction is obtained

the superposition of minima (a) and (b), named as (c), to obtain a 9Li wave
function including the tensor and pairing correlations, simultaneously. For (c), the
favored two configurations in each minimum (a) and (b) are still mixed with the
0p–0h one, and the property of the tensor correlation is kept in (c). The superposed
9Li wave function possesses both the tensor and pairing correlations.

5.5.4 Pauli-Blocking Effect in 11Li

We discuss here the Pauli-blocking effect in 11Li and 10Li. Considering the
properties of the configuration mixing of 9Li, we discuss the Pauli-blocking effects
in 10Li and 11Li and their difference as shown in Fig. 5.21. For (a) in Fig. 5.21, the
9Li ground state (GS) is strongly mixed, in addition to the 0p–0h state, with the
2p–2h states caused by the tensor and pairing correlations.
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10Li and the 9Li(d,p)10Li reaction  
F. Barranco et al,
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11Li correlated wave function

11Li
F. Barranco et al. EPJ A11 (2001) 385 



Unique information:
angular distribution associated with 
the excited state of the  9Li core 

Probing 11Li halo-neutrons 
correlations

via (p,t) reaction

I. Tanihata et al, PRL 100 (2008) 192502



G. Potel et al., PRL 105 (2010) 172502

This calculation should be
repeated by other groups!

Calculation of absolute two-nucleon transfer cross section 
                      by finite-range  DWBA calculation 

Essential component to populate 
the excited state of the core 
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Fig. 4. 11Li(ℏ, 𝑉)9Li cross sections. The solid lines are obtained with the 11Li+p
potential of Ref. [15] and the dashed lines with the KD03 global potential. The 
dotted line corresponds to the 11Li overlap integral without core excitation. The 
three-body calculation of Ref. [15] is shown in blue and is labeled as ‘3B’. The 
data are taken from Ref. [11].

non-microscopic approach involves a 9Li + n potential which is poorly 
known, in contrast with the present model where the 11Li wave functions 
and overlap integrals are derived from a nucleon-nucleon interaction.

The potential of Ref. [37] is obtained from a CDCC calculation in-
volving the 11Li breakup, and is expected to be more reliable than the 
global parametrization of KD03 (dashed line in Fig. 4) which is fitted at 
higher energy and on heavier nuclei. It is, however, widely used since 
many nucleon-nucleus optical potentials are not accurately known. A 
measurement of the elastic cross section at the same energy would be 
welcome in the determination of the transfer cross section.

The 11Li(ℏ, 𝑉)9Li∗ cross section is smaller than the ground state con-
tribution, as expected from experiment and from the different overlap 
integrals (see Fig. 3). In the angular range 60◦ < 𝜎 < 120◦, the calcula-
tion is consistent with experiment. At small angles, however, the behav-
ior is different. The data present a fast decrease for 𝜎 < 60◦ whereas the 
semi-microscopic cross section weakly depends on the angle.

6. Energy dependence of the cross sections

For both considered reactions, data are available at a single energy. 
To investigate the energy dependence we show in Fig. 5 the cross section 
at 𝜎 = 0◦ in the energy interval 𝐵c.m. < 25 MeV. We indicate by arrows 
the experimental energies. As found in the Ref. [15] in a non microscopic 
description of 11Li, the energy adopted in Ref. [11] nearly corresponds 
to the maximum cross section. For the 6He(ℏ, 𝑉)4He reaction, however, 
the cross section is predicted to increase at lower energy. The maximum 
is found near 𝐵c.m. ≈ 8 MeV, i.e. at 𝐵lab ≈ 56 MeV. In both reactions the 
data availability at other energies would be a valuable test of the model. 
Two-neutron transfer cross sections on other halo nuclear such as 14Be 
would also be welcome.

7. Conclusion and outlook

This paper explores the structure of halo nuclei, such as 6He and 11Li, 
through (ℏ, 𝑉) reactions, which offer insights into their spectroscopic 
properties. We employ a semi-microscopic model using the Resonating 
Group Method (RGM) to calculate overlap integrals, incorporating the 
Pauli principle and allowing for core excitations. This approach does 

Fig. 5. 6He(ℏ, 𝑉)4He and 11Li(ℏ, 𝑉)9Li cross sections at 𝜎 = 0◦ as a function of 
energy. For 11Li(ℏ, 𝑉)9Li the dashed line corresponds to the 9Li excited state.

not contain any fitting parameter, and is particularly suitable for halo 
nuclei due to their core + neutron + neutron structure.

The RGM generates microscopic overlap integrals used as input for 
calculating (ℏ, 𝑉) cross sections within the Distorted Wave Born Ap-
proximation (DWBA). The model is applied to both 6He(ℏ, 𝑉)4He and 
11Li(ℏ, 𝑉)9Li reactions. For 6He, the calculated cross section reasonably 
matches experimental data, although it overestimates values at small 
angles. The results demonstrate a low sensitivity to the choice of the 
6He+p optical potential.

In the case of 11Li, the model predicts both the ground state and 
excited state contributions to the cross section. The spectroscopic fac-
tors for 11Li are calculated for various channels, revealing the dominant 
role of the 9Li ground state configuration. The 11Li(ℏ, 𝑉)9Li cross section 
calculations are compared to experimental data, showing reasonable 
agreement. The inclusion of core excitations and the use of microscopic 
overlap integrals within the RGM framework offer a valuable tool for 
investigating the structure of halo nuclei through (ℏ, 𝑉) reactions.

The dependence of the cross section at 𝜎 = 0◦ has been analyzed, 
and suggests that the 6He(ℏ, 𝑉)4He cross section could be larger and at 
energies (𝐵lab ≈ 50 MeV). Generally speaking, measurements at other 
energies would be useful to assess theoretical models.

The present model goes beyond traditional DWBA calculations, 
where the projectile and residual-nucleus wave functions are described 
in the simple potential model, neglecting the internal structure. Of 
course a fully microscopic approach would be desirable, but is currently 
not feasible, essentially for two reasons: (𝜃) we are considering weakly 
bound halo nuclei and a scattering model should include these proper-
ties. A microscopic cluster study of 6He and of 11Li is possible [26], but 
is very demanding in terms of computer capabilities. Adding an incident 
particle means that a double angular-momentum projection is necessary 
which would still considerably increase the computer times. (𝜃𝜃) More 
important, a reaction such as 11Li+p , even at low energies, presents 
many open channels which cannot be accounted for in a microscopic 
theory. The use of optical potentials, which simulate the absorption to 
these open channels, is therefore unavoidable.
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Fig. 4. 11Li(ℏ, 𝑉)9Li cross sections. The solid lines are obtained with the 11Li+p
potential of Ref. [15] and the dashed lines with the KD03 global potential. The 
dotted line corresponds to the 11Li overlap integral without core excitation. The 
three-body calculation of Ref. [15] is shown in blue and is labeled as ‘3B’. The 
data are taken from Ref. [11].

non-microscopic approach involves a 9Li + n potential which is poorly 
known, in contrast with the present model where the 11Li wave functions 
and overlap integrals are derived from a nucleon-nucleon interaction.

The potential of Ref. [37] is obtained from a CDCC calculation in-
volving the 11Li breakup, and is expected to be more reliable than the 
global parametrization of KD03 (dashed line in Fig. 4) which is fitted at 
higher energy and on heavier nuclei. It is, however, widely used since 
many nucleon-nucleus optical potentials are not accurately known. A 
measurement of the elastic cross section at the same energy would be 
welcome in the determination of the transfer cross section.

The 11Li(ℏ, 𝑉)9Li∗ cross section is smaller than the ground state con-
tribution, as expected from experiment and from the different overlap 
integrals (see Fig. 3). In the angular range 60◦ < 𝜎 < 120◦, the calcula-
tion is consistent with experiment. At small angles, however, the behav-
ior is different. The data present a fast decrease for 𝜎 < 60◦ whereas the 
semi-microscopic cross section weakly depends on the angle.

6. Energy dependence of the cross sections

For both considered reactions, data are available at a single energy. 
To investigate the energy dependence we show in Fig. 5 the cross section 
at 𝜎 = 0◦ in the energy interval 𝐵c.m. < 25 MeV. We indicate by arrows 
the experimental energies. As found in the Ref. [15] in a non microscopic 
description of 11Li, the energy adopted in Ref. [11] nearly corresponds 
to the maximum cross section. For the 6He(ℏ, 𝑉)4He reaction, however, 
the cross section is predicted to increase at lower energy. The maximum 
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Second order DWBA 







A.H. Wuosmaa et al., NIM A580 (2007) 1280



pdt
𝛼

B𝜌

dE/dx

g. s.

3.368 MeV

7.27 MeV

Ø Energy resolution ~ 700 keV
Ø Simultaneous measurement of 

(d,p) (d,t) and (d,d’) reactions 
with ~100 pps beam within one 
week! 

Ø Open wide opportunities in the 
future with weak exotic beams

ØCluster structure in 10Be g.s. has been confirmed by
cluster knockout reaction.

Ø10Be(d,d’)10Be
AT-TPC Filled with D2: 600 Torr
10Be beams @ 9.1 MeV/u
2000 pps
SOLARIS field: B=3 T

Cluster structure in 10Be  and dipole excitations

J. Chen, Y, Ayyad et al. Phys. Rev. Lett. 134, 012502 (2025).

P. J. Li et al.,Phys. Rev. Lett. 131, 212501 (2023)

23/22Jie Chen, HALO40

𝛼+𝛼+n+n 4-body
cluster structure



One-neutron removal reaction on 12Be

Neutron removal reaction12Be(p,d)11Be

• 12Be(p,d)11Be measurement
•Configuration mixing in the psd shell
•Occupancy in the 1s1/2,0p1/2, 0d5/2 of the 12Be g.s.

24/22
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-- Howmuch core excitations in 12Be g.s.?

Two-neutron removal reaction on 12Be

g.s. 0+ 3.37 MeV 2+ 5.95 MeV 2+

g.s.
0+

3.37 2+

5.95 2+

12Be(p.t) excite the g.s. and low-lying state of 10Be.
ØThe g.s. and first 2+ state was populated.
ØThe second 2+ state at ~6 MeV was strongly

populated.



New measurement of dipole resonance of 11Li

26/22Jie Chen, HALO40

-- Proton inelastic scattering of 11Li with AT-TPC+S800
11Li + p → 11Li* + p' → 9Li + 2n + p'

*Penetrability not 
included in the fit.

We obtain here*:
E0 = 0.965 ± 0.047 MeV
Γ   = 1.743 ± 0.092 MeV

We can compare with
a previous result:
E0 = 0.80 ± 0.02 MeV
Γ   = 1.15 ± 0.06 MeV

1E+4 pps, ~53.4 MeV/u, 11Li beam

Target: AT-TPC filled with:

A) H2@600Torr

B) 90%H2+10%CF4@700Torr

The S800 spectrograph beamline at FRIB

Courtesy: Yassid Ayyad





Needs for a “novel” TPC design

One and two nucleon transfer reactions (t,p) and (3He,d) and 
(3He,p)

• Isoscalar np pairing
• Giant Pairing Vibrations (GPV)
• Pairing correlations
• Shape co-existence
• Astrophysics

Search for exotic BSM standard physics.

Charge exchange reactions (t,3He)

Efficient determination of excitation functions
• Resonant scattering
• Transfer reactions as a function of 

bombarding energy

25

Increase TPC ‘s rate capabilities and use rare/hazardous 
gases



F. Cappuzzello et al., Nat. Comm. 6 (2015) 6743

Several unsuccessful experimental searches 
have been carried out over the years , but recently  
a bump has been detected at E* ≈ 16 MeV  
in the reaction 12C(18O,16O)14C at Elab = 84 
and 275 MeV and interpreted as a signature of GPV

0+

F. Barranco et al., PRL 134 (2025) 062501

A new theoretical calculation of the 
pair strength function (no cross sections yet!) 



We cannot compute two-neutron transfer cross sections, and for the moment 
we limit ourselves to pairing strengths 


