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Point Matter (rms) Radii :  Interaction Cross Section  (σI)
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Point Proton (rms) Radii :  Charge Changing Cross Section  (σcc)

Sum of all interactions 
with the protons in a 
nucleus that reduces 
the Z number.
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of the (2s1=2) orbital is observed in the ground states of
14;15B [16,17]. The effect of the odd neutron in the s orbital
is found to increase the charge radius in 11Be [10]. To
understand the effect of the s orbital versus pairing and
neutron separation energy, a study of 14;15B with an odd
proton is important.
The Borromean 17B nucleus draws special interest with

discussion of it being a two-neutron halo. This stems from
measurements of a moderately narrow momentum distri-
bution [18] and a fairly large matter radius [19,20]. The
2s1=2 orbital fraction in the ground state extracted from
these measurements ranges from 0.17 to 0.89 [18–21], all
under the assumption of the 15B core being in the ground
state. However, the 15B core has a 33% to 47% probability
of being in its 5=2− excited state [22] from the neutron
removal reaction measurement in coincidence with gamma
detection.
The boron isotopes show cluster structure development

in the antisymmetrized molecular dynamics (AMD) frame-
work. The cluster structure in 11B vanishes for the neutron
closed-shell nucleus 13B and becomes prominent again
with increasing neutron number [23]. The rms matter and
proton radii predicted from AMD [24] shows an increase in
the proton radius from 13B to 17B. The relativistic mean
field calculations [25] predict a nearly constant radius with
extremely small increase between 15B and 17B.
We report here the first proton radii measurements for

12–17B from σCC using the transmission technique. In this
method, the number (Nin) of incident nuclei AZ, before the
reaction target is identified and counted. After the target,
the nuclei with the same charge Z is identified and counted
event by event (NsameZ). The σCC is obtained from a ratio of
these counts and is defined as σCC ¼ t−1lnðRTout=RTinÞ,
where R ¼ NsameZ=Nin, T in, and Tout refer to measurements
with and without the reaction target, and t is the thickness
of the target. The experiment was performed with the

fragment separator FRS [26] at GSI, Germany. Beams of
10;14–17B and 11–13B were produced by fragmentation of
22Ne and 40Ar primary beams, respectively, interacting with
a 6.3 g=cm2 thick Be target. The isotopes of interest were
separated in flight and identified using their magnetic
rigidity (Bρ), time of flight (F2 to F4), and by the energy
loss measured in a multisampling ionization chamber
(MUSIC) [27]. The σCC was measured with a
4.010 g=cm2 thick carbon reaction target placed at the
final focus (F4) (Fig. 1). The MUSIC detector after the
reaction target counts NsameZ. The Z resolution of this
detector was σ ¼ 5.1% for boron.
Information from the detectors in the experimental setup

was used to minimize and estimate the contribution of
various sources of systematic uncertainties. Beam tracking
with time-projection chamber (TPC) detectors [28] pro-
vided a definition of the beam spot size and was used to
exclude events with large incident angles. The position
measured with the TPC after the target provided a meas-
urement of the probability that ions scatter out of the
acceptance of the MUSIC. From the latter effect, we
estimate a systematic uncertainty from 0.4 to 2.2 mb for
different boron isotopes. A veto scintillator placed right in
front of the reaction target, with a hole slightly smaller than
the target area, provided the condition for rejection of
events incident on the edge of the reaction target, as well as
for those scattered by nuclear reactions in matter upstream
of it. These events are excluded from the incident beam
selection and do not contribute to our uncertainty. The
contribution of contaminants in the incident beam selection
was estimated to be ≈2.1 mb, the ratio of the contaminant
to nucleus of interest being of the order of 5 × 10−4. Other
sources of systematic uncertainties include the numerical
method used to count NsameZ from Fig. 1(c), the back-
ground from ions that undergoes a nuclear reaction within
this detector, and uncertainty in the target thickness which
was< $0.15%. The total systematic uncertainties lie in the
range from 2.6 to 3.4 mb for different isotopes.
The measured cross sections for 10B and 11B are

762$ 10 mb and 730$ 5 mb, respectively (open triangles
in Fig. 2). However, they do not reflect the correct σCC, as
they contain effects besides direct proton removal. This is
because 9B is a proton unbound nucleus. Hence, the one-
and two-neutron removal reactions from 10;11B, respec-
tively, that are not charge-changing reactions, result in a
change in the Z number. Therefore, for 10;11B we subtract
the one- and two-neutron removal cross sections (σ−n; σ−2n)
to the final states in the residual nucleus that are proton
unbound. The σ−n were calculated in the eikonal model
framework of the coreþ neutron model of the nucleus.
Spectroscopic factors for the relevant final states of the core
were obtained from the 10Bðp; dÞ9B and 11Bðp; dÞ10B
transfer reactions [29], which used a plane wave Born
approximation (PWBA) analysis. We consider 15% uncer-
tainty in the neutron removal cross section. The difference

FIG. 1 (color online). (a) Schematic view of the experiment
setup at the FRS with detector arrangement at the final focus F4.
Identification spectrum of (b) 17B before reaction target and
(c) Z ¼ 5 after reaction target.
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σR  to  Rm Glauber Model
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Radii and exotic neutron-rich structures
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Matter distribution from 
σI and (p,p) consistent

How well does transmission technique work?
Rm : p- elastic scattering
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Sequential and simultaneous transfer

3% s-wave

45% s-wave

11Li(p,t)9Li 
@ TRIUMF

E/A ~ 3 MeV
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9Li first excited state

11Li(p,pn)10Li 
@ RIKEN

E/A = 246 MeV

Di-neutron correlation @ 
nuclear surface  r ~ 3.6 fm 

Y. Kubota et al., Phys. Rev. Lett. 
125 (2020) 252501

G. Potel et al.,  Phy. Rev. Lett. 105 (2010) 172502. 

Core (9Li) excited state :  
Evidence of phonon mediated pairing

Exchange of core-halo vibration binds the halo
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What lies behind the halo ?  -  a look at orbitals
W

av
ef

un
ct

io
n 

(p
ro

ba
bi

lit
y)

d - wave

s - wave
Distance from center  of nucleus

Coordinate Space

Momentum (MeV/c)

Pr
ob

ab
ili

ty

s - wave

d - wave

Fourier 
Transform

11Li C

n

n
9Li

I. Tanihata et al. / Progress in Particle and Nuclear Physics 68 (2013) 215–313 285

0.1

1

–200 –100 0
px (MeV/c)

100 200

dσ
/d

px
 (

m
b/

(M
eV

/c
))

0p1/2

1s1/2

Fig. 8.3. Transverse momentum (px) distribution of 10Li, reconstructed from the momenta of 9Li and the neutron measured in coincidence. Dashed
and dotted lines represent (1s1/2)2 and (0p1/2)

2 single-particle momentum distributions calculated for one of the halo neutrons in 11Li, including core
shadowing and the experimental resolution. The solid line represents the best fit to the data obtained with a 45% (1s1/2)2 contribution [154].

1000

800

600

400

–0.5 0 0.5

d
/d

 c
os

(
nf

)
θ

σ

cos( nf)θ

9Li
n2

n1

nfθ

θ

Fig. 8.4. Distribution of the decay neutrons from 10Li formed in 11Li neutron knockout reactions. The inset shows a schematic diagram of the reaction
where ✓nf is the angle between the momentum direction of 10Li and the direction of the n + 9Li relative momentum pnf . The distribution asymmetry can
be explained only if one assumes contributions from interfering s and p states in 10Li [154].

the ISAC-2 facility at TRIUMF that provides a high intensity 11Li beam up to 55 MeV [48]. The measurement was made using
a active target MAYA [47] that enabled to detect the low energy recoil tritons.

The angular distribution of 11Li(p, t)9Li reactions determined for 36.9 MeV incident 11Li is shown in Fig. 8.5. Theoretical
calculations were made including one-step as well as two-step sequential transfer processes via 10Li [48]. Curves in Fig. 8.5
show the results of the calculations. The wave function (p1/2)

2 with no n–n correlation gives very small cross sections
(dashed curve) that are far from the measured values. Also the P0 wave function, with n–n correlation but with a small
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What lies behind the halo ?  -  a look at orbitals
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Coulomb dissociation
19C+ 208Pb -> 18C + n

T. Nakamura et al., PRL 83 (1999) 1112

2s1/2
1d5/2

E/A = 67 MeV

framework of direct breakup
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Do all shells dissolve into halos ?

Neutron Skins of Nuclei,  Mainz, Germany, May 17-27, 2016 R. KanungoR. KanungoR. KanungoR. Kanungo
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N = 20, 28 shells vanish in a Borromean halo
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New & Views :Nature 459 (2009) 1069 

24O  new doubly magic nucleus

Momentum Distribution

news and views

40 Nuclear Physics News, Vol. 19, No. 3, 2009

24O: A Doubly Magic Nucleus at the Neutron-Drip Line 
Nucleon magic numbers have

formed a fundamental basis of the
nuclear shell structure for the last fifty
years. The magic numbers (N, Z = 2,
8, 20, 28, 50, 82, 126) were thought to
be invariant over the entire nuclear
chart. Recent investigations with
nuclei far from β- stability have, how-
ever, sprung a new world of surprise.
The first empirical signatures from
systematics related to nuclear binding
showed that the conventional magic
numbers disappear in very neutron- or
proton-rich regions. This does not
mean that shell structure is dissolved.
On the contrary, new nucleon num-
bers seem to show magic (or shell clo-
sure) characteristics. The first such
new shell closure was suggested at N
= 16 for neutron-rich nuclei. System-
atic trends of proton separation ener-
gies showed that the conventional Z =
8 shell closure persists in these neu-
tron-rich regions. These features sug-

gest that 24O, which is the last bound
oxygen isotope, is potentially a candi-
date for being a new doubly magic
nucleus. 

To establish 24O as doubly magic,
an international team of scientists
investigated how the neutrons in this
nucleus are arranged. The experiment
was performed at the fragment sepa-
rator FRS at GSI, Darmstadt Germany
(Figure 1). The synchrotron at GSI
was used to produce 24O at a rate of
only 3 particles per second, acceler-
ated to relativistic energy of 920A
MeV. This highly energetic beam hit
a thick block of carbon. The interac-
tion process removed a neutron from
24O. The detectors placed at the final
focal plane of the fragment separator
FRS at GSI recorded the momentum
distribution of this process. The
momentum distribution is directly
linked to the wavefunction of the neu-
tron being removed. In this way, it

was confirmed that the outermost
neutrons in 24O almost solely reside in
the s-orbital (l = 0) with no observable
occupancy in the neighboring d-
orbital (l = 2) (Figure 2). This obser-
vation therefore establishes a spheri-
cal magic number at N = 16 in 24O,
confirming suggestions for it to be a
new doubly magic nucleus at the neu-
tron drip-line. The article is published
in Phys. Rev. Lett. 102 (2009),
152501. 

For the S322 collaboration:

RITUPARNA KANUNGO

Saint Mary’s University,
Halifax, Canada

CHIARA NOCIFORO

GSI, Darmstadt, Germany

FRAGMENT SEPARATOR (FRS)

Figure 1. View of the experimental set-up at the FRS, GSI.

Figure 2. The longitudinal
momentum distribution data (circles)
for one-neutron removal from 24O.
The red (blue) curves show
theoretical predictions for the
neutron being removed from the s-
(d-) orbital.
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Evolution of orbitals :  Tensor Force

T. Myo et al., PRC (2007)

2s1/2 lowering : predicted due 
to Tensor force - 2π exchange

Tensor Optimized Shell Model

11Li8

Tensor Force in High Momentum

N = 8 shell vanishes

2s1/2

1p1/2
1d5/2

1p32

42

102
8

10He
4He

11Li
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S. Bagchi, R.K., W. Horiuchi et al. Phys. Lett. B (2019)

S. Kaur, R.K., W. Horiuchi et al. Phys. Rev. Lett. (2022) 

21N,  22O : Dip in Rp directly shows effect 
of  tensor force for N = 14 new shell gap
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Proton p1/2 more strongly 
bound -> Smaller Rp.  & 
Z = 6 gap reduced 

Neutron  d5/2 more 
strongly bound -> Smaller 
Rm.  & N = 14  gap

Monopole Tensor Interaction νd3/2

πd5/2p(j< = l-1/2) - n(j>=l+1/2) attractive
p(j> =l+1/2) -  n(j> =l+1/2) repulsive

T. Otsuka et al., Phys. Rev. Lett. 2005

Evolution of orbitals :  Tensor Force
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Evolution of orbitals :  Three Nucleon Force

Three-nucleon force

Drip-line at N = 16 in O isotopes

T. Otsuka et al., 2010

T. Tsunoda et al., 2017

Structure of light nuclei with ab initio methods

�Ab initio approach : Fundamental interactions among nucleons

(1)  Green¶V FXncWion MonWe Carlo (GFMC) (Pieper et al. PRC, 66:044310, 2002)

(2)  No-core shell model (NCSM), No-core shell model/Resonating group (NCSM/RGM), 
No-core shell model with continuum (NCSMC) (Navratil et al. PRC, 62:054311, 2000)

(3) Coupled-cluster method (Hagen et al. PRL,101:092502,2008)
(4) Nuclear lattice effective field theory (Epelbaum et al. PRL, 106:192501, 2011)

9 All the nucleons are active
9 NN and 3N potential are used as input
9 𝐻 ൌ 𝑇 ൅ 𝑉ேே ൅ 𝑉ேேே

Van Kolck
et al.  
PRC V59 53
1999

Two-nucleon force           Three-nucleon force
(2NF)                                          (3NF) 
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Three-nucleon force essential for 
binding

repulsive effect

N = 20
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10C+p  scattering : probing the nuclear force

10C(p,p) dσ/dΩ has strong sensitivity to the nuclear force.

NNLOsat force explains shape of dσ/dΩ   but fails in magnitude.

Ecm = 4.16 MeV @ TRIUMF

42
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p p

α α

A. Kumar,  R.K., A. Calci, P. Navratil et al.
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Equation of state of asymmetric nuclear matter

Models for EOS differ widely 
for asymmetric nuclear matter

Gandolfi et al. (2013)

NN only

NN + 3N

EOS predictions vary for 
nuclear force prescriptions

K.Iida and K. Oyamatsu, Prog. Theor. Phys. 109(2003)631

Symmetry Energy is poorly constrained
� 

δ =
ρn −ρ p

ρe = energy per particle

mazury˙skin˙NEW˙v02 printed on February 22, 2012 3
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Fig. 1. (Color online) The neutron skin thickness in 208Pb calculated in various
models plotted as a function of the ratio J/Q of the symmetry energy at saturation
to the surface stiffness coefficient (left) and the slope of symmetry energy coefficient
L (right).

where ε = (ρ0 − ρ)/(3ρ0). While the symmetry energy at saturation J =
csym(ρ0) is constrained by the empirical information to be around 32 MeV
[10, 11, 12, 13], the predictions for the slope L = 3ρ∂csym(ρ)/∂ρ|ρ0 and the
curvatureKsym = 9ρ2∂2csym(ρ)/∂ρ2|ρ0 parameters are varying substantially
among the different theoretical models [14].

The neutron skin thickness defined as the difference of the neutron and
the proton rms radii

∆rnp ≡ 〈r2〉1/2n − 〈r2〉1/2p (3)

is described in the droplet model [15] by the formula

∆rnp =

√

3

5

[

t−
e2Z

70J
+

5

2R

(

b2n − b2p
)

]

. (4)

Hadron  
Physics

Nuclear 
 Physics

Astronomy

Grav. 
Waves
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Correlation differs for RMF and ab initio frameworks

132Sn

J.Piekarewicz
J.D. Holt & B. Hu

R. Kanungo

Neutron Skin : EOS - Symmetry energy 

Neutron skin is strongly correlated with L

J. Piekarewicz
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Determine Rskin of rare isotopes

Ab initio calculations have now reached predictions of Rskin for 208Pb
B. Hu et al. 
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Neutron skin (PREX & CREX  @ JLab)  :   Symmetry energy 

Reed et al., PRL (2021)

Rare isotopes with thicker skins will be more sensitive constraints on ‘L’

Parity violating electron scattering

D. Adhikari et al.,  PRL 128 (2022)142501

48Ca neutron skin

CREX
Reaction Cross Section
Dipole Polarizability } Agree

 CREX finds thin neutron skin  

Lower value of L

 PREX value of neutron skin of 208Pb 
is higher than other measurements

 Higher  value of L  - Stiffer EOS
D. Adhikari et al.,  Phys. Rev. 
Lett. 126 (2021) 172502
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Summary

Few-body correlations emerge in many-body neutron-proton asymmetric nuclei.
Nuclear Halos -  Core + halo neutron correlation

Nuclear shells changes are related to these new structures.
Known shells @ N = 8, 20, 28 disappear

Nuclear force needs to be better understood
Rare isotope scattering shows strong sensitivity to various three-nucleon forces

New Shells appear @  N = 16

New generation facilities bring access to exotic high mass rare isotopes

FRIB- MSU
ARIEL- TRIUMF

Reactions of rare isotopes reveal new features - changing the conventional knowledge
High energy reactions produce rare isotopes

Future possibility :  high energy colliding beams for rare isotopes?
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