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• What new features emerge with neutron-proton asymmetry ? 
New structures -   Halo,  Skin
New Excitation modes
Change of shells

Three-body force
Pairing Interaction

Tensor force

Nucleosynthesis  (Talk : Hendrik Schatz)
Structure information needed to constrain reaction rates
Equation of state of asymmetric nuclear matter 

• What is the nature of the nuclear force ?

• How do rare isotopes shape our Universe ?

R. Kanungo

Why explore the rare isotopes ?
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• Rare isotopes test fundamental symmetries 
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Rare Isotopes Facilities

s

ISOL

In-flight

Projectile fragmentation

Under development

De-commissioned

RAON
HIAF

Isotope Separator Online (ISOL) In-flight - Projectile Fragmentation

ISOL facility 

Courtesy : H. Sakurai
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State-of-the-art instruments peek into rare isotpes
Fragment Separators Mass Measurements

γ- spectroscopy

High resolution charged particle spectroscopy
HELIOS (ANL),  Isolde Solenoidal Spectrometer (CERN), SOLARIS (FRIB)

BigRIPS (RIKEN),  FRS (GSI), ARIS+A1900 (FRIB)

High Luminosity Targets
Active Targets : MAYA,ACTAR (GANIL), AT-TPC (FRIB), 
TEXAT (TAMU), SpecMAT (Leuven), MAIKo (Kyoto/RCNP) 
Solid H2 Target : IRIS (TRIUMF)
Liquid H2 Target : MINOS (RIKEN)

Penning Traps: TITAN (TRIUMF), ISOLTRAP (CERN), CPT (ANL), 
LEBIT(FRIB), JYFLTRAP (Jyväskylä)

Storage Ring: ESR (GSI), Rare-RI Ring (RIKEN), HIRFL-CSR (Lanzhou)

MR-TOF :  RIKEN, GSI,  TRIUMF

High Rigidity Spectrometers & Mass Separators
High Rigidity Spectrometers : SAMURAI (RIKEN), GLAD-R3B (GSI/
FAIR), S800 (FRIB)
Mass Separators/Spectrometers  : DRAGON, EMMA (TRIUMF), 
SECAR (FRIB), SHARAQ (RIKEN)

High Resolution : GRETINA/GRETA, CLARION  (USA), AGATA 
(Europe), GRIFFIN, TIGRESS (Canada)
High Efficiency : DALI2 (RIKEN)

Laser Spectroscopy
COLLAPS, CRIS (CERN), 
BECOLA (FRIB)

IUPAP WG9 Nuclear Science Symposium, June 14-15, Washington, USA

Neutron detectors
MoNA (FRIB), NeuLAND (GSI), NEBULA 
(RIKEN), BELEN (Europe), VANDLE (FRIB), 
DESCANT (TRIUMF), TexNEUT (TAMU)
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Hunt for the nuclear landscape boundary

Neutron drip-line established for F and Ne

31F

34Ne

D. Ahn et al., Phys. Rev. Lett. 123 (2019) 212501 

Drip line @ 31F signals it is deformed

@ RIKEN - BigRIPS
39Na is bound !

39Na

Model predictions have a wide 
variation in predicting the drip-line

O. B. Tarasov et al., Phys. Rev. Lett.  121 (2018) 022501 
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Neutron balloon in neutron-rich nuclei

Neutron-rich 
nuclei

Stable nuclei

Stable NucleusNeutron SkinNeutron Halo

~ 20 MeV ~ 0.3 MeV

N/Z >> 1

Sn << Sp Fermi-levels of neutrons 
and protons are similar.

~ 8 MeV

N/Z ~ 1-1.5

Sn ≈ Sp

SnSp

Borromean two-neutron halos
Core+n+n
One-neutron halos
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Weak binding & n-p 
Fermi level difference
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νd3/2

πd5/2

attractive
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Exotic phenomena & nuclear force

N. Tsunoda et al., 
Phys. Rev. C (R) 2017

Three-nucleon force

Tensor force

Deformation

Pairing Interaction

p(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

N. Tsunoda, T. Otsuka, K. Takayanagi et al., Nature, 2020
F to Mg : Strongly correlated valence neutrons -> 
ellipsoidal shape saturation marks the drip-line 
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Neutron drip-line in O isotopes

N = 20



Neutron Halo features  & 
Disappearance of known nuclear shell gaps
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11Li : Halo n-n correlation

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

@ RIKEN-SAMURAI

Y. Kubota, A. Corsi, G. Authelet et al., Phys. Rev. Lett. 125 (2020) 25250111Li(p, pn)10Li

E/A = 246 MeV

Di-neutron localized at the surface 
i.e. Core - nn distance of ~ 3.6 fm 

n

n9Li
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composed of a 15-cm-thick liquid hydrogen target coupled
to a cylindrical time projection chamber (TPC) to determine
the reaction vertex [36], was installed. The reaction vertex
in the target was determined with an uncertainty of 6 mm at
the full width at half maximum (FWHM) using a combi-
nation of the trajectory information of the incident 11Li
beam and the recoil proton.
After a ðp; pnÞ reaction, the target proton (recoil proton)

and one of the valence neutrons of 11Li (knockout neutron)
were scattered at large polar angles centered at approx-
imately 45°. Then a recoil particle detector (RPD) was
installed on the right-hand side of the beam line to detect
the recoil proton scattered to θp ¼ 30°–65° in the labo-
ratory frame. A large momentum transfer of > 1.5 fm−1,
which is much larger than the typical two-neutron momen-
tum in 11Li of 0.1 fm−1 [12], was selected to ensure a clean
quasifree knockout reaction condition. The RPD was
composed of a multiwire drift chamber and a plastic
scintillator hodoscope, which measured the scattering angle
and the time of flight, respectively. The momentum vector
of the recoil proton at the reaction vertex was reconstructed
by considering the energy loss. The neutron detector array
WINDS [37] was installed on the left-hand side of the beam
line (−60° < θn < −25°). WINDS measured the scattering
angle and the time of flight of the knockout neutron. An
unbound reaction residue 10Li was emitted in the very
forward direction but immediately decayed into the heavy
fragment 9Li and another neutron. These momenta were
analyzed by a SAMURAI spectrometer [38,39] and the
neutron detector array NEBULA [40], respectively.
The reaction channel of 11Liðp; pnÞ10Li$ → 9Liþ n was

identified by detecting all particles in the final state. The
missing momentum k, which is the initial momentum
vector of the knockout neutron in the beam rest frame,
is derived as

k ≔ kn1 ¼ k0n1 þ k0p − kp; ð1Þ

where ki and k0i represent the momentum vectors of particle
i [n1: knockout neutron, p: target (recoil) proton] in the
initial and final states, respectively.
Following Refs. [24,25], the correlation angle θnf is

defined as

cos θnf ¼
K0 · k
jK0jjkj

; ð2Þ

K0 ¼ k0n2 − k0f ; ð3Þ

where k0n2 and k0f represent the momentum vectors of the
decay neutron and the heavy fragment 9Li, respectively.
The relative energy Erel was obtained by subtracting the

sum of the decay neutron and the heavy fragment 9Li
masses from the invariant mass of 10Li.

The acceptance and efficiency of the setup were evalu-
ated by GEANT4 [41,42] simulations. The overall accep-
tance is 0.6%, which is limited mainly by the azimuthal
angle coverage of RPD and WINDS. The average reso-
lutions on the missing momentum k and the correlation
angle θnf are 0.17 fm−1 (FWHM) and 12° (FWHM),
respectively.
Figure 2 shows the cross section as a function of k for

three different ranges of the relative energy Erel. The
theoretical curves show that the calculated distribution
shapes for different angular momentum components are
quite distinct. Hence, the calculations according to the
distorted-wave impulse approximation (DWIA) [30] can be
fitted to the measured k distribution to determine each
multipole component. Table I summarizes the two-neutron
configurations of ð1sÞ2, ð0pÞ2, and ð0dÞ2 considered for the
fitting and their integrated fractions. Including the contri-
butions from f and higher orbits did not change the fitting
result.
The fitting was performed for each 9Liþ n relative

energy bin. Figures 2(a) and 2(b) show the results of the
fitting for 0 ≤ Erel < 0.5 MeV and 2.0 ≤ Erel < 3.0 MeV
where the 1s and 0p components dominate, respectively.
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FIG. 2. Missing momentum k distribution for
(a) 0 ≤ Erel < 0.5 MeV, (b) 2.0 ≤ Erel < 3.0 MeV, and (c) all
data. Horizontal and vertical axes show the missing momentum
of the knockout neutron and the differential cross section,
respectively. Black dotted curve represents the experimental
acceptance. Red, green, and blue solid curves represent DWIA
calculations for s, p, and d waves, respectively. Black thick solid
lines represent the fitting result. Four orange colored areas (i)–
(iv) represent regions with characteristic angular momentum
distributions. See text for details.
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FIG. 2. Missing momentum k distribution for
(a) 0 ≤ Erel < 0.5 MeV, (b) 2.0 ≤ Erel < 3.0 MeV, and (c) all
data. Horizontal and vertical axes show the missing momentum
of the knockout neutron and the differential cross section,
respectively. Black dotted curve represents the experimental
acceptance. Red, green, and blue solid curves represent DWIA
calculations for s, p, and d waves, respectively. Black thick solid
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2s1/2 : 35(4)%
1p1/2 : 59(1)%
1d5/2 : 6(4)% N = 8 shell vanishes

2s1/2

1p1/2
1d5/2

1p32
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T. Myo et al., PRC (2007)

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

Tensor Optimized Shell Model

composed of a 15-cm-thick liquid hydrogen target coupled
to a cylindrical time projection chamber (TPC) to determine
the reaction vertex [36], was installed. The reaction vertex
in the target was determined with an uncertainty of 6 mm at
the full width at half maximum (FWHM) using a combi-
nation of the trajectory information of the incident 11Li
beam and the recoil proton.
After a ðp; pnÞ reaction, the target proton (recoil proton)

and one of the valence neutrons of 11Li (knockout neutron)
were scattered at large polar angles centered at approx-
imately 45°. Then a recoil particle detector (RPD) was
installed on the right-hand side of the beam line to detect
the recoil proton scattered to θp ¼ 30°–65° in the labo-
ratory frame. A large momentum transfer of > 1.5 fm−1,
which is much larger than the typical two-neutron momen-
tum in 11Li of 0.1 fm−1 [12], was selected to ensure a clean
quasifree knockout reaction condition. The RPD was
composed of a multiwire drift chamber and a plastic
scintillator hodoscope, which measured the scattering angle
and the time of flight, respectively. The momentum vector
of the recoil proton at the reaction vertex was reconstructed
by considering the energy loss. The neutron detector array
WINDS [37] was installed on the left-hand side of the beam
line (−60° < θn < −25°). WINDS measured the scattering
angle and the time of flight of the knockout neutron. An
unbound reaction residue 10Li was emitted in the very
forward direction but immediately decayed into the heavy
fragment 9Li and another neutron. These momenta were
analyzed by a SAMURAI spectrometer [38,39] and the
neutron detector array NEBULA [40], respectively.
The reaction channel of 11Liðp; pnÞ10Li$ → 9Liþ n was

identified by detecting all particles in the final state. The
missing momentum k, which is the initial momentum
vector of the knockout neutron in the beam rest frame,
is derived as

k ≔ kn1 ¼ k0n1 þ k0p − kp; ð1Þ

where ki and k0i represent the momentum vectors of particle
i [n1: knockout neutron, p: target (recoil) proton] in the
initial and final states, respectively.
Following Refs. [24,25], the correlation angle θnf is

defined as

cos θnf ¼
K0 · k
jK0jjkj

; ð2Þ

K0 ¼ k0n2 − k0f ; ð3Þ

where k0n2 and k0f represent the momentum vectors of the
decay neutron and the heavy fragment 9Li, respectively.
The relative energy Erel was obtained by subtracting the

sum of the decay neutron and the heavy fragment 9Li
masses from the invariant mass of 10Li.

The acceptance and efficiency of the setup were evalu-
ated by GEANT4 [41,42] simulations. The overall accep-
tance is 0.6%, which is limited mainly by the azimuthal
angle coverage of RPD and WINDS. The average reso-
lutions on the missing momentum k and the correlation
angle θnf are 0.17 fm−1 (FWHM) and 12° (FWHM),
respectively.
Figure 2 shows the cross section as a function of k for

three different ranges of the relative energy Erel. The
theoretical curves show that the calculated distribution
shapes for different angular momentum components are
quite distinct. Hence, the calculations according to the
distorted-wave impulse approximation (DWIA) [30] can be
fitted to the measured k distribution to determine each
multipole component. Table I summarizes the two-neutron
configurations of ð1sÞ2, ð0pÞ2, and ð0dÞ2 considered for the
fitting and their integrated fractions. Including the contri-
butions from f and higher orbits did not change the fitting
result.
The fitting was performed for each 9Liþ n relative

energy bin. Figures 2(a) and 2(b) show the results of the
fitting for 0 ≤ Erel < 0.5 MeV and 2.0 ≤ Erel < 3.0 MeV
where the 1s and 0p components dominate, respectively.
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FIG. 2. Missing momentum k distribution for
(a) 0 ≤ Erel < 0.5 MeV, (b) 2.0 ≤ Erel < 3.0 MeV, and (c) all
data. Horizontal and vertical axes show the missing momentum
of the knockout neutron and the differential cross section,
respectively. Black dotted curve represents the experimental
acceptance. Red, green, and blue solid curves represent DWIA
calculations for s, p, and d waves, respectively. Black thick solid
lines represent the fitting result. Four orange colored areas (i)–
(iv) represent regions with characteristic angular momentum
distributions. See text for details.
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masses from the invariant mass of 10Li.
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ated by GEANT4 [41,42] simulations. The overall accep-
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angle coverage of RPD and WINDS. The average reso-
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29F Large increase in 
σR —> matter radius
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Fluorine isotopes

ΔRm [29F - 27F] ~ 0.39(18) fm 

S2n = 1.4(6) MeV

A. Honma et al., JPS Proc. 14 (2017) 021010

E/A ~ 240 MeV

@ RIKEN-BigRIPS+ZDS

Two neutron halo

S. Bagchi et al., Phys. Rev. Lett. 124 (2020) 222504
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Ν = 8 Large quadrupole 
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Ν = 10 Higher 2+ excitation 
energy than N = 8

J. S. RANDHAWA et al. PHYSICAL REVIEW C 99, 021301(R) (2019)

similarity transformation [39,40] is then used to obtain an
effective sd-shell interaction.

We take several sets of initial NN + 3N forces in this
Rapid Communication. The first set, EM(1.8/2.0) [41,42],
begins from the chiral NN N3LO force [43] with a nonlocal
3N force fit in A = 3 and four-body systems but reproduces
ground- and excited-state energies to the tin region and be-
yond [44,45]. The second set, NN + 3N(400) begins from the
same NN force but with local 3N forces [46,47] yields accu-
rate binding energies and spectra in and around the oxygen
isotopes [31,33,48,49]. Next, we utilized a newly developed
chiral potential at N4LO [50] combined with a N2LO 3N
interaction with parameters fitted to the 3H binding energy and
half-life [NN-N4LO + 3N(lnl)]. Finally N2LOsat has been fit
to medium-mass data and reproduces ground-state energies
and radii to the nickel region [51].

VS-IMSRG calculations based on the EM(1.8/2.0) inter-
action accurately predict the energy of the first 2+ state, but
states above the proton threshold are lower than the exper-
imental observations as well as the shell-model predictions.
The N2LOsat interaction has the worst agreement predicting
the first excited state at only 600 keV. The other two interac-
tions, NN + 3N400 and NN-N4LO + 3N(lnl) provide similar
results as EM(1.8/2.0) but with slightly lower 2+

1 energies and
a greater spread in higher-lying states.

The MBPT results use older generation NN + 3N forces
and an extended valence space. We therefore compare the VS-
IMSRG and CCEI frameworks where very similar results are
obtained with the same forces with the VS-IMSRG spectrum
being modestly more spread. This is likely due to the inclusion
of repulsive 3N forces among the four-valence protons via
the ensemble normal ordering procedure in the VS-IMSRG
approach. There is a greater variance in the predicted energies
for different nuclear forces.

We note here that, binding energy from the CCEI calcula-
tions with NN + 3N(400) for 20Mg agree with the experiment.
To further check the VS-IMSRG and CCEI calculations, we
also performed no-core shell-model (NCSM) [52] calcula-
tions with the same interactions. For technical reasons, the
largest basis space we could reach was Nmax = 6 (utilizing
the importance-truncation approach [53]). Such a space is too
small to reach convergence and obtain a reliable estimate of
excitation energies. However, our NCSM results within their
uncertainties were consistent with the valence-space methods
for binding energy as well as for the 2+

1 state excitation energy.
The observed unbound state of 20Mg therefore, points

to the need for refinement of the nuclear forces, although
the IMSRG framework with the EM interaction (3N full) in
Ref. [32] was shown to explain the spectra for Ne and F
isotopes. Although the role of continuum effects needs to be
assessed, it should be noted that coupling to the continuum
generally lowers the excitation energy as shown in Ref. [54].
Furthermore, the shell-model predictions without any cou-
pling to the continuum agree well with the data.

The differential cross sections of the ground state, first,
and second excited states were derived from the area under
the background subtracted peaks for different angular bins

FIG. 4. Angular distribution data (black filled circles) in the
center-of-mass frame (c.m.) for (a) 20Mgg.s., (b) 20Mgex, 1.65 MeV,
and (b) and (c) 20Mgex, 3.7 MeV. The black curve in (a) is a
calculation using phenomenological optical model potential. The
distorted-wave Born approximation (DWBA) calculations are shown
by red solid and blue dotted curves for L = 2 and L = 3, respectively
in (b) and red solid and green dotted curves for L = 2 and L = 4,
respectively in (c).

(Fig. 4 ). The Woods-Saxon shape optical potential parameters
for the 20Mg + d interaction were determined from the best
fit of DWBA calculations to the elastic scattering angular
distribution data [Fig. 4(a)] using SFRESCO [55]. These param-
eters were then used for calculating the angular distributions
for the excited states. The angular distribution of the first
excited state [Fig. 4(b)] is consistent with a multipolarity
of excitation L = 2 thereby determining for the first time
its spin of 2+. The normalization of the calculation to the
data provides the deformation length δ to be 1.33 ± 0.23 fm,
where δ = Z

A
δp + N

A
δn with δp and δn being the proton and

neutron deformation lengths, respectively. The deformation
parameter is given by β = δ/R with R being the radius. δp

was determined to be 1.32 ± 0.12 fm from the quadrupole
proton deformation parameter 0.44(4) derived from Coulomb
excitation [19] and a proton radius value of 3 fm that is
consistent with theoretical predictions [56–58]. Therefore, a
quadrupole deformation parameter for neutrons βn = 0.46 ±
0.21 is found. This large nonzero value within one standard
deviation uncertainty depicts neutron deformation and, there-
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FIG. 2. (a) The excitation energy spectrum for 20Mg mea-
sured from the 20Mg(d, d ′) reaction (black histogram). The mea-
sured background from the Ag backing foil (green dashed-dotted
histogram). Background from the 20Mg + d → 18Ne + p + p + d

four-body phase space (blue dashed histogram). The red histogram
shows the total background (sum of blue and green histograms). (b)
Background subtracted excitation energy spectrum for 20Mg. The
curves show the results of fitting (see the text). The blue dashed
curves are the individual fitting components, and the red curve is
their sum.

peak fitting. A small structure is also observed at a higher
excitation energy of 5.37 ± 0.02 MeV where the uncertainty
quoted is from fitting only.

The energies of the first two excited states states ob-
served in 20Mg are in close agreement with those of the
mirror nucleus 20O [29]. Shell-model calculations with the
phenomenological USDB [24] interaction without any isospin
dependence are in fair agreement with the data (see Fig. 3),
although the first excited state is predicted slightly higher in
energy, and the second excited state observed seems closer to
the predicted 4+ state. Calculations with an improved USDB
interaction, including the Coulomb corrections and isospin
dependence of Ref. [25], provide excellent agreement with the
first excited (2+) state whereas the observed second excited
state is midway between the predicted 4+

1 and 2+
2 states. Given

the small predicted energy difference of these states, it may be
possible that the new resonance peak observed in the experi-
ment is an overlap of these two states. Furthermore, valence-
space calculations within the MBPT framework, based on
NN + 3N forces [22] (within an extended proton valence
space that included the sd shell plus f7/2 and p3/2 orbitals),
also predict the first excited 2+ energy in good agreement

FIG. 3. Measured excited states (this Rapid Communication)
in 20Mg (black filled squares) compared to theoretical predictions.
Ab initio predictions in the MBPT framework with the chiral NN
+ 3N interaction [22], the in-medium similarity renormalization-
group (IMSRG) framework with EM N2LOsat, NN + 3N(400),
and NN-N4LO + 3N(lnl) interactions, the coupled-cluster effective
interaction (CCEI) framework with the EM, NN + 3N(400), and
NN-N4LO + 3N(lnl) interactions, and the shell model with USDB
interactions without and with isospin dependence. The spins of the
predicted states are indexed in the figure.

with experiment, but higher-lying states are several hundred
keV above the observed resonances. This could be expected
since these calculations neglect effects of continuum coupling,
which typically lower states by a few hundred keV.

New ab initio calculations were therefore performed. In
particular, we use the valence-space in-medium similarity
renormalization-group (VS-IMSRG) approach [30–32] and
the CCEI method [33,34]. The VS-IMSRG approach con-
structs an approximate unitary transformation [35,36] to first
decouple the 16O core as well as an sd valence-space Hamil-
tonian, diagonalized using the NuShellX@MSU shell-model
code [37]. We further capture the bulk effects of 3N forces
between valence nucleons with the ensemble normal-ordering
procedure of Ref. [38] thereby producing a unique valence-
space Hamiltonian for each nucleus to be studied. This allows
us to test nuclear forces in essentially any fully open-shell
system accessible to the nuclear shell model with a level
of accuracy comparable to large-space ab initio methods.
In the CCEI approach, similar to the VS-IMSRG method,
one calculates the valence-space effective interaction starting
from a chiral NN + 3N interaction and applies the obtained
zero-plus-one-plus-two-body interaction in the standard shell-
model diagonalization. The CCEI approach [34] utilizes the
coupled-cluster method to perform ab initio calculations for
the Ac, Ac + 1, and Ac + 2 systems with Ac as the number of
nucleons in the core (here Ac = 16). The Okubo-Lee-Suzuki
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closed shell N = 6 8He(p, p’)8He*
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FIG. 3: (Color online) (a) The experimental point matter
radii (black open circles) (b) measured neutron skin thick-
nesses (black filled points) are compared to the respective
theoretical calculations. The experimental point proton radii
are shown by black filled circles in (a) where those for 14,15N
are from e� scattering. The red crosses correspond to VS-
IMSRG radii, black open triangles are coupled-cluster radii
computed from oxygen cores.

The appearance of the N = 14 shell gap in Ne isotopes
comes from the repulsive (attractive) neutron-neutron in-
teraction between the 1d5/2-2s1/2 (1d5/2-1d5/2) orbitals
as the neutron 1d5/2 orbital is filled while the proton-
neutron interaction is attractive for p(1d5/2)-n(1d5/2)
leading to less configuration mixing, hence smaller defor-
mation and smaller proton radius. However, for nitrogen
isotopes the proton-neutron interaction is more attrac-
tive for p(1p1/2)-n(1d5/2) orbitals thereby reducing the
gap between proton 1d1/2 and 1p3/2 orbitals, hence re-
sulting in the small proton radius and also lowering the
neutron 1d5/2 orbital leading to the N = 14 shell gap. A
dip in neutron skin thickness of nitrogen isotopes at N
=14 is also observed.

In summary, the point proton radii for neutron-rich
17�22N were measured from charge changing cross sec-
tions on a carbon target at ⇡900A MeV. A thick neutron
skin for 19�21N, consistent with ab initio model predic-
tions, is found while for 22N a neutron halo develops.

The radii decrease from 17N to 21N reflecting a transi-
tion from deformation to N = 14 shell closure and is in-
dicated to increase beyond that due to the e↵ect of 2s1/2
neutron in 22N. The observations suggest the presence of
N = 14 shell gap in nitrogen isotopes and the existence
of an enlarged core in 22N. Shell model calculations are in
good agreement for 17�22N while ab initio computations
are unable to predict this evolutionary pattern but agree
well for 19�22N. The new data therefore, provide grounds
for further development of the ab initio theories and the
interactions employed in the di↵erent calculations.
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monopole tensor force

Dip in proton distribution radius shows new sub-shell gap @ N = 14

21N

21N :  Dip in Rp and Rm directly shows effect of  
tensor force 

Proton p1/2 more strongly 
bound -> Smaller Rp.  & 
Z = 6 gap reduced 

Neutron  d5/2 more strongly 
bound -> Smaller Rm.  & 
new gap @ N = 14
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Quenching of proton sub-shell  Z = 6

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

@ GSI - R3B/LAND

Hint of reduction in the Z = 6 sub-shell gap in neutron-rich nuclei

I. Syndicus, M. Petri, A.O. Macchiavelli et al. Phys. Lett. B 809 (2020) 135748
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Cgs0+ C*2+

proton excitation component: 2+ 

protons protons protons

Large quadrupole deformation -> 
[B(E2)] in 20C

Deformation in 20C correlated to 
proton excitation contribution

neutrons

20C
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New shells  N = 32, 34 

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

E. Leistenschneider, E. Dunling, G. Bollen et al. Phys. Rev. Lett.  126 (2021) 042501

@ NSCL - LEBIT @ TRIUMF - TITAN50-53Sc 54-55Sc

N = 32 shell gap seen in 53Sc.  
No signature of N = 34 shell gap in 55Sc

N = 32
N = 34

Theory predictions have large variation for N = 34
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Theory predictions have large variation for N = 34
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closed shell

32

34
1f5/2

2p1/2

2p3/21f7/2 p n @ RIBF - BigRIPS54Ca

F. Browne, S. Chen, P. Doornenbal et al., Phys. Rev. Lett. 
126 (2021) 252501

55Sc(p, 2p)54Ca

1f7/2 proton removal from 55Sc dominantly 
populates 54Cags.    :  Pairing force effect

55Sc
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New shells  N = 32, 34 

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

H. Liu, A. Obertelli, P. Doornenbal et al., Phys. Rev. Lett. 122 (2019) 072502.

@ RIBF - MINOS+SAMURAI52Ar

N = 34 shell gap seen in 52Ar from the high 
excitation energy

53K(p,2p)52Ar

conventional
shell closure

new
shell closure

Shell Model (SDPF-MU 
modified) can explain the data

N = 32 does not show closed shell behaviour
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A. Koszorus, et al., Nature 17 (2021) 439

Charge Radius @ ISOLDE - CRIS

Charge radius does not show dip @  N = 32



N = 50 & 126 conventional shells

Nuclear structure and shell evolution impacts heavy element synthesis

Shell closures 
observed to change ?
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Doubly magic 78Ni  (N = 50)

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

@ RIKEN - BigRIPS

R. Taniuchi, C. Santamaria, P. Doornenbal et al. Nature 569 (2019) 53

High excitation energy of first 2+ 
state :  N = 50 closed shell

80Zn(p, 3p)78Ni

79Cu(p, 2p)78Ni

Second 2+ state located close to first 2+ 
state : Close lying spherical and 
deformed configurations

78Ni

Spherical

78Ni is doubly magic - N = 50 shell closure persists
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High excitation energy of first 2+ 
state :  N = 50 closed shell

80Zn(p, 3p)78Ni

79Cu(p, 2p)78Ni

Second 2+ state located close to first 2+ 
state : Close lying spherical and 
deformed configurations

78Ni

Spherical Deformed

N = 50 shell gap quenching beyond 78Ni hinted - competing deformed & spherical shapes

78Ni is doubly magic - N = 50 shell closure persists
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Doubly magic 78Ni  (N = 50)

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

@ RIKEN - BigRIPS

R. Taniuchi, C. Santamaria, P. Doornenbal et al. Nature 569 (2019) 53

High excitation energy of first 2+ 
state :  N = 50 closed shell

80Zn(p, 3p)78Ni

79Cu(p, 2p)78Ni

Second 2+ state located close to first 2+ 
state : Close lying spherical and 
deformed configurations

78Ni

Spherical Deformed

N = 50 shell gap quenching beyond 78Ni hinted - competing deformed & spherical shapes

78Ni is doubly magic - N = 50 shell closure persists

Future studies on 76Fe and 74Cr needed to search for erosion for N = 50 shell gap 
IUPAP WG9 Nuclear Science Symposium, June 14-15, Washington, USA
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80Ge (N = 48) :   Shape coexistence or not ? controversy resolved

Rutgers University, March 24, 2021 R. KanungoVECC, Kolkata, India, January 1, 2020 R. KanungoR. KanungoR. KanungoR. Kanungo

@ TRIUMF - GRIFFIN

F. Garcia et al., Phys. Rev. Lett. 125 
(2020) 172501

80Ga  β- decay

02+ : 638 keV 
state not found !

628 keV e- missing 

A. Gottardo et al., Phys. Rev. Lett. 
116 (2016) 182501

@ ALTO

02+ state  @ 639 keV below 2+ 
state reported as evidence of 
shape coexistence

IUPAP WG9 Nuclear Science Symposium, June 14-15, Washington, USANo shape coexistence in 80Ge  
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Isomer states found around 100Sn @ GSI - FRS Ion Catcher & MR-TOF

C. Homung et al. Phys. Lett. B 802 (2020) 135200 

new 
isomeric 

state
9 counts!

new 
mass

101gIn+

101mIn+

FWHM: 230 keV

101In, (1/2-) isomer97Ag, new (1/2-) isomer

Data shows the need for core excitation across N = 50 : Large Scale Shell model calculations

High precision mass measurements identify isomeric states
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Courtesy : T. Dickel

N = Z = 50  region

97Ag (N = 50)

With core excitation

101In (N = 52)
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Mass 99-101In  towards 100Sn

M. Mougeot et al.,  Nat. Phys. 17 (2021) 1099 

High precision mass measurements show 
trend of shell closure towards N = Z = 50

@ ISOLDE - ISOLTRAP & MR-TOF

Ab initio predictions of odd-even staggering 
overall align well with data.

IUPAP WG9 Nuclear Science Symposium, June 14-15, Washington, USA

N = Z = 50  region

Δ2n(Z, N0) = ME(Z, N0 − 2 ) − 2ME(Z, N0) + ME(Z, N0 + 2) 
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N = Z :  Neutron-Proton (p-n) Isoscalar Pairing

! N

!

Z
B. Cederwall et al. Phys. Rev. Lett. 124 (2020) 062501 

@ GA NIL - AGATA

T = 0

X. Liu et al. Phys. Rev. C Lett. 104 (2021) L021302 
56Fe(36Fe, 2n1p)87Tc

88Ru (N = Z = 44)

Observed rotation spectrum supports predictions with
strong n-p pairing (T= 0) correlation  

87Tc (N = 44, Z = 43) 
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Shell structure beyond N = 126 @ ISOLDE - Solenoidal Spectrometer

T.L. Tang, B.P. Kay, C.R. Hofmann et al. Phys. Rev. Lett.  124 (2020) 062502

207Hg states show normal shell 
configuration. Binding energy aligns with 
predictions.

126Neutrons

Pr
ot

on
s

82 206Hg(d, p)207Hg

Z = 64 predicted to be the drip line of N = 127. 
r-process neutron capture improbable with low angular momentum orbitals being unbound

drip-line
N = 127 

(prediction)

Assumption : N = 126 shell closure persists.  Future experiments will inform on this.

207Hg excited states
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The hunt for tetraneutron @ RIKEN - SHARAQ

The first result of 4n from SHARAQ

K. Kisamori, S. Shimoura, H. Miya et al., Phys. Rev. Lett. 116 (2016) 052501

Resonance reported ~ 1 MeV

Theoretical Predictions
    • Hiyama et al.         No 
                                  (too strong 3N force is needed)
    • Shirokov et al.       Yes 
                                  (NSCM with JISP16 interaction)
    • Gandolfi et al.        Yes 
                                 (QMC with chiral interaction)    

4He(8He, 8Be)4n
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The hunt for tetraneutron @ RIKEN - SHARAQ

The question is still open on the existence of narrow resonance for tetraneutron

The first result of 4n from SHARAQ

K. Kisamori, S. Shimoura, H. Miya et al., Phys. Rev. Lett. 116 (2016) 052501

Resonance reported ~ 1 MeV

Theoretical Predictions
    • Hiyama et al.         No 
                                  (too strong 3N force is needed)
    • Shirokov et al.       Yes 
                                  (NSCM with JISP16 interaction)
    • Gandolfi et al.        Yes 
                                 (QMC with chiral interaction)    

New Experiments to study exotic system
@ RIKEN – RIBF

SHARAQ
・ Shimoura et al.

Revisit 4He(8He,8Be) 4n
・Miki et al.

3H(3H,3He) 3n

SAMURAI
・ Rossi et al. 

8He(p,pα) 4n
・ Yang and Marques at al. 

8He(p,2p)7H→t+ 4n
・ Beaumel et al.

14Be(p, pα)6n+α

Courtesy : H. Sakurai

4He(8He, 8Be)4n
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Superheavy hydrogen  7H @ GANIL - MAYA

7H resonance observed ~ 0.7 MeV.   3H + 4n structure deduced. 

M. Cammano, T. Roger, T. Moro et al. Phys. Lett. B  829 (2022) 137067

3H2 7H61H0
Active Target gas  He + CF4

12C(8He, 7H)13N 19F(8He, 7H)20Ne

Excitation energy 7H
3H + 4n thresold

7H
M. Caamaño, T. Roger, A.M. Moro et al. Physics Letters B 829 (2022) 137067

Fig. 4. (a) Measured differential cross-section of the 19F+8He proton-transfer (black 
dots) compared with DWBA calculation of a proton transfer to a 1/2+ state in 7H 
and a 20Ne in its 0+ ground state (red line) and other spin combinations (yel-
low, green, and blue lines). (b) Measured differential cross-section of the 12C+8He 
proton-transfer channel (black dots) compared with a scaled DWBA calculation per-
formed with a 1/2+ 7H and the 1/2− ground state of 13N (green line). In both 
panels, vertical error bars include statistical uncertainty and the effect of the uncer-
tainty in the parameters of the resonance.

to collect more than 200 events assigned to 7H formation, sig-
nificantly more than previous experiments. The average produc-
tion cross-section with 19F is 2.7±0.5 mb/sr between 4◦ and 18◦

in the centre of mass reference frame (c.m.), whereas 12C yields 
1.2+0.5

−0.6 mb/sr between 6◦ and 27◦ . Besides the corresponding sta-
tistical uncertainty, systematic uncertainties from the number of 
incoming projectiles and target thickness are around 0.7%, while 
the uncertainty on the position and width of the resonance con-
tribute with ∼10% of the cross-section value. The 12C channel was 
also measured in [25], reporting 0.04+0.06

−0.03 mb/sr between 10◦ and 
48◦ . When evaluated in the same angular region, our measurement 
averages to 0.4+0.2

−0.3 mb/sr, a larger value although still compatible 
within 1.1 of standard deviation.

Previous experiments mostly used 2H(8He,7H)3He reactions, 
obtaining results that vary with the beam energy and angular cov-
erage. At 15.3 AMeV, values below 0.1 mb/sr were measured in a 
wide 0◦-50◦ region in c.m. [36]. Around 25 AMeV, ref. [37] esti-
mates a cross-section below 0.02 mb/sr in 9◦-21◦ in c.m., while 
ref. [26] reports 0.025 mb/sr between 17◦ and 27◦ , and in ref. [27]
even seems to increase beyond 0.04 mb/sr for angles below 10◦ in 
c.m. When increasing the beam energy to 42 AMeV, ref. [38] finds 
a similar 0.03 mb/sr between 6◦ and 14◦ in c.m. In addition to 
these transfer measurements, the pioneering work of ref. [24] cal-
culates the production of 7H around 0.01 mb/sr·MeV with proton 
knock-out reactions. While a precise comparison is difficult due to 
the different reaction mechanisms and angular coverage, and their 
low statistics, the complete list of results seems to suggest a de-
pendence of the cross-section with the target size. An explanation 
for this behaviour is beyond the scope of this work. However, these 
results, together with the proposition in ref. [27] of an extreme pe-
ripheral character of the 7H ground-state population, suggest that 
a deeper understanding of the reaction mechanism leading to the 
formation of 7H may be needed to reproduce the ensemble of ex-
perimental data.

The improved statistics have also permitted to measure the 
c.m. angular distribution of the 7H production with both targets. 
Fig. 4(a) shows that the angular distribution of the 19F(8He,7H)20Ne 
channel follows a clear oscillating pattern, with distinct minima. 
This behaviour is a strong indication of the formation of two 
well-defined systems in the output channel: 20Ne and the 7H res-
onance; it offers a further, independent evidence of its production. 
The measurement of the angular distribution of 12C(8He,7H)13N, 
shown in Fig. 4(b), suffered from large statistical and systematic 
uncertainties due to the contribution of competing channels, as 
discussed previously. The relatively featureless behaviour and its 
uncertainties do not allow a clear assignment of spin and parity 
but only a rough assessment of the mean differential cross-section.

The angular distribution is compared in Fig. 4 with different 
DWBA calculations of the cross-section made with the fresco [41]
code. In these calculations, we have used shell-model spectroscopic 
factors for the 〈20Ne|19F〉 overlaps, using the WBT effective inter-
action by Warburton and Brown [42]. The 7H nuclear density was 
obtained from AMD calculations assuming a di-neutron condensate 
structure around a 3H core [31]. The resulting cross-sections were 
folded with the experimental uncertainties and further scaled to 
match the experimental data. The scaling factor was found to vary 
between 4.5 ± 2.8 and 12.7 ± 6.1, depending on the prescription 
for the nuclear density of 8He. We explore the possibility of pop-
ulating the 0+ ground state or the 2+ first excited state of 20Ne, 
and for 7H, we consider either a 1/2+ state with a 3H core in its 
ground state and four outer neutrons, or a 3/2− state with an ex-
cited 3H core. The relative amplitude of the oscillations and the 
positions of the minima are best reproduced with a proton trans-
fer to the 0+ ground state of 20Ne and a 1/2+ 7H resonance. The 
agreement between the calculations and the data suggests that the 
di-neutron pairs keep a separation similar to the one predicted by 
the AMD calculations. Concerning channel mixing, a tentative fit 
to evaluate a possible mixture of transfer to 0+ and 2+ states in 
20Ne gives a probability of less than 10% towards the excited 2+

state. The preference for the transfer to the 0+ state is surprisingly 
different from DWBA calculations, which predict a more probable 
transfer to the 2+ state in 20Ne. The data suggest that either this 
is not the case or that the resonance has a lower probability of be-
ing fully formed in the output channel with the 2+ state in 20Ne. 
As suggested in ref. [27], the very radially extended and, thus, very 
“fragile” nature of the 7H ground state may play a role to under-
stand this observation and the set of cross-section measurements.

4. Summary

In conclusion, we have measured evidences of the formation of 
the 7H resonance with a larger statistical significance than previ-
ous attempts via two different reaction channels and performed 
the characterisation of its ground state with two independent ob-
servables: the resonance MM distribution and the angular distribu-
tion. From these observables, we have obtained a new determina-
tion of the mass and width of 7H, and, for the first time, an assign-
ment of spin and parity to its ground state. Together, these results 
depict the super–heavy 7H nucleus as an extended pure–neutron 
shell around a 3H core in a 1/2+ ground state. However, the same 
neutron pairing that allows this large neutron configuration also 
renders the 7H nucleus a long–lived and almost–bound resonance, 
despite being the system with what would be the largest neutron–
to–proton ratio in the nuclear chart known today.
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Beyond the proton drip-line 13F, 11O
R.J. Charity, T.B. Webb, J.M. Elson et al. Phys. Rev. Lett.  126 (2021) 132501

17F13F 19F
13O+9Be —> 13F*(= 10C + 3p)

10C

@ NSCL - HIRA
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T. Webb et al. Phys. Rev. Lett.  122 (2019) 122501

13O+9Be —> 11O*(= 9C + 2p)
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Shape changes in mirror nuclei
70Kr & 70Se

K. Wimmer, W. Korten, P. Doornenbal 
et al. Phys. Rev. Lett.  126 (2021) 
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Neutron skin/halo oscillation

Soft dipole resonance
Halo oscillation

Excitation Energy

St
re

ng
th

Soft Dipole 
Resonance

Giant Dipole  
Resonance

pn (Non-resonant) dipole (E1) 
enhancement due halo density tail. 

“Pygmy” dipole resonance

(traditionally oscillation of neutrons outside N = Z core)
Neutron skin oscillation
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enhancement due halo density tail. 

G. Hansen and B. Jonson, 1987 

“Pygmy” dipole resonance

(traditionally oscillation of neutrons outside N = Z core)
Neutron skin oscillation

K. Ikeda, 1992
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G. Hansen and B. Jonson, 1987 

“Pygmy” dipole resonance

(traditionally oscillation of neutrons outside N = Z core)
Neutron skin oscillation

K. Ikeda, 1992

Low-energy dipole resonances (~ 1 -2 MeV 
above Sn) can enhance neutron capture 
rates in r -process

( )S. GorielyrPhysics Letters B 436 1998 10–1816

Ž .The DC rates are calculated with Eq. 5 for all
the nuclei involved in the r-process nucleosynthesis
and added incoherently to the damped CN contribu-

Ž Ž ..tion Eq. 4 obtained in Section 2. Fig. 5 compares
Ž .the resulting total n,g rate to the standard rate

commonly used in r-process calculations, i.e. de-
duced from a GDR strength function only. Devia-
tions within a factor of 1000 from the standard GDR
predictions can be observed for nuclei relevant to the

w xr-process, i.e such that 1QS MeV Q3. Althoughn
for most of the nuclei, the DC and PR effects tend to
enhance the neutron capture, the reduced number of

Ž .available excited states above and below S in then
residual nucleus not only drastically decreases the
CN component, but also makes the DC mechanism
quite inefficient. For many neutron-rich nuclei, no
allowed direct transitions are found, and the direct

w xchannel is consequently inhibited 11 . These effects

are relatively significant close to the neutron shell
Ž .closures especially Ns82 , and are therefore ex-

pected to have an impact on the r-process nucleosyn-
thesis.

4. Impact of the PR and DC on the r-abundance
distribution

To illustrate the impact of the PR contribution and
DC mechanism on the r-process nucleosynthesis, we
consider the simple non-equilibrium canonical model
in which a full reaction network is solved for a given
set of parameters defining the temperature T of the
astrophysical site, its neutron density N and the timen
during which the neutron irradiation takes place t .irr
More details of the r-process model can be found in
w x15 . The r-process calculations are performed with 3

. 9 20 y3Fig. 6. a r-abundance distributions for Ts10 K, N s10 cm and t s2.4 s with 3 different estimates of the neutron capture rates:n irr
Ž .the standard GDR component, the GDRqPR strength and the damped statistical CN plus DC contribution. The top curve corresponds to

. . 9 28 y3the solar r-abundances arbitrarily normalized. b same as a for Ts1.5=10 K, N s10 cm and t s0.3 s.n irr

S. Goriely, ‘2001
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Charge radius 68Ni  (N = 40) @ ISOLDE - COLLAPS

Ab initio calculations show a correlation 
between dipole polarizability and charge 
radius. 3p-3h correlation explains αD & Rc.

S. Kaufmann, J. Simonis, S. Bacca et al. Phys. Rev. Lett.  124 (2020) 132502

Measured charge radius :  challenge 
for chiral interactions
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Dipole polarizability & neutron skin

Dipole polarizability  (αD) 

J. Piekarewicz (2012)
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Neutron skin :  bridge from neutron-rich nuclei to neutron stars

Equation of state of asymmetric nuclear matter
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Physics
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 Physics
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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)
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Neutron skin (PREX & CREX  @ JLab)  :   Symmetry energy 

Reed et al., PRL (2021)

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

 Higher  value of L  - Stiffer EOS
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Neutron skin (PREX & CREX  @ JLab)  :   Symmetry energy 

Reed et al., PRL (2021)

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

 Higher  value of L  - Stiffer EOS

Rare isotopes with thicker skins will be more sensitive constraints on ‘L’
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  Heavy Ion Collision : Symmetry energy

Symmetry energy constraint at supra-saturation density

@ RIKEN - SAMURAI (SπRIT TPC)

132Sn + 124Sn & 108Sn + 112Sn

G. Jhang et al., Phys. Lett. B. 813 (2021) 136016 M. Kaneko et al., Phys. Lett. B. 822 (2021) 136681 

Measured Double Ratio  t/p agrees with 
AMD predictions of soft EOS (L ~ 46 MeV)

p, d, t π+, π -

The differences of transport models make
it difficult to place a constraint on L.

Small variation in predicted ratio for 
large (stiff) and small (soft) values of L.

G. Jhang, J. Estee, J. Barney et al. Physics Letters B 813 (2021) 136016

Fig. 1. Nuclear symmetry energies used in the seven transport models to study pion 
production in Sn+Sn reactions. The solid and dash-dotted lines of the same color 
correspond to the soft and stiff symmetry energies, respectively, for each code. 
Some codes use the same EoS and cannot be seen: the soft density dependence 
of the symmetry energy for SMASH, IQMD-BNU are the same as those used in 
AMD+JAM; Similarly, TuQMD employs the same stiff density dependent symmetry 
energy as UrQMD and SMASH. These three curves (not shown) are nearly the same 
as the one used by AMD+JAM.

TuQMD [46,47], (vi) UrQMD [48,49] and (vii) χBUU [50] which is 
a variant of RVUU [51,52] using the Skχm∗ energy functional [53]. 
The above codes fall into two categories with the χBUU, SMASH 
and pBUU based on the Boltzmann-Uehling-Ulhenbeck equation, 
and with TuQMD, AMD+JAM, IQMD-BNU, and UrQMD based on the 
quantum molecular dynamics. The differences between the BUU 
and QMD code families as well as details of the codes, have been 
described in the published code evaluation studies [37–39], espe-
cially in Ref. [39]. These codes are listed in Table 1 together with 
their results for the pion multiplicities and ratios, which will be 
discussed below. Each code performed calculations using two ex-
treme choices of the isovector nucleon mean-field potentials char-
acterized in the second column of Table 1 by L, the slope of the 
symmetry energy at saturation. The density dependence of the 
symmetry energy used by the codes (identified by color and labels) 
is displayed in Fig. 1. For clarity, we loosely refer to the symmetry 
energy dependence as stiff (dash-dotted curves in the top group of 
curves) and soft (solid curves in the bottom group of curves). Due 
to overlapping L values, some lines cannot be displayed separately 
as described in the caption. In this paper we will demonstrate the 
present uncertainties or spread in the predictions and the sensitiv-
ity of each code to the symmetry energy.

2. Experimental setup

Four reactions were measured covering a wide range of asym-
metries characterized by the neutron to proton ratios, N/Z : (a) 
132Sn+124Sn (N/Z = 1.56), (b) 108Sn+112Sn (N/Z = 1.2), (c) 
112Sn+124Sn (N/Z = 1.36), and (d) 124Sn+112Sn (N/Z = 1.36), 
at the Radioactive Isotope Beam Factory operated by the RIKEN 
Nishina center and CNS, University of Tokyo. We collided sec-
ondary beams of 132Sn, 124Sn, 112Sn, and 108Sn at E/A = 270 MeV 
onto isotopically enriched (> 95%) 112Sn and 124Sn targets of 561 
and 608 mg/cm2 areal density, respectively. The low purity (∼ 10%) 
of the 124Sn beam relative to the much higher purity > 50% of 
108,112,132Sn beams complicates the inclusion of 124Sn-induced re-
actions in the current analyses.

To measure charged pions and light isotopes with Z≤3 over the 
required experimental acceptance, we built the SAMURAI pion Re-
construction Ion Tracker (SπRIT) Time Projection Chamber (TPC) 
and the associated trigger arrays [54–57]. Detailed description 

Fig. 2. Particle identification plot from the 132Sn +124Sn reactions, measured with 
the SπRIT TPC. The main plot focuses on the resolution of the pions; the broader 
spectrum of positively charged particles is shown in the inset.

of experimental setup and performance of the SπRIT TPC can 
be found in Refs. [54,58]. Technical challenges of various as-
pects of the experiments, including software techniques used in 
data analysis, have been documented in at least 9 publications 
[54,55,57,59–64]. In this letter, only relevant information about the 
experimental setup and analysis regarding the pion measurements 
is briefly summarized. This letter is the first of a series of physics 
results obtained from the SπRIT experiments. Additional results 
will be published as the analysis progresses.

This paper mainly focuses on the measurement of charged 
pions. Charged particles detected in each event are used to in-
fer the impact parameters. Even though a new electronic sys-
tem, the Generic Electronics for TPCs (GET), was employed to 
attain a large dynamic range when measuring the energy loss 
signals in the TPC [60], novel software techniques were needed 
to achieve an effective signal to noise ratio of about 4000 
to 1 [59]. This allowed good isotope separation of pions and 
light charged nuclei up to Li as shown in Fig. 2. A tracking 
analysis framework called SπRITROOT has been created specif-
ically to reconstruct the momentum and energy losses of each 
particle track [62,65]. It can also interface with Geant4 toolk-
its to simulate the TPC response for the Monte Carlo (MC) 
tracks. In this way, the same analysis software evaluates both 
the detected events and MC tracks. The efficiency of the TPC 
was estimated by embedding MC tracks into real experimental 
data [66].

3. Results

Assuming that the measured charged particle multiplicity de-
creases monotonically with increasing impact parameter, we select 
events with the highest multiplicities, while retaining good statis-
tical accuracy. The selected events have a cross section of about 
0.3 barns, corresponding to a mean impact parameter of ≈ 3 fm 
[54]. Fig. 2 shows the charged particle identification achieved for 
the 132Sn +124Sn reaction by combining the measured magnetic 
rigidity (pe/Q ) and the energy loss (dE/dx) in the counter gas of 
the SπRIT TPC. The pions are located at very low dE/dx regions. 
Electrons and positrons from the Dalitz decay of π0 are the largest 
contributions in the pion background. They appear as horizontal 
appendages to the pion PID at low rigidity. Quantitatively, these 
background contributions are insignificant. Nonetheless, they are 
subtracted via methods detailed in Ref. [58].

The design of the Sπ IRIT experiment allows the transverse mo-
mentum of pions to be measured down to 0 MeV/c in the center-
of-mass (CM) system, the key to obtain accurate pion multiplicities 
and their ratios. In contrast, previous measurements of Au+Au sys-

3
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  Summary & Outlook
Rare Isotopes are enabling to unveil the unknown fundamentals of visible matter in the Universe

Exotic forms of nuclei - unique quantum systems emerge far from the valley of stability

Nuclear shells are mutating 
• How do nuclear change in heavy nuclei?
• What is their influence on heavy element synthesis?
• What features of the nuclear force drive the shell evolution?

• Do nuclear halos occur in heavy nuclei?
• What new features of nucleon-nucleon pairing correlation emerge in neutron-rich nuclei?

Neutron rich nuclei bring laboratory access to study behaviour of neutron-rich matter (EOS)

• What new phenomena surface with nuclear halo & skin? 

• Connecting neutron skin driven effects to constrain EOS of asymmetric nuclear matter

Constraining the nuclear force - defining from first principles : Excited States and Radii

• Electron - RI Scattering

Search for new physics  - fundamental symmetries in nature (not covered)

• Dynamical reaction probes

• Radioactive Molecules as probes of symmetry violation 
• Electric Dipole Moment measurements  (Ra, Rn)
• Beta - neutrino correlation
• Unitarity of the CKM matrix element

Rare strange matter :  RI Hypernuclei  (not covered)
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  Summary & Outlook

ARIEL  @ Canada

New generation facilities bring access to rare isotopes in colliding stars

Masses, Half-lives, Radii, Decay & In-beam γ spectroscopy

Knockout, Coulomb Disso. - shell structure

Transfer reactions  - shell structure

New isotope search

FRIB  @ USA

Masses & Half-lives 
Decay spectroscopy
Charged particle spectroscopy - shell structure
Safe Coulex - shell structure

ISOL In-flight

Direct capture

An era of new discoveries awaits in the horizon

North America



R. KanungoIUPAP WG9 Nuclear Science Symposium, June 14-15, Washington, USA

  Summary & Outlook

ARIEL  @ Canada

New generation facilities bring access to rare isotopes in colliding stars

Masses, Half-lives, Radii, Decay & In-beam γ spectroscopy

Knockout, Coulomb Disso. - shell structure

Transfer reactions  - shell structure

New isotope search

FRIB  @ USA

Masses & Half-lives 
Decay spectroscopy
Charged particle spectroscopy - shell structure
Safe Coulex - shell structure

ISOL In-flight

Direct capture

An era of new discoveries awaits in the horizon

R. KanungoIUPAP WG9 Nuclear Science Symposium, June 14-15, Washington, USA

 P. Roussel-Chomaz, T. Dickel, P. Doornenbal, G. Neyens, H. Sakurai, C. Scheidenberger 
Thanks : RI Beam Facilities and the funding agencies for enabling the discoveries.

Thank you for your attention

North America


