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Some introductory remarks



Gentlemen, why is a 
triple not the same as 
3 doubles?

Dick, I think we need to 
introduce a resolving 
power measure!

John

Frank Dick

ca 1987



Robert Janssens & Frank Stephens
New Physics Opportunities at Gammasphere,
Nuclear Physics News, 6:4, 9-17 (1996)

For the non-aficionados
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Setting up GAMMASPHERE     1995
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Setting up GAMMASPHERE     1995
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At the Gordon Conference  1999
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At the Gordon Conference  1999
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Released in 2006
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Released in 2006
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My personal copy 
of a classic
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Applied John’s concepts to correlate the spectroscopic data   
with the shears angle à    relevant degree of freedom.

and derived effective interaction between the shear's “blades”
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Other topics of discussion with John

Neutron-proton pairing and the (3He,p) reaction

Transfer reactions a la  Nilsson  

Islands of Inversion in the rotational model

Quenching of spectroscopic factors

Effective charges

Halos and weak binding

Pairing correlations and the (t,p) reaction
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Neutron-proton pairing and the (3He,p) reaction

Transfer reactions a la  Nilsson  

Islands of Inversion in the rotational model

Quenching of spectroscopic factors

Effective charges

Halos and weak binding

Pairing correlations and the (t,p) reaction

Other topics of discussion with John
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à Ben Kay’s  talk 

John and weak binding effects:
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Short introduction

Part 1

Weak binding effects on the structure of 40Mg 

Part 2     

Pairing in exotic neutron rich nuclei  
       

Outline

Weak Binding 
SALE
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I am sure John would ask many critical questions and make relevant comments

I hope that his spirit will lead you to quibble a few times during the rest of the talk !
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€ 

Sn ≈ Δ + λ

€ 

Sn ≈ λ
€ 

Sn ≈ Δ
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Rotational Motion

Weak binding

Islands of Inversion à 
deformation

Neutron-rich nuclei à drip-line

Motivation
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Courtesy of Ben Kay
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48Ca

47K

46Ar

45Cl

44S

43P

42Si

41Al

40Mg

N=28

39Mg38Mg37Mg36Mg35Mg34Mg33Mg32Mg31Mg30Mg29Mg

Gaudefroy and Grevy, Nucl. Phys. News 20, 13 (2010); Li et al., PRC 84, 054304 (2011).      
Nowacki and Poves, PRC 79, 014310 (2009); Doornenbal et al., PRL 111, 212502 (2013)

The neutron-rich Mg isotopes from 
N=20 to N=28 are deformed.

40Mg is a (near)drip-line nucleus, at the 
intersection of N=28, where shapes are 
believed to be rapidly changing.

Low- l orbitals near the 
Fermi surface bring the 
possibility of nuclear 
halos.

40Mg – Shell Evolution, Deformation and Weak Binding

Tensor Driven 
Jahn-Teller 
Effect 

Otsuka et al.
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The third is the charm 

Two Measurements at RIKEN/RIBF - high energy 48Ca beam 345 MeV/u 

 48Ca à 42Si  (200 MeV/u), 2p Knockout: 42Si -2p à 40Mg (v/c ~ 60%)

 48Ca à 41Al  (240 MeV/u), 1p Knockout: 41Al -1p à 40Mg (v/c ~ 60%)
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• 500 keV transition assigned to 2+→0+

• Observe a 20% decrease in 40Mg 2+ energy 
relative to 38Mg.

• Relative change in 2+ (more robust 
prediction than absolute value) is not 
captured in calculations

2+→0+

4+→2+

40Mg Gamma-ray Spectrum    DALI 2
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2+→0+

4+→2+

• 670 keV transition ? 
22
+ → 21

+ 02
+ → 21

+41
+ → 21

+ + ...22
+ → 01

+

• No scenario fits with existing expectations 
(systematics) nor predictions from calculation

• Breakdown of systematics and theory predictions 
may suggest something is happening at the 
dripline ??

*

* adopted,  cf. Crawford et al., PRC 89, 041303(R) (2014).

40Mg Gamma-ray Spectrum    DALI 2
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Weak binding effects   
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As discussed by Hansen an Jonson and subsequent works the extended matter radius exhibited by a two-neutron halo nucleus can be expressed in 
terms of the separation energy of the weakly bound neutrons (S2n) through the tunneling parameter 

derived from the exponential nature of the asymptotic wavefunction. Following these authors, we consider a plot of

to capture the universal features of the 2n halo systems.  Their root-mean-square (RMS) ratio represents the volume overlap between the valence 
nucleons and the core.

P.G. Hansen, B. Jonson, Europhys. Lett. 4, 409 (1987)
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The strength of the interaction between the core and the 2n system in terms of particle surface (phonon) coupling could 
serve as a metric to establish whether the halo can be considered “weakly” or “strongly” coupled.

As discussed in detail by Bohr and Mottelson,  the strength of the particle-vibration (surface) coupling for
quadrupole modes is given by:

where C2 is the quadrupole restoring force parameter, hω2 is the vibration frequency, and k2(r ) = R ∂V/∂ R the 
single-particle form factor, where we take R as the core radius rc 

In turn we have:

Particle-core coupling

The softness of the surface quadrupole vibration/phonon mode is related to the C2 coefficient, or the B(E2) and 
the frequency hω2 
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The curves represent two cases that can be associated with a 
soft- and a hard- core as indicated by the B(E2) strengths in 
W.U. 

For the range of binding energies expected for 40Mg,  fλ=2 is 
below unity for a B(E2) of 10W.U., signaling a regime where 
weak particle-surface coupling dominates, in contrast to the 
strong coupling expected in the lighter (more bound) even-A 
magnesium isotopes from 32Mg to 38Mg. 

A consequence of the weak coupling between the deformed 
core and the neutron halo is that the latter can be considered 
spherical to all practical purposes.

Particle-core coupling
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It is natural to expect that effects of weak binding on excited states will show when the energy 
scales of the two degrees of freedom become comparable:

Weak coupling phenomenological model
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It is interesting to see that the unperturbed lines cross for 
binding energies in the range expected for 40Mg and even 
a small mixing matrix element Vnn−core will give rise to 
largely mixed states in the laboratory frame. 

A minimization procedure on the experimental energies of 
the two potential states populated gives a solution with 

Vnn−core = 69keV       S2n = 877 keV  

and wavefunctions:

The fact that Vnn−core  <<  Ecore (Vnn) supports the weak coupling assumption.

State energies and wavefunctions
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To calculate the population of the final states in 40Mg produced
from the 41Al(-1p) reaction we assume that the ground state of 
41Al is K = 5/2+, from the p[202]5/2 Nilsson level originating from 
the d5/2 spherical level. 

In the single-j approximation the collective spectroscopic factors 
follow the values of the Clebsch-Gordan coefficients: 

In the minimization procedure we also include a single-particle
spectroscopic factor Ssp(5/2+ → 2+2n) with a fitted value of 0.14. 
This gives a measure of the component of the |2+2n> state in the 
ground state of 41Al. 

Reaction cross sections 
The wavefunctions of the two 2+ states can readily be used to determine their relative intensities populated in
a direct knockout reaction
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• The recent Nature publication shows MCSM results which reproduce well the 
observed levels, assuming transitions in cascade

N. Tsunoda, T. Otsuka et al., Nature 587, 66 (2020).

MCSM results 
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Observed spectrum of 40Mg does not fit with expectations and existing calculations.  Breakdown of experimental 
systematics and theory may suggest something is happening at the neutron dripline

Qualitative arguments indicate that weak binding effects could reproduce the spectrum seen in 40Mg  

We have studied the coupling of weakly bound (halo) valence neutrons to a deformed core using a
Weak-Coupling and Particle-Rotor models.   Despite its simplicity, our phenomenological approach  captures the 
main physical ingredients and provides a framework that allows us to to examine possible coupling schemes 
involving a core and halo

MCSM results differ in the nature of the second experimental γ transition 

It is clear that further experimental and theoretical works will be required to elucidate its intriguing structure

Summary

Beta-decay.     Approved  FDSi proposal 

Total Reaction Cross Section.   Approved proposal  

Mass Measurement.  NOT approved

FRIB Experiments
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The evolution of pairing correlations in exotic nuclei is a topic 
of great interest in nuclear structure, in particular pairing in 
neutron-rich isotopes and the role of weak binding. 

Pairing in Exotic Nuclei 
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Spectroscopic ( u, v ) Factors

€ 

< A +1 | a+ | A >

€ 

< A + 2 | a+a+ | A >
Constructive interference

Two particle transfer reactions like (t,p) or (p,t), where 2 nucleons are 
deposited or picked up at the same point in space provide an specific tool to 
probe the amplitude of this collective motion. 

The transition operators <f|a+a+|i>, <f|aa|i> are the analogous to the 
transition probabilities BE2’s on the quadrupole case. 

R.A. Broglia, O. Hansen and C. Riedel, Adv. Nucl. Phys. Vol 6 (1973) 287

D. M. Brink and R.A. Broglia, Nuclear Superfluidity, Cambridge Monographs. 

Direct Reactions
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Pairing vibration and the (t,p) reaction
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Ao

Closed shell

s ( Ags® A+2gs)

Single
Particle

~ W

~ W2

~ (D/G)2

Superfluids

Vibrations
~ (n +1 )

Closed shell

Systematic relative measurements and within a given nucleus.  
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d     Separation 

Key observable 
à (t,p)  two-neutron transfer reactions

zrms Correlation Length

Matsuo et al.  PRC 73 (2006) 044309 
Pillet et al.  PRC 76 (2007) 024310 

Motivation
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0+2

0+1

Currently it is not possible to study Sn nuclei with A > 140.   
However, the region 132 < A < 140 where strong transitions to an excited pairing 
vibrational 0+

2 state are predicted is within reach of present accelerator facilities. 

Motivation
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Similar effects are expected in the PV mode in 138Xe 
[S. Tamaki. Master thesis, Niigata University, 2016]

ISS Experiment at ISOLDE  coming soon

134,136,138,140Xe(t,p)140Xe at 7 AMeV Cf. W. Henning talk
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Superradiance and two-neutron transfer reactions 

Quasi-bound quantum system with a common set of decay channels. 

Increasing coupling to continuum leads to segregation long-lived (compound) and 
short-lived (superradiant) resonance states. 

Applications in nuclear physics (e.g. giant & pygmy resonances…), particle physics 
(baryon resonances) biophysics (photosynthesis),  … 

P. von Brentano, Physics Report 264, 57 (1996) 57
A. Volya, V. Zelevinsky, AIP Conf.Proc. 777, 229 (2004)
N. Auerbach, V. Zelevinsky, Rep. Prog. Phys. 74, 106301 (2011)
I. Rotter, J.P. Bird, Rep. Prog. Phys. 78, 114001 (2015)
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Normal 
mixing of 

bound 
levels

What is superradiance anyway?
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Mixing of 
unbound 

levels  

What is superradiance anyway?
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Maximize physics reach 
on N/Z

Large efficiency and 
resolving power

Target and detector 
in one device

An Active Target Tritium TPC
Y. Ayyad,  IGFAE, Universidade de Santiago de Compostela

A.O. Macchiavelli,  Physics Division – ORNL 

D. Bazin, T. Ahn, Y. Ayyad, S. Beceiro-Novo, A.O.Macchiavelli, W. Mittig, J.S. 
Randhawa
Low energy nuclear physics with active targets and time projection chambers,
Progress in Particle and Nuclear Physics,  Volume 114 (2020)

While one could consider reactions such as 
(18O,16O),  (t,p) reactions clearly stand as the 
best tool to study pairing correlations in nuclei
 

A dedicated 
Active Tritium Target TPC (AT3PC)BIG
 Q

UIBBLE
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Conceptual design of 
the AT3PC

Micromegas pad plane

Gas cell 
(100 times thicker 
than conventional 

targets)

RIB

Recoil particle
(detection of very 

low-energy 
particles!!!)

e-

E

B

Scattered nucleus
(to spectrometer)

 Mylar cell 1 cm diameter 

    200 torr of pure tritium  ~ 20Ci

   Equivalent to 3.2 mg/cm2

      ( ~ 100 times thicker than current foils)
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Challenges

• Tritium poses a hazard. Several safety layers will be required. Double/Triple 
enclosing volumes 

• Preserve the homogeneity of the electric field along the beam axis
• Proper material for the cell (mylar, boron nitride, kevlar, graphene…)
• Reconstruction of vertex. Energy and angular resolution
• Design of pad plane: Granularity and geometry

• Also for rare  gases:  3He   à  (3He,p) for np pairing at N=Z   
• Improved rate capabilities with two isolated regions: gas cell and drift volume. 
• Confinement of beta particles inside the cell due to the magnetic field.

Advantages

Work is on-going ….   Stay tuned
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Thank you 
John

 
We miss you  !
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Thank you  !


