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As we are approaching lunch - Le plat du jour (appetizers)

- Introduction, experimental perspective on the access to the heaviest N=Z nuclei

- Brief overview of experimental  observables considered for  probing np pairing. 

- Evolution of structure, in particular pairing isospin modes with angular momentum along  N=Z .

- Can we really “understand” delayed alignments in deformed N=Z nuclei e.g. in a simple CSM+generalized

BCS picture including isoscalar pairing?

- Quartet condensate (spatially delocalized alpha-like spin-isospin correlations) – has it been overlooked in the 

experimental quest for T=0 pairing in deformed N=Z nuclei? 

- Could the Coriolis-Mottelson-Valatin effect as applied to alpha-like quartets explain the delayed alignments 

attributed to T=0 pairing?

- A cranked QCM is proposed as a tool to overcome the computational burden of calculating intermediate-high 

spin collective states and determine if quartets could explain delayed alignments in deformed N=Z nuclei.

- Experimental outlook: probing the heaviest  N~Z systems at finite angular momentum using lifetime 

measurements will be possible in the next years with AGATA and GRETA gamma-ray tracking arrays. Will 

this be the smoking gun for resolving the enigmatic T=0 pairing issue?
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- Isoscalar-isovector pairing
modes

- Quartet correlations?

- Isospin-symmetric island of
inversion

- Tests of 2-body (⇢ 3-body?) 
int.

- Evolution of collectivity, B(E2) 
as a function of angular
momentum and TZ

- Shape coexistence

Unknown proton emitter

Unknown 

Physics we might learn from probing the structure of the heaviest N=Z nuclei
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Ha, J., Recchia, F., Lenzi, S.M. et al. Abrupt structural transition in exotic molybdenum isotopes unveils

an isospin-symmetric island of inversion.
Nat Commun 16, 10631 (2025). https://doi.org/10.1038/s41467-025-65621-2

Isospin-symmetric island of inversion

B(E2; 2+⟶ 0+) measurements with GRETINA@ FRIB  

R.D.O. Llewellyn et al., Establishing the Maximum Collectivity in Highly

Deformed N = Z Nuclei, Phys. Rev. Lett. 124, 152501 (2020). 
https://doi.org/10.1103/PhysRevLett.124.152501

M.A. Bentley et al., Collapse of nuclear collectivity along the N= Z line

Phys. Rev. Lett. 136, 152501 (2026).
https://doi.org/10.1103/r6ns-ypw8
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Even-even N = Z+4 nucleiEven-even N = Z nuclei



https://doi.org/10.1142/8526 (2013)
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https://doi.org/10.1142/8526


Phases of matter - phase transitions
a (a macroscopic phase is essentially a particular organization of many-body correlations generated by the interactions between the particles)

Temperature dependence of specific heat of BaTiO3 single crystal around the 

paraelectric-ferroelectric phase transition point Tc

S. Grabovsky, M. Takesada, A. Onodera et al., Annual Meeting of Physical Society 

of Japan, March 2012

https://socratic.org

H(l)= (1-h)H0 +hH1 h - "control" parameter

d <H (h)>

dh
 discontinuity at  h=hcr

1st order phase transition:
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Can we observe something similar in atomic nuclei?

http://users.aber.ac.uk
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Nuclear pairing quantum phase transition



Quantum phase transitions in atomic nuclei
alpha clustering

Fermi liquid α cluster phase

Other exotic phases of nuclear matter

- quartetting and 𝛼-particle condensation
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Neutron-proton pairing in N ≈ Z nuclei - experimental probes

• Masses - binding energies in e-e and o-o nuclei indicate that T=1 np pairing is dominant, no evidence 

for a T=0 (deuteron-like) pair condensate up to around A≈60. Need for accurate mass 

measurements in heavier N=Z systems

• np  (deuteron) pair transfer reactions

• GT Beta decay strengths

• Charge radii

• Other radioactive decay modes: (alpha) proton???

• The above methods probe ground-state or low-spin correlations

• Spectral properties of spherical N=Z nuclei near closed shells –deviations from classical s.p. behavior

(deviations from seniority scheme, e.g. 92Pd – isoscalar spin-aligned coupling*)

• Rotational properties (level structure, lifetimes) of deformed nuclei 

ISOVECTOR

ISOSCALAR

We know the isoscalar effective NN interaction is strongly attractive but can it produce a 

correlated np pairing condensate?

* B. Cederwall et al., Nature  469, 68 (2011)

Isospin NN pairing modes in N~Z nuclei

- a unique feature of atomic nuclei due to the coupling of two Fermi liquids

S. Frauendorf and A. Macchiavelli, Prog. Part. Nucl. Phys. 78, 24 (2014)
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B. Cederwall et al., Nature 469, 68 (2011)

Pd energy level systematics near N=Z

- effects of np interactions

Shell model calculations performed in several model spaces,

i.e., 0g9/2, 0g9/2-1p1/2 and 0g9/2-1p1/2-0f5/2-1p3/2 with similar results .

Int. parameters determined to reproduce exp energies in 94,95Pd, 93,94Rh

Taken from Lisetskiy et al,   Phys.Rev.C70,044314(2004); B.A Brown priv. comm



I

J=9
J=9

J=9

J=9
100Sn

Isoscalar paired phase in 92Pd?

B. Cederwall et al., Nature (London) 469, 68 (2011)
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Spherical N~Z systems: Generation of angular momentum
in the isoscalar spin-aligned coupling scheme (92Pd)



BC /  AGATA-LNL prePAC Nov  2021 

Upper: Shell model spectra of 92Pd

calculated within the 1p3/20f5/21p1/20g9/2 space [10] (fpg) and the 1p1/20g9/2 space (pg). 
Lower: B(E2; I → I − 2) values in 92Pd calculated within the fpg and pg spaces. The two dashed 

lines show the predictions of the geometric collective model normalized to the 2+
1 state

C.Qi, J.Blomqvist, T.Bäck, B. Cederwall, A. Johnson, R. J. Liotta, and R. Wyss,

PRC 84, 021301(R) (2011)

“Std” LSSM: B(E2)s “smoking gun” for  spin-aligned T=0 paired phase

ESNT CEA-Saclay 2023  /  BC 

Angular momentum response of spectra and transition rates in the
isoscalar spin-aligned coupling scheme (92Pd)



T=1                T=1                   T=0

                             T=0

76             80                            90             96                             mass

A. L. Goodman , PRC 60, 014311 (1999)  

Isospin-generalized BCS-HFB predictions for ground states of e-e A = 76-96, N = Z nuclei

”Isocranking”: The isoscalar (np) pair gap is predicted to increase sharply as N → Z

W. Satula,R.Wyss, 

Phys. Rev. Lett. Vol. 86, 

4488 (2001)

Theory predictions for neutron-proton pairing
in the heaviest deformed N ~ Z nuclei

PCM2025, 5 March 2025,  Univ. Aizu /BC



ESNT CEA-Saclay 7-11 September, 2026  /BC

“Mixed-Spin Pairing Condensates in Heavy Nuclei“

A. Gezerlis, G. F. Bertsch, and Y. L. Luo

Phys. Rev. Lett. 106, 252502  (2011)

Note: this calculation for spherical systems 

Isoscalar Pairing 
Condensate

Mixed Pairing 
Condensate

Isovector Pairing 
Condensate

Proton dripline

Note: predicted isoscalar pairing condensate coincides with region of maximum collectivity
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(slide added after talk)

"Spin-Triplet Pairing in Heavy Nuclei Is Stable against Deformation"

G. Palkanoglou, M. Stuck, and A.  Gezerlis,

Phys. Rev. Lett. 134, 032501 (2025)

Predicted isoscalar pairing condensate coincides with region of maximum collectivity!



Isospin-generalized HFB theory

“T = 0 and T = 1 pairing in rotational states of the N = Z nucleus 80Zr” 

A. L. Goodman, PRC 63, 044325 (2001)

T=1 pairing is suppressed by the Coriolis effect in high-spin states

The T=0 coupling is less affected by the Coriolis anti-pairing effect and will still be 

active and could become dominant as I increases
ESNT CEA-Saclay 7-11 September, 2026  /BC
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Similarly to a magnetic field on a superconductor, the rotational 

motion of  a deformed nucleus counteracts the isovector-coupled 

(J=0) superfluid phase by breaking time-reversed nn or pp pairs.

(Coriolis anti-pairing – Mottelson Valatin effect)


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A. Johnson, H. Ryde, and J. Sztarkier, Phys. Lett. B34,  605 (1971)

A. Johnson, H. Ryde, S. A. Hjorth, Nuc. Phys. A179,  753 (1972)

F. S. Stephens and R. S. Simon. Nuc. Phys. A183,  257 (1972)

Rotational alignments (”backbending”) in deformed nuclei:

are considered a sensitive probe of pairing strength

Note: The “Backbending” effect  (A. Johnson et al., 1971) is not a complete phase transition.

In the finite nuclear system the paired and unpaired phases are mixed after the first alignment 

(“Stockholm, S-band”) (F.S. Stephens and R.S. Simon, 1972).

Arne Johnson
1944-2023
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Frank Stephens
1931-2024
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Experimental  I vs ω in deformed N~Z nuclei (pre 2018) 
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• N=Z nuclei consistently more collective

than the corresponding N=Z+2 isotopes

• Delayed or missing q.p. alignments



Delayed (or absent) paired (T=1) bandcrossings in deformed N=Z nuclei?

N. Marginenan et al., Phys. Rev. C 65, 051303R (2002) 

____   PSM 

._ _ _  PSM with enhanced
np res. int

NN2024  Whistler, BC CA /  BC 



RAE2021 Nuclear Physics Division

𝟓𝟎

Experiment
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Experimental Setup

AGATA

NEDA

NWall

Target 54Fe 

DIAMANT

Beam 36Ar

G. de France, NUMEX02 Workshop at Debrecen, 2016

7
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Results: yrast band in 88Ru

new

Marginean et al., 
Phys. Rev. C, 63, 031303(R), 2001.

Taken from B. Cederwall, X Liu et al, PRL 124 062501 (2020)
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?

B. Cederwall et al, PRL 124 062501 (2020)

N=44 isotones
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LSSM predictions for 88Ru with interaction including an explicit pairing

term (PMMU)

K. Kaneko, T. Mizusaki, Y. Sun, and S. Tazaki, Phys. Rev. C89, 011302(R) 

(2014)

Kaneko, Sun and de Angelis, Nuclear Physics A957, 144-153 (2017)

PMMU: H = Ho + HP + HM + Hm :

Ho =  s.p,  HP =  pairing

HM = multipole, contains QQ + OO components

Hm = monopole term

Note: Without the T = 0 np pairing, the smooth pattern in 88Ru disappears and it lacks 

rotational behaviour  as for  90,92Ru. The np QQ T=0 is most important in the PMMU for 

driving the collective strength

effective charges ep=1.5e and en=1.1e
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LSSM calculations: JUN45 with (slightly) adjusted QQnp

PMMU

JUN45 with QQnp➝ 1.09 x QQnp_0
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Extension of the ground state (𝜋g9/2) band and

new oblate band in the TZ=1/2 nucleus 87Tc
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X. Liu, B. Cederwall, Ö. Aktas et al, PRC 104 L021302 (2021)

X. Liu, B. Cederwall, Ö. Aktas et al, PRC 106 034304 (2022)

FIG2025, 9 March 2025,  TIFR Mumbai /BC



N=43

Even-Even N=44 Odd-Mass N=44

B. Cederwall et al, PRL 124 062501 (2020)

X. Liu et al, PRC 104 L021302 (2021)

Pairing isospin modes in deformed N~Z nuclei – odd-even vs even-even

N=44, ee N=44, odd

N=43, odd
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Odd-Mass N=43

Even-Even N=44 Odd-Mass N=44

X. Liu et al, PRC 104 L021302 (2021)

F. J. D. Serduke, R. D. Lawson, and D. H. Gloeckner, Nucl. Phys. A 256, 45 (1976)

Shell model calculation for 87Tc (TZ=1/2) – effect of spin-aligned np pairs (Vnp) 

Odd-mass N~Z (TZ=1/2) nuclei:

• Odd valence particle contributes constructively to isoscalar np pairing correlations ”spin-dependent effective 3-N” interaction

as opposed to ”blocking” effect in pure isovector case? 

• Increase of structural difference between 1qp and 3qp configuration reduces interaction strength in the band crossing? 

Vnp - 200 keV
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Influence of pairing isospin modes in deformed N~Z 

– odd-A vs even-even cases (naïve picture)
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iv pairing

iv + is pairing, ee

iv + is pairing, odd
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N=43, odd

Zakopane 2024 /B.C.



Influence of pairing isospin modes in deformed N~Z 

– odd-A vs even-even cases (naïve picture)
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Isovector-pair quartets for N=Z nuclei  — Sandulescu, Sambataro, Negrea, Dukelsky, Johnson et al.

See  talk by N. Sandulescu later in the program (Tuesday).

T = 0, J = 0 quartet

• Quartet = two isovector (T=1, J=0) pairs coupled to total T=0, J=0 —
“alpha-like” in isospin/angular-momentum quantum numbers, not real-space 

clustering

• Ground state of an N=Z nucleus = condensate of NQ = A/4 identical 

quartets 

• Benchmarked against exact shell-model diagonalization: correlation-energy 

errors typically below 1%

• Extended to deformed (Skyrme-HF / Nilsson) bases, to isoscalar (T=0, 
J=1) pairing, and to N>Z systems (quartets + excess-neutron pair 

condensate)

• So far demonstrated mainly for ground states and limited angular momentum: 

exact diagonalization / angular-momentum projection in the quartet space 
grows combinatorially costly with I.

Isovector pairing Hamiltonian

Ĥ = Σ
i
ε

i
N

i
−  Σ

i,j,τ
V

ij
P†

i,τ
P

j,τ

(τ = pp, nn, pn channels)

Isovector pair operators (T=1, J=0)

P†
i,+1

(pp),   P†
i,−1

(nn),   P†
i,0

(pn)

Quartet operator (T=0, J=0)

A
i
† ∝  P†

i,+1
P†

i,−1
−  (P†

i,0
)²

Quartet condensate ansatz

|QCM⟩ = N (Σ
i
x

i
A

i
†)Nq |0⟩ ,   N

q
= A/4

({xi}  fixed variationally; particle number, J and T exactly conserved)

Key references:  N. Sandulescu, D. Negrea, J. Dukelsky, C. W. Johnson, Phys. Rev. C 85, 061303(R) (2012)  •  M. Sambataro, N. Sandulescu, Phys. Rev. C 88, 061303(R) (2013)  •  D. Negrea, N. Sandulescu, Phys. Rev. C 90, 024322 

(2014)  •  M. Sambataro, N. Sandulescu, Phys. Lett. B 827, 136987 (2022) [band-like structures in deformed N=Z nuclei]

Quartet Condensation Model



Standard description of rotational bands for decades:

Cranked Deformed Shell Model (Nilsson/WS)+ BCS (isovector pairing)

Configuration interaction (shell model) description of collective rotation 

possible in some cases, e.g. 48Cr 

Y.R., R.P.S., Proc. DAE Symp. on Nucl. Phys. 66 (2022)
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Could a Cranked Quartet Condensation Model ”explain”

naturally the delayed alignments observed in even-even N=Z nuclei?
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QCM, 1 broken quartet

QCM gap:   ”2𝜟Q” 

ℏ𝜔c

𝜟Q should be larger than 𝜟BCS because of extra T=0

Correlations and possible additional attractive 4-body correlations

➝ ”delayed ” 𝜔c Q  with respect to 𝜔c Q ?



Extending the (static) quartet condensate to a rotating mean field — both models start from the same 

deformed single-particle basis and the same cranking term h′(ω) = h₀ − ω Jx

Cranked Shell Model  (HFB / BCS) Cranked QCM  

Correlated building block Cooper pair (2-body) Isovector quartet: two T=1,J=0 pairs → T=0, J=0 (4-body)

Ground-state ansatz BCS/HFB quasiparticle vacuum |BCS⟩ |QCM(ω)⟩ = N (Σi xi(ω) Ai†(ω))Nq |0⟩

Ground-band routhian E′(ω)
Flat at leading order; weak Mottelson–Valatin softening at higher 

ω
Flat at leading order (Jx = 0 exactly for an intact quartet)

Backbending mechanism Break one Cooper pair; align the two freed quasiparticles
Break one isovector pair inside a quartet; align the two freed 

quasiparticles

Relevant gap Δ  (pairing gap) ΔQ = Δ + δE(quartet)  >  Δ

Predicted crossing 

frequency
ωc ≈ Δ / ix ωc ≈ ΔQ / ix   — delayed relative to BCS

Status
Standard (Bengtsson–Frauendorf, 1979 onward); implemented in 

many codes
Proposed in this talk — not  published 

Cranked BCS Cranked QCM

ωc,BCS
ωc,QCM

If the same slope for the aligned band in both panels — the larger gap ΔQ alone delays the crossing.

This cranking construction is a proposed extension of the published (static) QCM framework — no cranked-QCM calculation has been published to date.

Cranked QCM: A new approach to rotating N=Z nuclei

Delayed relative to BCS



LSSM calculations using the JUN45 interaction in the fpg shell show 

lifetimes are a key indicator for T=0 correlations as a driver of 

collectivity. 

Are lifetimes the smoking gun for the existence of exotic 

phenomena such as T=0 pairing or quartetting in N=Z nuclei?

ESNT CEA-Saclay 7-11 September, 2026  /BC

LSSM calc. JUN45 interaction, fpg model space effective charges ep = 1.5e and en = 0.8e

Chong Qi, priv. comm

FIG2025, 9-12 March 2025,  TIFR Mumbai /BC

M.A. Bentley et al., Phys. Rev. Lett. 136, 152501 (2026).

https://doi.org/10.1103/r6ns-ypw8



RAE2021 Nuclear Physics Division

𝟓𝟎

Experimental opportunities to study excited states in N=Z nuclei (in particular

lifetime measurements) will increase dramatically in the next years

ESNT CEA-Saclay 7-11 September, 2026  /BC
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Summary

• Intermediate-angular momentum levels in the heaviest deformed N~Z nuclei 88Ru and 87Tc

have been observed with AGATA + ancillary detectors (NEDA/NWALL, DIAMANT)

• In 88Ru, the rotational frequency for the configuration change between the ground-state and

qp-aligned structures indicates a ”delay” wrt standard calculations and expt data in

neighboring Tz=1 isotones, in agreement with SM predictions with enhanced isoscalar np

QQ correlations or as contributions from spin-aligned isoscalar np pairs .

• For, the TZ=1/2 isotone, 87Tc, we observe an earlier band crossing frequency compared

with the neighboring N=44 and N=43 odd-mass nuclei for the yrast band built on the 𝜋g9/2

ground state

• IV band crossing frequencies for heavy deformed N~Z nuclei show opposite behavior as TZ

➛ 0 for ee and oe systems- a new signature for enhanced IS pair correlations in these N~Z

systems? But can we really “understand” delayed alignments in deformed N=Z nuclei e.g. in

a simple CSM+generalized BCS picture including isoscalar pairing?

ESNT CEA-Saclay 7-11 September, 2026  /BC



- Quartet condensate (spatially delocalized alpha-like spin-isospin correlations) – has it been 

overlooked in the experimental quest for T=0 pairing in deformed N=Z nuclei?  Note talk 

by N. Sandulescu later in the program (Tuesday).

- Could the Coriolios-Mottelson-Valatin effect as applied to alpha-like quartets explain the 

delayed alignments attributed to T=0 pairing?

- A cranked quartet condensation model is proposed as a tool to overcome the 

computational burden of calculating intermediate-high spin collective states and to determine 

if quartets could explain delayed alignments in deformed N=Z nuclei.

- Could a cranked QCM explain effects ascribed to isoscalar pairing, including shifts in q.p. 

alignments? (Quartets could probably also coexist with IV and IS spin-isospin pairing 

modes). 

- Experimental outlook: probing the heaviest  N~Z systems at finite angular momentum using 

lifetime measurements will be possible in the next years with AGATA and GRETA gamma-

ray tracking arrays. Will this provide the smoking gun for resolving the enigmatic T=0 pairing 

issue or for new phenomena, including quartetting? 

ESNT CEA-Saclay 7-11 September, 2026  /BC



Thank You



Backup



Spherical N~Z systems: Generation of angular momentum in the isoscalar 

spin-aligned coupling scheme (92Pd)

(not a np pairing condensate in the traditional sense)

I

J=9
J=9

J=9

J=9

Similarities with “stretch scheme”

M. Danos and V. Gillet, Phys. Rev. 161 (1967) 1034

100Sn

ESNT CEA-Saclay 2023  /  BC 
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Experiment

6

GANIL, May of 2018, 10 days of beam time

Beam: 36Ar (115 MeV, 5 ~ 10 pnA)

Target: 54Fe (99.58%, 6 mg/cm2)

Main contaminations: 16O from oxidation, 56Fe (0.40%)

Fusion-evaporation reactions of interest:
36Ar(54Fe, 2n)88Ru
36Ar(54Fe, 2n1p)87Tc

Nucleus with only T1/2 known

Nucleus with ⩾ 1 excited state known

N=48

N=50

p-drip line 100Sn

Unknown proton emitter

Unknown 
𝟒𝟒
𝟖𝟖𝐑𝐮𝟒𝟒

𝟒𝟑
𝟖𝟕𝐓𝐜𝟒𝟒

Zakopane 2024 /B.C.



LSSM predictions for 88Ru with interaction including an explicit pairing

term (PMMU)

K. Kaneko, T. Mizusaki, Y. Sun, and S. Tazaki, Phys. Rev. C89, 011302(R) 

(2014)

Kaneko, Sun and de Angelis, Nuclear Physics A957, 144-153 (2017)

PMMU: H = Ho + HP + HM + Hm :

Ho =  s.p,  HP =  pairing

HM = multipole, contains QQ + OO components

Hm = monopole term

Note: Without the T = 0 np pairing, the smooth pattern in 88Ru disappears and it lacks 

rotational behaviour  as for  90,92Ru. The np QQ T=0 is most important in the PMMU for 

driving the collective strength Zakopane 2024 /B.C.

effective charges ep=1.5e and en=1.1e

ESNT CEA-Saclay 7-11 September, 2026  

/BC
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Predictions for 88Ru

”Standard” SM calculations* for 88Ru predict similar ”alignment” of angular

momentum

* F.G. Moradi et al., Phys. Rev. C89, 014301 (2014)
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