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Quartet correlations for neutron pairing 7

Quartet correlations for proton-neutron pairing

- pn pairing in quark-meson coupling approach

Quartet correlations for shell-model interactions

- band structure in N=Z nuclei in term of quartets

How to probe quartet correlations ?



Like-particle pairing : PBCS versus exact solution
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what is the physical meaning of the pairs with complex E; ? 0



Like-particle pairing and 4-body correlations
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Exact solution
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restriction around & - only quartets == quartet condensate ?

neutron skins/halos made of quartets ?



Like-particle pairing with quartets: Sn isotopes*
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QCM accurate for a general pairing force !
QCM calculations for neutron skin/halos ?

with continuum Skyrme-HF

* M. Sambataro and N. S., J Phys G (2013)



quartets :  4-body structures of two neutrons and two protons
correlated in configuration space (e.g., isospin, spin)

QT — Z ngkl ﬂ-kﬂ-ZL)T_O

quartets Cooper pairs

overlaps in coordinate space



EFFECT OF QUADRUPLE CORRELATIONS IN LIGHT NUCLEI
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Fingerprints of alpha-like (quadruple) correlations

1) Extracting a pn pair from a even-even N=Z nucleus costs more energy than adding to it a pn pair

22Na 24Mg 26A| ZSSi
22.1 MeV 13.0 Mev 24.4 MeV

2) Extracting one neutron from a even-even N=Z nucleus costs more energy than from neighbouring nuclei
B(%*Mg)-B(**Mg) = 16.6 MeV
B(**Mg) -B(**Mg) = 7.3 Mev
B(*®Mg)-B(>>Mg)= 11.3 Mev



Theoretical studies on pn pairing & alpha correlations

B. H. Howers and M. Vijicic,NPA49(1363) B. Bremond and J. G. Valatin NP41(1963)
b= ”H [T+ Vll'qunai:npa;—mqa;’m'ral?‘—m‘:) 10) T (Sa+Vapalpagy+ Vana bt by + Tal opa ;pa @) 0)
'mm' pqrs «
not actually solved !/ not included all relevant configurations !
J. Eichler and M. Yamamura, NPA182(1972) R. Chasman, PLB577(2003)

non-collective quartets

J. Dobes and S. Pittel PRC57(1998) R. A. Senkov and V. Zelevinski (2011)

quartet condensation for a degenerate state

almost all studies on pn pairing: in BCS/HFB approximation

Goodman, ..., Bertsch & Gezerlis

drawbacks: particle-number, spin and isospin are not conserved !



Isovector (T=1) and isoscalar (T=0) pairing in N=Z nuclei
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not well-defined isospin not well-defined spin/]



Isospin and spin projections

PTzo(F,Lr)¥ — (eI Il — Fjﬂfjﬁ)# = (Qh._ ).
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quartet condensates

a particular case of the Quartet Condensation Model (QCM)



Isovector (T=1,J=0) and isoscalar J=1,1=0) pairing in (M
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|OCM >=0"" | - >
conserves exactly all the symmetries

exact solution for degenerate levels (Dobes & Pittel PRC (1998) )

N.S., D. Negrea, J. Dukelsky, C. W. Johnson, Phys. Rev C (2012) M. Sambataro, N.S and C. W. Johnson, Phys. Lett. B (2015)



Quartet condensation versus pair condensation

H = ZgiNi T ZVJT:ol(ia ])Z PZ:PJT + ZVJT:lo(i’ ])Z Dithja
ij 7 ij o

pairing forces: (T=1,J=0) and (T=0,J=1) components of shell model interactions

+\7 + P+ \7 2n + 2nq
(O )" |-> (TE T ) -> (T )" - (Ay)7]0)
“Ne 15.985 (-) 14.011 (12.35%) 13.664 (14.52%) 13.909 (12.99%)
¥Mg 28.595 (0.24%) 21.993 (23.35%) 20.516 (28.50%) 23.179 (19.22%)
8gj 35.288 (0.57%) 27.206 (23.58%) 25.293 (28.95%) 27.740 (22.19%)
“ 7019 (-) 5.712 (18.62%) 5.036 (28.25%) 4.196 (40.22%)
By 11.614 (021%) 9.686 (16.85%) 8.624 (25.97%) 6.196 (46.81%)
Fe 13.799 (0.42%) 11.774 (15.21%) 10.591 (23.73%) 6.673 (51.95%)
0Te 3.147 (-) 2.814 (10.58%) 2.544 (19.16%) 1.473 (53.19%)
108y e 5.489 (0.20%) 4.866 (11.61%) 4.432 (19.49%) 2.432 (55.82%)
2B, 7.017 (0.34%) 6.154 (12.82%) 5.635 (20.17%) 3.026 (57.13%)

correlations energies and errors relative to exact results

* isoscalar pairing condensation is not a good approximation !

 T=1and T=0 pairing correlations always coexist in quartets

M. Sambataro and N. S, Phys. Rev C93, 054320 (2016)



Excited states of T=1 & T=0 pairing in QCM
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Fig. 4. The low-lying spectrum provided by the QCM approximation (24) for the
valence nucleons of 28Si interacting by an isovector-isoscalar pairing force extracted
from the USDB interaction. The numbers are the overlaps between the QCM and the
exact wave functions. Energies are in MeV.

M. Sambataro and N. S, Phys. Lett. B820 (2021)



[soscalar - isovector pairing in axially deiormed mean-fields
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pairing in time-reversed deformed states

T_ Exx [PZTP]T 17 A(J)r = Z%’D:o

*  Ground state W >= (0 +A)" |- > N=Z
exact solution for degenerate states
non-degenerate levels: errors under!% O 0—00—
(N.S, D.Negrea, D. Gambacurta, Phys. Lett. B 2015 ) -0-0-00-

* Applications : Skyrme-HF+ QCM ( D. Negrea, N.S, D. Gambacurta, PRC105 (2022) )

Quark-Meson-Coupling+ QCM (T. Popa, N.S, D. Gambacurta, J.Phys.G, in press)



Quark Meson Coupling approach

Quark-Meson Coupling (QCM) model : basic assumptions
P. Guichon, PLB(1988); P. Guichon, J. Stone, A. W. Thomas, Progr. Part. and N.P. (2018)

nucleons

quarks

meson exchange
C, p, ®

nucleons described as clusters of 3 quarks (MIT bag model),
the quarks interact by the exchange of o, p and w mesons

QMC energy density functional (EDF): Skyrme- like structure

P. Guichon, H. Metosovian, N. Sandulescu, A. W. Thomas,, NPA (2006)

spin-orbit, tensor and pairing interactions derived within @MC

depends only on 5 parameters

Systematic QMC calculations of nuclei :
K. L. Martinez, A. W. Thomas, J. R. Stone, P Guichon PRC102 (2020)
accuracy comparable with the best Skyrme calculations !

no proton-neutron pairing

predictions for a T=0 phase 7



Proton-neutron pairing interaction in QMC

* Isovector pairing force: derived from QMC

G G .
T=1 = —&§ T _ (:w' B p 5 L
v TG, L) —r7)

2
depens of quark-meson couplings G, = 512

s : scaling fixed from OEMD of neutron-rich nuclei

* Isoscalar pairing force: V=0= w VI=' =16

Example: off diagonal marix elements for ®4Ge

1 ‘ ‘ ‘ ‘ ‘ : :

0,5

-0,5

isocalar force has repulsive m.e = isoscalar pairing suppression !



QMC-+Q(M calculations for N=1 nuclel: sd-shell

A. Popa, N.S, D. Gambacurta, J. Phys. G, in press
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T=1 & T=0 pairing coexist and compete in all nuclei



BE (MeV)
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Binding energy function of deformation: sd-shell nuclei
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QMC-+Q(M calculations for N=1 nuclei: pig-shell

Binding energy residuals
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Quadrupole deformation

L Y
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A QCM FRDM Exp
44 0.000 0.00 0.288
48 0.291 0.23 0.351
52 0.230 0.12 0.229
56 0.004 0.00 0.127
60  0.228 0.16 ;
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68  -0.259 0.23 0.242

Pairing energies
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T=1 & T=0 pairing coexist in all nuclei

T=1 has dominant contribution
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Binding energies function of deformation: pfg-shell nuclei
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Isoscalar pairing in heavy nuclei above 1%Sn ?

HFB versus QMC+QCM calculations
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HFB calculations with proton-neutron pairing

A. Gezerlis, G. Bertsch, PRL (2011); G. Palkanoglou, M. Stuck, A. Gezerlis, PRL (2025)

mean-field: Woods-

Saxon + spin-orbit
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QMC+QCM results for A> 100 nuclei

Th. Popa, N. S., D. Gambacurta, J. Phys. G, in press
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no dominant T=0 pairing phase in QMC+QCM calculations



Quartet correlations for general iwo-body Interactions

H = Egi(Ni(n) +Ni(p))+ E VJT(ii';J:i')[A;'J'T'AJj'J'T']J=O,T=0

l.l.‘,']:].‘,.]',T‘

sd-shell: USDB

pf-shell: KB3G



Quartet correlations ior general iorces

H = Eg (N(n) N(p))+ E VJT(ll ,]] )[A” i J] J'T']J=O,T=0

i jj',J "\ T'
0,0
|OCM >= Q™" |- > = 2 Ty lAlrAf ]
i, jj',JT
Eoore(SM) | Eeore(QCM) | (SMIQCM) <Q[H|Q><Q|V|Q>
20N 24.77 24.77 1 Lo
—40.47 (—28.74)
M . 04 (4. BE(0)=28.4MeV
Vi 55.70 | 53.04 (477%) 0.85 _30.96 (—27.53) (o)
i 88.75 86.52 (2.52%) 0.86 _37.58 (—23.46)
29 122,51 122.02 (0.40%) 0.98 —37.54 (—23.33)

E(ng) =ng x E(1) + nq(n% x V(ng),

V(2)=-3.5, V(3)=-4.1; V(4)=-3.34 MeV (V>0 for Vp!)
quartets acts as weakly interacting building blocks

M. Sambataro and N. S., EPJ A53 (2017) 43



Excited quartet condensate in 328 ?

e ground state |QCM >=Q™" |- >

excited state |OCM >=Q"" |- >

+ + + 0,0
Q" = E xii',jj‘[Aii'JTAjj'JT]

i, jj' JT

~F — 0,0
Q" = E X sy [ Aosr A ]

i, jj' JT

Byt (SM)

Byt (QCM)

(SM|QCM)

328

—178.98 (3.46)

—178.04 (3.92)

0.95

experimental energy : 3.778 MeV



Ground and ground-state band with intrinsic quartets

* intrinsic quartet QT = ag0(q))oo + ag2(g))20 + aga(a))ao.

Tl al o
Z qZ1J1J1 iojoJo, T |:[ i1 ]I]JlT/[ io ] ]JzT’i|JT:0;M:O.

11J1J1
i2j2J2
T

* condensate of intrisic quartet  |©g) = (Q¢)"[0)

« projected states  Ps|©g) 1=0,2,4,6, ...

Example: *Mg

QF = 0.74259(q} )00 + 0.65203(q})20 + 0.15301 (g} )10,

ground state energy

Einr(g) = =85.19401 MeV. | | Epyoj(07) = —86.2533 MeV. ESM(0+) —87.10445 MeV,

error in correlation energy: 1.4%

(050 |Opro) = 0.960



Ground- state band for Mg
©g) = (Q¢)"|0)

P;|©g) 1=0,2,4,6

JT  EP (MeV) ESM (MeV) EZP (MeV)  (Jsm|Joroj)

0t 0.0000 0.000 0.00 0.960
2" 1.2210 1.502 1.369 0.975
4+ 4.3072 4.112 4.123 0.959
6 8.6066 8.269 8.113

Transition Pj;|©,> SM  Exp

27 — 0 90.8 95 88(4)
47 — 27 125.3 124  160(16)
67 — 4] 118.1 140 115

N.S, in preparation



Band-like structures in N=Z nuclei based on quartets
* “Intrinsic" ground state: quartet condensate
Og) = (Qg)"|0>, Q; = Zag,J(q;)JO 1=0,2,4
J

ground state and ground state band

Ps|®g) 1=0246 ...
* Intrinsic excited states: one - broken - quartet states
O = QIQNH" o), Q=D axulal)x
J

k — 0 — H‘BH’ k — 2 — u’}/[[’ L.
band structures
P;|©k)

M. Sambataro and N.S, Phys. Lett. B 827 (2022) , EPIA 59 (2023)



E(MeV)

10

Band structures generated from quartet states; 24Mg

i | i
24 ! l I
| | |
| —06 —5 __ o1 22% | 0.96
—6 __5 i O: 0255 082> 1 =6 0.93 076 —
_ | 0—930 | = 2
I I ' ! 0920
' —O0 —4 i Q.974 : 0.9264 —
—_3 i —3 ' 6.90 0.994 i 0.995
. . 0.98
s —2 i 4 —»n i —4 0.98 i =4 0.98, ]
I I I
I I I
| | | —
. L —2 i 0.996 5 | 0,994,
| |
— o _ | 0997, | 0.996 _
| _86.94 | -87.05 | -87.10
EXP | PROJ | QM | SM
| | |
ERS diagonalisation shell model

in the quartet basis

* band-like structures similar to experimental bands

* ground state energy very close to exact SM
* large overlaps with the shell-model exact states
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E (MeV)

10

Four-body correlations in N=Z and N>Z nuclei
diagonalisation in a quartet basis

H = EE(N(”)+N(”)+ EV,T(u s JIOAL A g IV OT

i, jj'J' T
(V1)+ (Vz) J (d)+ _ (d) + + J.T
|OM;J >=[0;"" 0,1 | core > T Xip iy LAit s, Ay, ]
8 T T T 1
24
B Mg ]
N et ::"/‘g+ B
5_':‘_—‘;_:_:_:_:' ,,;=;:—_““"_‘3‘_y¥5+ 1: T:O’ J:O(z)a2(2)a 4a6
[ e 0 6  2: T=0,1=0(2),2(2).4
0" 0958) + 3: T=0,]=0(2),2,4
4+ _________________ . 4 ? ’ = 09/_\
| 3+ ———— . e m—————— %iﬁ 1 — . 4' T:03 J:07 274 C
2" :..::::'—::::ZIZ'—,__:—____J_)_O-%O ot & 5: T=0,1=0,2 E
4 AT 6: T=0,J=0 o
. e | [ am Z
A — 0%
o 0972) + | B
55.69 55.69 55.17 5491 | 2
EXP SM QM QM(T=0) | L
0 ! ! ! ! ! ! 07

all low-lying states can be well described by T=0,J=0,2,4 quartets !

T=0,J=0 quartets give the dominant contribution in the ground state !

M. Sambataro and N.S, Phys. Rev. Lett. 115 (2015)



Quartets in N > Z nuclei

24
llNa13
3 g ]
;1+ . ) 3:
3 . D — §+
+
3
> 2t X
g 5% T s
E 1+.;::, 7777777777777 - N
E | 3+ i
+ o
2 e 1+
R
0r . i
46.23 46.29 ey
EXP SM oM
24
9 FIS
st 4*
3 IAE' _ 2+ i
S 3
(3)+ o
—— p
S\ 4t
e
m
—_— A -
or } 3 -
24.28 24.19 2408
EXP SM oM

Quartets built not only by (2p,2n) but also by (1p,3n) and 4 neutrons

M. Sambataro and N.S, Phys. Rev. Lett. 115 (2015)
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How to find the fingerprints of the quartet condensation in N=Z nuclei ?



Long-range correlations oi superiluidity-type and density matrix

Yang’s criterion (1962)

n-body long-range correlations a large eigenvalue of n-body density matrix
“off-diagonal long-range order”

Example: pair condensation

/0(2>(T17 T2; Tlla T/2) — )‘OQbEk)(Tla T2)¢0(T/17 T;) T Z )‘n¢2(rlv T2>¢H(T/17 TIZ)

n>0
* long-range correlations:  coherent dominant mode small contribution
4 ‘ : ‘ ‘ 20 w
® 110 2, (BCS) | - ®
3F Sn P 15- 1
di/dk (BCS) e \
2r f\. : 10+ \'\4 e - 8
I ‘ N\ \d}\\ﬂ/dk\ (PBCS) \ p
1= 7 Sa N B 5t LN b
<M (ECS) TNl | ‘ (1-v*v)x100
2 (PBCS) ™ —== —---‘--Z-'.'T;‘-.__ s S JESp—
% 05 1 15 2 % s 1 15 = 2
k k

Fig. 3. BCS and PBCS results for '°Sn. (a) The largest (o) and the second largest (1;) eigenvalues of two-body density
matrix as a function of the scaling factor k. (b) The average of the pairing force, V, its derivative to k and the quantity
(1 — V%0)/V) x 100 calculated in the BCS approximation.

M. Sambataro and NS, Annals of Physics 2020



Eigenvalues of 2-body density matrix for J=1 pairing

o ra—| 1 1
1 M 1 M 1 M 1 N 1 M 1 N | M | a | a 08 OE81 082083084 085086087 088 089 09 091 092 093 094 095

behaviour related to levels crossing

no indication of pair condensation !

M. Sambataro and NS, Annals of Physics 2020



4-pody density ior general two-body iorces: sd-shell nulel

(n) () SIREE J=0,T=0
H = Egi(Nin +N;")+ E VJT(”"]J')[A;'J'T'AJ'J"J'T']
i i jj' T

pl.(j.) =<SM lq;q,;|SM >

q; =(a;a;a;a;, =0

h

Largest 5 eigenvalues for sd-shell nuclei

24Mg 1.18 0.15 0.03 0.29 0.01
28Gi 1.19 0.47 0.27 0.20 0.12
328 1.51 0.83 0.74 0.59 0.53

M. Sambataro and N.S., in preparation

indication of long-range quartet correlations




Evolution of the largest eigenvalue of 4-body density matrix; 32§

H = Egi(Ni(n) +Ni(p))+ k E VJT (ii';]:].')[A;'J'T'A]j']'r]J=0’T=0

i, j'.J'\ T

S ( ground state)

largest eigenvalue —

Indication of a fast transition towards a quartet condensate



What experimental data could probe the quartet correlations/condenstion 7



Probing quartet correlations in N=Z nuclei by a transfer ?

- fingerprints of pair condensation: pair transfer on a chain of isotopes

3500

Integrated cross section for tin isotopes

3000 -

2500+

—_—

o]
= 2000}
5

1500 - O —> experimental result

@® —> theoretical prediction
1000 -

500

1 1 1 1 1 1 1
104 108 112 116 120 124 128
A

G. Potel et al, PRL107 (2011)

« fingerprints of quartet condensation : alpha particle transfer along N=Z line ?

160 04 2ON€ Y 24Mg 04 28Sl. Y 32S



Spectroscopic factors for o transfer

I I I I I
1.6 —

¢ (p,pa)T.Carey et al, PRC29(1984)
m-# SM by A. Volyaetal, PRC91(2015) —
A QCM by A.Volya et al, in preparation
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A

quartet and shell model wave functions provides similar results !
not a clear plateau region: sa- shell is too small

transfer a quartet from “°Ne instead from SLi ?

N. S, M. Sambataro, A. Volya, EPSJ Web Conf (2024)



Probing quartet correlations/condensation : Josephson-like efiect ?

VOLUME 34, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JANUARY 1975

Systematics of the (d, ®Li) Reaction and « Clustering in Heavy Nuclei*

F. D. Becchetti, L. T, Chua, J. Jinecke, and A. M, VanderMolen
Cyclotron Labovatory, Physics Deparvtment, The University of Michigan, Ann Avboy, Michigan 48105
(Received 5 August 1974)

Data for the a~particle pickup reaction (,°Li) have been obtained at 35-MeV bombard-
ing energy for even-even nuclei from '°C to ***U, The cross sections for the transitions
to the ground states decrease approximately as 1/4,° where 4, is the target mass. «a-
particle transfer probabilities have been extracted from the data and are found to be sub-
stantially enhanced in heavy nuclei away from shell closures, particularly for deformed
nuclei near A~ 150, a=particle correlations appear to be related to two-nucleon pairing
effects.,

to those observed in the Josephson effect in ordinary superconductors. Such an effect
might also be observed in the alpha-transfer between alpha-superconducting
nuclei.”



Summary and Conclusions

 proton-neutron pairing is described accurately by an a-like condensate

quartets appears naturally from the isospin-spin conservation

 proton-neutron pairing contributes significantly to the binding energies

Quark-meson-coupling +@CM calculations: no T=0 phase for A>100

* band-structures in N=Z nuclei generated from intrinsic quartet condensates !

Perspectives

* Probing a-like condensation by a-transfer in heavier N=Z nuclei ?

* Unified description of a-quarteting and a-clustering/condensation ?



Alpha-like quartetting versus alpha clustering

unified microscopic treatment ?

Quartetting Alpha-clustering Alpha condensation ?
— acluster
83 Condensed ino the lowest orbit
: \ o/
| 0,60
88 . \98y
—Al~al5 ~—r
ground state excited states Hoyle state in '2C ?

transition through the collectivity of the quartet

|OCM >= Q™" |- >



Thank you for your attention !



Isovector-isoscalar pairing and quartetting ior N>1 nuclei

nuclei with N-Z=2ny,

N>Z
* all protons are correlated in alpha-like quartets

ansatz s

* neutrons in excess form a pair condensate B
000"

(T + +2\"

|QCM >= (I )" (O}, +A2)" | - > 0000
OO0

07, =200, -T2 Af =2 Dy

vv JUIT

errors for correlation energies smaller than 1%

pn pairing and quartet correlations survive in N > Z nuclei !

N.S., D. Negrea, C. W. Johnson, PRC86 (2012)

D. Negrea, N.S, D. Gambacurta, PRC105 (2022)



BE, - BE,_(MeV)

Binding enerqy residuals for N=Z nuclei: Skyrme+QCM

D. Negrea, N.S, D. Gambacurta, PRC105 (2022)
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Binding energies residuals for N>Z nuclei
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FIG. 5. The residuals, functionof A =N + Z, for (lef) N = Z + 2 and (right) N = Z + 4 nuclei.

|QCM >= T )™ (O + A" |- >



Isovector and isoscalar pairing in odd-odd N=1

H = Z EirNir + Z VT:l(@f) Z Pz'ﬁpj,t + Z VT:O(iaj)DZODJ’O

277—::‘:1/2 i,J t=—1,0,1 i,J — - ((—
OO0 00—
.. —+ + +2 \Nn M
T=1 state |lV,QCM >= rwr(QT=1 +Awr) | -> 0 0-0-C
.. A+ + +2\"
T=0 state lis; QOCM >=A,_(Q;_ +A )" |->
=T 1 preon 10 ) v/
2 - - = - - =_0
s = o, ; Vi =V ofr-1,)F sy YTy
1+ - w=1.6 -
S 05F .
A e s-anctoo
= -05F .\/’/\’\. ] what we can learn about
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= ' ] the structure of the states ?
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D. Negrea, N.S. and D. Gambacurta, Prog. Theor. Exp. Phys. 073D05 (2017)



The structure of lowest T=0 and T=1 states

T=0 ground state

Exact A’ (0F +A™)"

A:ﬂ' (Q;=1 )”q

(A:ﬂ )2nq+1

AL (T2)"

S0P | T=0 | 12.66 | 12.60 (0.44%) | 12.55 (0.86%) | 11.96 (5.86%) | 11.94 (5.95%)
T=1 ground state
o+t 2\ ~ L —+ +2 \" + \2n,+l
Exact l—‘wr(QT=1 +Awr) rW[ (QT=1) ! rwr (Awr) (FWT)
*4Co | T=1 | 16.14 | 16.12 (0.14%) | 16.09 (0.28%) | 15.67 (3.01%) | 15.86 (1.78%)

conclusion

D. Negrea, N.S. and D. Gambacurta, Prog. Theor. Exp. Phys. 073D05 (2017)

isovector correlations are stronger in both T=0 and T=1 low-lying states




Average value of pairing interactions
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the extra T=0 pairing energy comes from the odd pn pair !



Spin-aligned J=9 pairs in %2Pd ?
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B. Cederwall et al, Nature 469 (2011)68



Role oi spin-aligned pairs in %2Pd
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the structure of 92Pd is not dominated by J=9 pairs

ground state is mainly built by J=0 and J=1 pairs

M. Sambataro and N. S, PRC91 (2015)
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