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“we must take into consideration the quadruple correlation of alpha-particle-like nucleons in addition to pair correlations;
these new correlations evidently play a very important role and somewhat mask the effect of pair correlations"

pioneering studies on pn pairing & alpha correlations

V. G. Soloviev NP18 (1960)

B. Bremond and J. G. Valatin NP41(1963) B. H. Flowers and M. Vijicic,NPA49(1963)

A. Arima and V. Gillet, Ann. Phys. 66 (1971) ). Eichler and M. Yamamura, NPA182(1972)

J. Dobes And S. Pittel PRC57(1998) R. Chasman, PLB577(2003) R. A. Senkov and V. Zelevinski (2011)



alpha-like quartet = collective state of two neutrons and two protons
coupled to T=0 and =0

why alpha-like quartets for pairing ?

they are the simplest structures which conserve exactly the isospin and spin
&
provide accurate descriptions of pn pairing Hamiltonians !



[sospin conservation and quarteting: T=1 pairing

H= Ee(N(V) N(”))+g2 P, N=Z
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Quartet condensation and Cooper pairs

1OCM >=Q™" |- > 0' }‘, A
Q = ZFWFM I‘WI‘;E Exl g collective pairs

entangled collective pairs !

|QCM >= (2T Tt —T* T ) |->

‘coherent’ mixing of condenstates formed by nn, pp and pn pairs

calculations

O, <QOCMIH|IQCM >=0
method of reccurence relations

(24 non-linear coupled equations !)



Quartet condensation versus pair condensation
H = EgiNi + EVJT:ol(iaj)E E:I)]z

pairing forces extracted from SM interactions
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) * =17 pairing IS accurately aescribead by quartets, not by pairs
Conclusions

* there is not a pure condensate of isovector pn pairs in N=Z nuclei

N. S, D. Negrea, J. Dukelsky, C.W. Johnson, PRC85, 061303(R) (2012)



Quartet condensation versus isospin-projected BCS

H = Z (N + NF) - gz 4P

ij,T
IQCM >=(Q")" |- > |IPBCS(N,T)) = PPy |BCS)
Ecor-r — EO —-F
“ZFe
Exact value: 8.29 MeV

PBCS(N,T): 7.63 MeV (8%)  (Chenetal, Nucl. Phys.A 1978)

QCM: 8.25 MeV (0.5%)

QCM state describes additional quartet-type correlations



Isovector pairing in QCM: Wigner energy
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BCS fails to describe the Wigner energy

T=1 pairing, when treated accurately, is able to describe well the Wigner |

D. Negrea and N. S, PRC90 (2014)



Wigner X

Wigner energy: comparison with earlier calculations

Bentley & Frauendorf PRC(2013)
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Symmeiry energy: comparison with earlier calculations

Bentley & Frauendorf PRC(2013) Negrea & Sandulescu PRC(2014)
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[soscalar and isovector pairs in N=I nuclel

(T=1,J=0) pairs N=Z (T=0,J=1) pairs
Pir, = afal i Dy, =laf el

Iy = };szﬁ 0000 A= gDk

pair condensate 0000 pair condensate

() = > (A5)™"|0)

not well-defined isospin not well-defined total spin



Quartetting for isovector (J=0) and isoscalar (J=1) pairing

H - Egmgvf(;(l pE A ,T+Evf10<u kl)E

isovector isoscalar
+ 1.4+ 4T=1,J=0 +1J=1,T=0
pz',Tz - '[a"z' a; ]Tz Dz].] [ ]J

collective quartets
T=0 + + N+ 1/=0
0, = Ex,j[PfPf] s Eyij,kl[Dszkl]
— i,
L]

generalised quartet

Q" =0, +0;

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

superposition of T=0 and T=1 quartets

M. Sambataro and N.S, Phys. Rev (93, 054320 (2016)

N=Z



Quartet condensation versus pair condensation for isovector & isoscalar pairing

H=eN+SVIGNY PP+ 3V GHY DD,
i T i o

n + T+ A\ + \21 +\2n
Q) 1-> (0" 1=> (I, 1=-> (Ay)7|0)
QCM PBCI PBCS0;, PBCS0;,
“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%)
“Ti 7.019(-) 5.712 (18.62%) 5.036 (28.25%) 4.196 (40.22%)
BCr 11.614 (0.21%) 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%)
¥Te 3.147 () 2.814 (10.58%) 2.544 (19.16%) 1.473 (53.19%)
108ye 5.489 (0.20%) 4.866 (11.61%) 4432 (19.49%) 2432 (55.82%)
2 7.017 (0.34%) 6.154 (12.82%) 5.635 (20.17%) 3.026 (57.13%)

quartet condensation wins over Cooper pair condensates

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

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



[sovector-isoscalar pairing and quartetting for N>1 nuclel

nuclei with N-Z=2n,,

* all protons are correlated in alpha-like quartets
ansatz

* neutrons in excess form a pair condensate
-+ \7 + +2\1
|QCM >= (T, Y (OF_, + A" | = >

Or, =20 -0 A =) yDjy:

N>Z

how fast are suppressed the pn correlations away of N=Z ?



[sovector-isoscalar pairing and quartetting for N>1 nuclel
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pn pairing and quartet correlations survive in N > Z nuclei !

D. Negrea, P. Buganu, D. Gambacurta, N. S., arXiv (2018), submitted



Quartet correlations ior general two-body forces ?



Quartet correlations for general two-body iorces

H = ES (N(n) + N(p))"' E V@' iAo+ ]] J'T']J=O’T=0

i, jj',J'\ '

|OCM >= Q™" |- > = 2 FuylAin AT

i, jj',JT

Eeorr(SM) | Eeorr(QCM) Eeorr(QM) | (SM|QCM)
*ONe 24.77 24.77 24.77 1
*Mg 55.70 53.04 (4.77%) | 53.24 (4.41%) 0.85
*8Si 88.75 86.52 (2.52%) | 87.12 (1.84%) 0.86
23 122.51 122.02 (0.40%) | 122.29 (0.18%) 0.98

—1
E(ng) = ng x B(1) + ”q(”; ) % V(ny),
the interaction between the quartets is small compared to their binding energies

quartets acts as weakly interacting building blocks

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



How to identify the transition to a quartet condensate ?



Long-range correlations of superfluidity-type and density matrix

Penrose (1951) , Penrose and Onsager (1956), C. N. Yang (1962)

n-body long-range correlations a large eigenvalue of n-body density

Example: pair condensation

oDy, a7, 1) = (@)Ut () )0 (g W () B () @)

p(2) (Th T2; Tllv TIQ) - )‘0¢8<T17 T2)¢0<T/17 TJQ) + Z /\ngb;(rla T2>¢H<Tia T/2>

n>0

long-range correlations: )LO >> A . (“off-diagonal long-range order”)
n=

A, - associated to the number of "condensed" pairs



Eigenvalues oi two-body density matrix ior like-particle pairing

H=YeN, -kY Vi, )PP
i ij

two-body density

=<‘P|PI.+PJ.|‘I’>

(k is a scaling factor)

12 particles in 12 levels
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eigenvalues

Eigenvalues oi 4-body density matrix for T=1 pairing: 2§i

N=Z
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4-pody density for general two-body forces: sd-shell nuicel

H = Egi(Ni(n) +Ni(p))+ E VJT(” ’]J v)[ A J'T']J=0,T=0

i',jj' J'\T"

+ + + +\T=0

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

i i

p(4) =<SM lg/q;1SM >

Largest 5 eigenvalues for sd-shell nuclei

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

there is one eigenvalue larger than 1

fingerprints of long-range quartet correlations




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

H = Eg (N(n) +N(P))+ k E VJT(ll 7],] 1)[ A JVT']J=O,T=0
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Indication of a fast transition towards a quartet condensate !



Evolution of the largest eigenvalue for 2-body density matrix: J=0,T=1

4’5 ! ! ! ! ! ! ! ! ! !

35 largest eigenvalue J=0, T=1

derivative

signature of weak long-range correlations !



Evolution of the largest eigenvalue for 2-body density matrix: J=1,T=0
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Summary and Conclusions

Main message: isovector and isoscalar pairing are accurately described by alpha-like quartets, not by Cooper pairs

* isovector pairing gives a significant contribution to Wigner energy

* jsoscalar and isovector pairing always coexist _in the ground state of N=Z nuclei

* quarteting appears to be a general feature in N=Z nuclei

* 4-body density matrix indicates long-range correlations of “condensate” type

pairing correlations are “masked” by quartetting 7!

Perspectives

* testing the quartet condensation by alpha transfer reactions ?

* unified microscopic treatment of quartetting and clustering ?



Testing alpha-like quartet condensation in N=1 nuclei ?

* test of pair condensation: pair transfer T (Ap— Av2g) Superfluids

~ (/6P

T TN
<PBCS(A+2)lc/c'IPBCS(4)>  |PBCS> =" 1-> o

fingerprint of pairs condensation: \/ Vibrations \/
~a i ' ~(n+1) :

plateau in the two-neutron transfer cross section Single

Particle A
0

Closed shell Closed s!

- test of quartet condensation: alpha particle transfer along N=Z line

<QCM(A+4)1Q" 10CM(A) > |OCM >=(0*)" | - >

plateau in alpha transfer cross section ?

160 o ZONe o 24Mg o ZSSZ- a 325

experiments for heavier N=Z nuclei (ph-shell) ?



Alpha-like quartetting versus alpha clustering

unified microscopic treatment ?

Quartetting Alpha-clustering Alpha condensation ?
— acluster
@9
|
e &

af3~n/s

Condensed into the lowest orbit
N o/
00\/60,/0
~Aﬁ\\@?b9§&/

ground state excited states Hoyle state in 12C ?




Thanks for your attention !



Quartet condensation In the excited states

H = Ee (N(”) +N(p))+ E V. @i jjNA;, A - J.T.]H)’T=0

i',jj',J" '
(n) 0,0
0 QCM) = Q7)™ |-) 0= 2, M
First excited 0O
Ey (SM) | Ep+(QCM) [(SM|QCM)
2Ne| —33.77 (6.7) | —33.77 (6.7) 1
2Mg| —79.76 (7.34) | =76.97 (7.47)|  0.70
28Gi |-131.00 (4.84)|—126.91 (6.71)]  0.65
325 | -178.98 (3.46)|—178.04 (3.92)|  0.95 SM is a QCM state 1?

Second excited 0+

Ey(SM) | Ey:(QCM)

*Ne|-28.56 (11.91)| —28.56 (11.91)
*Mg| —77.43 (9.67) | —70.85 (13.59)
#8Gi)|—128.51 (7.33)|—120.64 (12.99)
328)| —175.04 (7.4) |—170.84 (11.12)

superposition of many shell-model states: cluster- type excitations ?

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



Isovector (J=0) pairing versus isoscalar (J=1) pairing

Ng
QM) = 1:[1Ql|0>-

Ng

lis) = T @L“]0)

=1

Q+ — Q+(iv) + Q+(is)

Ng
liv) = TT @I“”|0)
v=1

QM iv is < QM |iv > |< QM |is > | < iv|is >

20Ne [15.985| 14.402 (9.9%) |15.130 (5.35%) 0.884 0.953 0.843
24 Mg |28.625(23.269 (18.71%)|(26.925 (5.94%) 0.650 0.910 0.336
28Si |35.386(28.896 (18.34%)(33.377 (5.68%) 0.590 0.910 0.341
325 |38.844(33.958 (12.58%)(37.881 (2.48%) 0.640 0.974 0.587
4Ty | 7.02 6.27 (10.6%) 4.92 (30%) 0.90 0.68 0.3

48Cr |11.624| 10.59 (8.9%) 7.38 (36.5%) 0.906 0.497 0.22
52Fe |13.823| 12.814 (7.3%) | 9.98 (27.83%) 0.927 0.753 0.74
104Te| 3.147 | 3.041 (3.37%) |1.549 (50.78%) 0.978 0.489 0.314
108X e| 5.495 | 5.240 (4.64%) |[2.627 (52.19%) 0.958 0.354 0.234
112Ba| 7.035 | 6.614 (5.98%) |4.466 (36.52%) 0.939 0.375 0.376

T=1 and T=0 pairing correlations always coexist

&

difficult to disentangle

M. Sambataro, N.S. and C.W.Johnson, Phys. Lett. B740 (2015)137




Isovector (J=0) and isoscalar (J=1) pairing: alpha-like quartetting

H=E€lNi+zV (l])z i JT+EV (ZJ)E oD o

pairing forces: from standard shell model interactions

|OM >== 00, . Q+ | - > QM (l.0) >==Q+IQCM(nq—1)>
Nog exact QM QM(l.0.) l<QMIQM(l.0.)>l

24Mg 2 | -28.694 | -28.626 (0.24%) | -28.592 (0.35%) 0.9993
28Gj 3 | -35.600 | -35.396 (0.57%) | -35.307 (0.82%) 0.9980

%28 4 | -38.965 | -38.865 (0.25%) | -38.668 (0.76%) 0.9942
48Cr 2 | -11.649 | -11.624 (0.21%) | -11.614 (0.30%) 0.9996
52Fg 3 | -13.887 | -13.823 (0.46%) | -13.804 (0.60%) 0.9994
108Xe | 2 -5.505 | -5.495 (0.18%) -5.490 (0.27%) 0.9995
112Bg | 3 -7.059 | -7.035 (0.34%) -7.025 (0.48%) 0.9987

alpha-like quartets appear as relevant degrees of freedom in N=Z nuclei

M. Sambataro, N.S. and C.W.Johnson, Phys. Lett. B740 (2015)137



[soscalar and isovector proton-neutron pairing in time-reversed states

EirVir Z] 1.t = Z] 1,0 ]0
Z N, +ZVT1 Z P+Pt+2v %(i,§) DD

i,r==+1/2 t=—1,0,1 N=7

isovector isoscalar

Ph = (im +wt Ve D= (7w = w2
Pl =vv: P =mn; 0-0-0-0
0., Exx (PP Ay =Y Dy

ansatz for ground state
W >= (0 +A)" |- >
superposition of T=1 quartet condensates and T=0 pair condensates

N.S, D.Negrea, D. Gambacurta, Phys. Lett. B751 (2015) 348



Compefition between isovector and isoscalar pairing

pairing on top of deformed Skyrme-HF

VpTc;i{n(;l} =V, "o(r -1, )ﬁ5={0,1} v, =15v"

(0. +AT)" 07.,)" (A2
exact | &) | 2v) | 2s5) (tv | 2s)
20Ne [11.38[11.38 (0.00%)| 11.31 (0.62%) |10.92 (4.00%)| 0.976
24Mg [19.32(19.31 (0.03%)[19.18 ( 0.749%)[18.93 (2.00%)| 0.980
28Si (18.74(18.74 (0.019%)|18.71 ( 0.149%)(18.54 (1.079%)| 0.992
44T |7.095]7.094 (0.029%)| 7.08 (0.18%) |6.30 (10.78%)| 0.928
ABCr |12.78] 12.76 (0.1%) [12.69 ( 0.67%)|12.22 (4.37%)| 0.936
52Fe (16.39]16.34 (0.269%)(16.19 ( 1.17%)|15.62 (4.65%)| 0.946
104Te | 4.53 | 4.52 (0.06%) | 4.49 (0.829%) |4.02 (11.26%)| 0.955
108X el 808 | 8.03 (0.61%) | 7.96 (1.45%) |6.75 (16.47%)| 0.814
112834 9.36 | 9.27 (0.93%) | 9.22 (1.43 %) |7.50 (19.81%)| 0.784

isovector and isoscalar pairing always coexist together

large overlaps between |iv> and |is>

N.S, D.Negrea, D. Gambacurta, Phys. Lett. B (2015)




suppresion oi isoscalar and isovector pairing by spin-orbit

T T
A3 quartets

FIG. 1: Correlation energies (in MeV) provided by the QCM approach in corresponence with the Hamiltonian (1) for 1, 2 and
3 quartets moving in the orbits f7,5 and f5/o. Dashed lines refer to the isovector Hamiltonian (g1=-1, go=0) while full lines
refer to the isoscalar Hamiltonian (g1=0, go=-1). On the horizontal axis we show the spin-orbit energy splitting between the
two orbits (in MeV).

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



Isovector and isoscalar pairing in odd-odd N=1

Low Lying States in Odd-Odd Z=N nuclei

9 Below A =34 thegs hasT=0the T=1, 0" state becomes

progressively disfavoured. 1.5
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strong T=0 pairing for odd-odd N=Z nuclei with A< 40 ?



Isovector and Isoscalar pairing in odd-odd N=1

Z 5ZTN”—|—ZVT12] Z PZJQPJt-I-ZVTOZ]D:ro 5,0

i r=41/2 t=—1,0,1
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The structure oi lowest T=0 and T=1 states

T=0 ground state

Exact  A(0r+AD)"  ALQL)" (AT )M AT

0P | T=0 | 12.66 | 12.60 (0.44%) | 12.55 (0.86%) | 11.96 (5.86%) | 11.94 (5.95%)

T=1 ground state

Exact f:ﬂ(Q;=l+A;2r)n‘7 (QT b (A+2) (I, )

4Co | T=1 | 16.14 | 16.12 (0.14%) | 16.09 (()28%) 15.67 (3.01%) 15.86 (1.78%)

conclusion

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

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



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



Role of spin-aligned pairs in %2Pd

+ +
27" J2
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the structure of °2Pd 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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Role of spin-aligned pairs in %(d
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M. Sambataro and N. Sandulescu, PRC91 (2015)



