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Interplay of pairing and quadrupole
Interactions in N=Z nuclel




1 General properties of the effective interaction

»Isovector (T=1): J=0,2,..,2J-1, J=0 term attractive (pairing), others close to zero

»lIsoscalar (T=0): J=1,3,..,2j, strongly attractive (mean field)
<>The J=1 and 2j terms are the most attractive ones.
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FIG. 3. Comparison of data from various multiplets with 7,
=j; and T =1. The values of the matrix elements are divided
by E = 3,[J1E; /33,1d] to display the similarities in the J de-
pendence (or 8 dependence) of the various multiplets,
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and T'=0. The values of the matrix elements are divided by

E=3lJIE /77 1] to display the similarities in the J depen-
dence (or 6 dependence) of the various multiplets.




| N€ COupling of few neutrons and protons

“=An full configuration interaction ‘shell model’
Y,AY,)

Or we can do like these

|J1 & JQ*“}_{
| [[J1 @ J2]r,, @ J3];,,. ---)1

[J1® Jolr, @ [J3 @ Ja]yp,, )1

Generate (all) components in uncoupled M or coupled schemes and
diagonalize (exactly) the Hamiltonian



t@IMonopole Hamiltonian
STTiines average energy of eigenstates in a given
configuration.

* Important for binding energies, shell gaps
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Monopole centroids
» Angular-momentum averaged effects of two-body interaction

» The monopole interaction itself does not induce mixing between
different configurations.

» Strong mixture of the wave function is mainly induced by the residual
J=0 pairing and QQ np interaction
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0] ‘Monopole’ truncation

ESM = (U |H|W )
\ Na(Nﬁ - 5aﬁ) >
=28a<Na>+zvm;aﬁ<
o a<p L+ Oag
+(Ur|Hu|¥r), i —

» Similar to ‘npnh’ and Nmax if no monopole considered.

» But monopole interaction can change significantly the (effective)
mean field and invalidate npnh.

» Easy to implement and keeps the simplicity of the M-scheme
algorithm

» Possibility to include certain intruder configurations




Convergence for 194Pb
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4 Seniority coupling as a result of strong J=0 pairing

g.s.) = v =0;J = 0) = (P;)"/?|®)
v =2;JM) = (Pj.+)<n—2>/2A+(j2JM)|<1>O>

Exact Diagonalization of the pairing in v=0 subspace
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One can readily solve a half-filled system with upto 36-38 doubly-
degenerate orbitals and 18-19 pairs (Dim: 9%10°-3.5*10°, shell-model
dimension: 4*102°-7*10%%).
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Self-consistent HF+EP
EP on top of static HF ev8 and time dependent HF Sky3d

HF
GS/BCS Single particle energy, density

EP

Configuration mixing, new density, correlation
energy

HF




Approximation with generalized seniority
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i T(T+1) breaking terms in relation to the search for
Wigner energy

For a single-j shell system
If one assumes v = 0 for the ground state of even-even

system and v = 1 for that of the odd system, the expression
above can be simplified as
n(n—1)

E(n) = = G—[g] (j +1)G, 9)

= [ (5] -y)evsalz]e 5]

where [n/2] denotes the largest integer not exceeding n/2
and corresponds to the total number of v = 0 pairs. The

For a system involving equally-spaced doubly- degenerate orbital
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Seniority for degenerate systems with isospin
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For even-even nuclei with ny; #n,,
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Fig. 4. (Color online.) Experimental V, values of even-even N = Z nuclei (filled
Von(Z—-1,Z-1)=B(Z—-1,Z-1)+B(Z—-2,Z-2)

circles) and the adjacent odd-odd (squares) and odd-A nuclei (triangles). The filled
—B(Z-1,Z-2-B(Z-2,Z-1)

and open triangles correspond to systems with one nucleon subtracted from and
added to the even-even nuclei, respectively. The solid line labeled 1* describes the
average behavior of Vp, in even-even N # Z nuclei from Fig. 1. 2* and 3* denotes
its twice and three time values.




p=yg Exact T=1 pairing in the seniority-zero
Elisymmetric subspace
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Exact isovector pairing in a shell-model framework:
Role of proton-neutron correlations in isobaric analog states

M. E. Miora,!*2 K. D. Launey.?2 D. Kekejian,2 F. Pan,23 and J. P. Draayer®

! Department of Physics, Rollins College, Winter Park, FL 32789, USA
2 Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA
3 Department of Physics, Liaoning Normal University, Dalian 116029. People’s Republic of China
(Dated: April 29, 2019)

We utilize a nuclear shell model Hamiltonian with only two adjustable parameters to generate, for
the first time, exact solutions for pairing correlations for light to medium-mass nuclei. including the
challenging proton-neutron pairs. while also identifying the primary physics involved. In addition
to single-particle energy and Coulomb potential terms, the shell model Hamiltonian consists of an
isovector T' = 1 pairing interaction and an average proton-neutron isoscalar T" = 0 interaction. where
the T = 0 term describes the average interaction between non-paired protons and neutrons. This
Hamiltonian is exactly solvable, where, utilizing 3 to 7 single-particle energy levels, we reproduce
experimental data for 0 state energies for isotopes with mass A = 10 through A = 62 exceptionally
well including isotopes from He to Ge. Additionally. we isolate effects due to like-particle and proton-
neutron pairing, provide estimates for the total and proton-neutron pairing gaps, and reproduce N
(neutron) = Z (proton) irregularity. These results provide a further understanding for the key role of
proton-neutron pairing correlations in nuclei. which is especially important for waiting-point nuclei
on the rp-path of nucleosynthesis.
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https://arxiv.org/pdf/1904.11555.pdf

- The coupling of few nucleons

9 The v=0 state is uniquely defined, but ...
gs.) = v =0;J = 0) = (P]")"/?|)
v =2;JM) = (P")"2/2 AT (j2TM)| o)
Three identical particles
Jt=7/2%

J= =6



s

Q%g‘ = é%g
FKTHY

% VETENSKAP ﬁ’;

o Eigen states of QQ for a single | system

|1 J2d) ==X T2 13X Gjd vjjid 5 d 13D 15
0.2 [ a b

t)

0 + j,,s
a b CHN 37

e =}

_ﬂ"'_.-'_

e ol JENIERSSuERia a b (16-18)
— %  (14-20)
e
-0.4 S et
a b (18-18) i
_ 10 (16-20)
0.6 + _
—_—8
_ 7
6
-0.8 + .
3
2
1 a b (18-20)
i 10
-1.2 + 8
6
-1.4 + 4
2
0
i (20-20)

FIG. 1. The spectrum of four particles in a single-j shell (j =%, H=—Q- Q, energies are in arbitrary units). Part a, the shell-
model calculation; &, the GPFM calculation.




Single-] T=1/0 QQ interaction
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The monopole average of QQ interaction is zero
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* What matter for the wave functions are the relative values
between different two-body matrix elements within the
same isospin (the multipole channel)

 The monopole interactions determine the relative positions
of states with different total isospin (and the symmetry

energy)

=Jmax Monopole centroids
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Generic features of the neutron-proton interaction

Y. H. Kim," M. Rejmund, P. Van Isacker, and A. Lemasson
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SU(3) model (1958) : exact solution to a QQ
model

—Q - Q = —2C,[SU(3)] + 3C,[SO(3)). of .
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Fig. 3: The eigenspectrum of the operator —Q . (j for two
neutrons and two protons in the sd shell. Only levels in the
favoured supermultiplet (0, 0,0) are shown. Levels are labelled
by the orbital angular momentum L and parity # = +, and
by the SU(3) quantum numbers (A, u). All levels have § = 0
and therefore the total angular momentum J equals the orbital
angular momentum L.

J. P. Elliott, Proc. R. Soc. London, Ser. A 245, 128 (1958); 245, 562 (1958). J. P. Elliott and M. Harvey
Proc. R. Soc.




i
PHYSICAL REVIEW VOLUME

161,

NUMBER 4

20 SEPTEMBER 1967

Stretch Scheme, a Shell-Model Description of Deformed Nuclei
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H =-y9 -9, H, = -GS, 5_,
No analytic solution

N=10, k=5

g

Excitation energy (EJJ
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FIG. 1. The upper figures show the excitation energies for the Hamiltonian of Eq. (1) for different values of k and N = 2ik. The

lower figures show the expectations (5,5~} and (C1) as functions of & for the corresponding x values.




P+QQ for single-j shell

H = —c(xS:S_+ (1 —x)EQ - 0).
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FIG. 4. The overlaps |(nJ.; x = xg|nJ;; x)| with xo = 0 and xo = 1 for several J; values forn =4, ... .8 inthe j = 15/2 shell, where the
solid line is the overlap |(nJ.; x = O|nJ,; x)|, and the dotted line is the overlap |(nJ.;x = 1|nJ;; x)|.




FIG. 5. Properties of the system of six particles on j = 15/2 orbital with the P4Q interaction
are studied as a function of the parameter GG ; the quadrupole strength is set at yo = 1. The upper

plot shows the overlap of all six .J = 0 eigenstates in this system with the s = 0 pairing state,

https://arxiv.org nucl-th/0110067
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LARGE overlap between the np aligned pair wave functions and the eigen state of the single-

j QQ interaction
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2n-2p in a single j system
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FIG. 1. The spectrum of four particles in a single-j shell (j =%, H=—Q- Q, energies are in arbitrary units). Part a, the shell-

model calculation; b, the GPFM calculation.




%Cd (2n-2p)

Usually the wave function can be 5_
expanded as
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Wave function of °°Cd calculated with a Hamiltonian containing J = 0 and 9
terms only.

@ The J=9 term Vg generates a states with pure aligned np coupling |jg 0% jg)
@ The inclusion of normal pairing is crucially important for reproducing the group state spin

@ The J=9 term does not necessary to be stronger than the J = 0 term. It should be
relatively stronger than other T' = 0 terms. [For a simple single-j system, the relative

position of 7" = 0 and 1 monopole terms does not play any effect on the wave functions.]
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Quartet-like coupling as a result of T=1/0 pair coupling
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Nuclei around *Y“Sn: N=Z2=50 shell closures survive
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Nucleus with known excited states

Transition probabilities near 1°°Sn and the stability of the N, Z = 50 shell closure
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Fig. 1.1. Chart of the '°Sn region showing the status of experimental observation.
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€ QQ correlation induces deformation;
€ The np interaction also breaks the seniority in a major way
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*Ti and **Cr exhibit rotational-like ground state bands.

@ For fp shell calculations, a transition from rotational-like to equidistant
pattern is seen when the aligned pair getting more and more attractive
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Nilsson-SU3 selfconsistency in heavy N=Z nuclei
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It is argued that there exist natural shell model spaces optimally adapted to the operation of
two variants of Elliott’s SU3 symmetry that provide accurate predictions of quadrupole moments
of deformed states. A selfconsistent Nilsson-like calculation describes the competition between the
realistic quadrupole force and the central field, indicating a remarkable stability of the quadrupole
moments—which remain close to their quasi and pseudo SU3 values—as the single particle splittings
increase. A detailed study of the N = Z even nuclei from *°Ni to *°Cd reveals that the region of
prolate deformation is bounded by a pair of transitional nuclei ?Kr and Mo in which prolate
ground state bands are predicted to dominate, though coexisting with oblate ones.
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FIG. 1. (color online) Evolution of model spaces from Spin-

https://arxiv.org/abs/1404.0224 orbit (SO) (around HO closures) to Extended Extruder-
Intruder (EEI) made of Pseudo-SU3 and Quasi-SU3 subspaces
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y ¢ Nuclei just below 199Sn are spherical

(B8 < 92Pd and 3%Ru should be identical if g9/2 is well isolated

=== &% Nuclei around 8°Zr are largely deformed and cannot be well reproduced within
fpg space (ds/, is needed in SM but not possible for 8°Zr)
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FIG. 3. (Color online) Same as Fig. 1 but for calculations with
WS3 from Ref. [36].




N=Z nuclei as a probe of np coupling scheme

P Experimental status

VVVVV

e heaviest even-even N=Z nuclei 8Ru and °2Pd were reported in 2001 and 2011, respectively.
N. Mdrginean et al., PRC 63, 031303(R) (2001); B. Cederwall et al., Nature 469, 68 (2011).
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Delayed alignments in the N=Z nuclei %Mo and **Ru

N. Mar 'mean,l‘z D. Bucurescu,2 C. Rossi Alvarez,3 C. A U:r,3’2 Y. S".unf's D. Bazzacco,3 S. Luﬂa.rdi,3 G. de A:ngelis,:l
M. Axiotis,” E. Farmea,3 A Gadf:a,l M. Iouﬁ:scu-Bujor,2 A. Tordachescu,” W. Krolas,6 Th. K.r(")ll,l'3 S. M. Lenzi,3 T. Martinez,
R. Menegazzo,3 D.R. Napoli,1 P. P:iv:a.ll,3 Zs. l:‘odolyalg7 M. De Poli,l B. Q1.1intarla,s and P. Spolaore1

The Hamiltonian employed in the PSM calculation can be
expressed as H=H ,+H_+H,_, where H_(7=v,r) is the
like-particle pairing plus quadrupole Hamiltonian, with the
inclusion of quadrupole pairing,

Xrr
2

H,=H)- =2 QQ¥~G}PIP,—G,2, PI*P~,
n n
(2)

and H,_ is the np quadrupole-quadrupole residual interac-
tion,
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FIG. 3. Comparison of experimental data (dots) and projected
shell model caleulations. The experimental data are as follows:
%Mo (present data), **Mo [17], **Ru [11], *°Ru [20]. For continu-
ity with the study of the N=Z nuclei presented in Ref. [9], °Zr [2]

and *Zr [21] are also shown. The full lines are th
tions with a standard interaction, the dashed ones

neutron-proton residual interaction (see text for detalds
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Enhancement of high-spin collectivity in N = Z nuclei
by the isoscalar neutron—proton pairing

K. Kaneko?, Y. Sun"“%*, G. de Angelis®
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Summary

+* General feature of T=1/0 interaction
Strong T=1, J=0 pairing, Exact diagonalization of isovector pairing

s* Competition between T=1 pairing and ‘QQ’
Not necessarily leading to deformation

+* Aligned np pair and QQ lead to same configuration for single-j
systems

+* Large QQ leads to strong quadrupole correlation
and scatters the wave function

Seniority (like nucleons)

Seniority «—>Equidistant «—> Rotational-like

Spin-aligned pair mode Rotational mode




Pairing theory of the symmetry energy

K. Neergard
Fjordtoften 17, 4700 Neaestved, Denmark"
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Computer ‘likes’ uncoupled scheme

Is ‘M=0’ pair a relevant degree of freedom (for truncation in
M-scheme)
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