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Possible Analogy between the Excitation Spectra of Nuclei and Those
of the Superconducting Metallic State
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The evidence for an energy gap in the intrinsic excitation spectrum of nuclei is reviewed. A possible
analogy between this effect and the energy gap observed in the electronic excitation of a superconducting
metal is suggested.
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Deformed Nuclei: Rotational Bands
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Moment of Inertia

h — ®Jx

Rotation of deformed
nucleus

riaid rotor
. . 2
J ]>

X

l
[Inglis - 2E<6‘T =

i>j %79

L et Pt S L g i
160 |- 4 = g
,—”//’ ~— even -even nuclei
140 l’,—*’ m odd-Z a -
s al A 00d-N s
A A x odd-odd
= s L Rl e a B e s s igi i
% rigid
'I'A A x
x
> 100} x a 7
= " A A& '™
~— = " A A i A X‘ -
A
™ sol LI - - e o 4 _
Nr:c - \ - A x
Er /Yb x x
e . 7
60 Srn/ 6d /Dy Hfm
W ./‘\.
L Nd Os 1
20 |
0

Bohr-Mottelson, Nuclear Structure 1l (1975)

T T T T T |l T T = ]

1 ! 1 1 ] I 1 1 1
150 155 160 165 170 175 180 185 190
A

Figure 4-12 Systematics of moments of inertia for nuclei with 150 < A4 < 188. The moments

of inertia are obtained from the empirical energy levels in Table of Isotopes by Lederer er al.,
1967.
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S=0 Isovector pairing interactions

Isospin T=1 pairing (n-n, p-p, n-p pairing correlations) =»spin singlet superfluid

® mass (odd-even staggering)

® energy spectra (gap between the first excited state and the ground
state in even-even nuclei)

e moment of inertia of rotational band

® n-n or p-p Pair transfer reactions

e fission barrier (large amplitude collective motion)



Isospin T = 1 1Sy and 3PF, gaps in neutron matter evaluated in BCS approximation
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T=1 S=0 pairing and T=0 S=1 pairing interactions

T=1 pairing (n-n, p-p pairing correlations) =>»spin singlet superfluid

® mass (odd-even staggering)

® energy spectra (gap between the first excited state and the ground
state in even-even nuclei

e moment of inertia

® n-n or p-p Pair transfer reactions

e fission barrier (large amplitude collective motion)

Strong T=0 pairing (p-n pairing with S=1) =>»spin triplet superfluid ?

e deuteron (T=0,5=1) is bound, but not di-neutron (T=1,5=0)

® N=Z Wigner energy (still controversial)

® Energy spectra in nuclei with N=Z (T=0 and J=1)

® n-p pair transfer reaction

elow-energy super-allowed Gamow-Teller transition in N=Z and N=Z+2
between SU(4) supermultiples

®|S and IV magnetic dipole transitions in sd-shell nuclei



Two particle systems @

T=1, S=0 pair
(L=S=0)J=0.T=1)=|(j=/)J=0.T=1) p(n) ~ p(n)
T=0, S=1 pair ) )

(L=0,S=1)J=1T=0)= Iﬁi

a‘(l=l'j=j')J=1,T=O>+b‘((l=l')j,j' =j¢1)J=1,T=O>

If there is strong spin-orbit splitting, it is difficult to make (T=0,S=1)pair.

T=0J= 1% state could be M1 or Gamow-Teller states in nuclei with N~Z
=>» strong M1 or GT states in N~Z nuclei

(J=0,T=1) and (J=1,T=0) are SU(4) supermultiplet in spin-isospin space

Well-known in light p-shell nuclei (LS coupling dominance)




The spin-singlet T'=1 pairing
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TABLE I: The transformation coefficient R between the jj
coupling and the LS coupling for the pair wave functions,

R = ([(13)13) =W =°(33)5="7="). Q is defined as
Q=3(20+1)*

J ' R =1 =3
[+1/2 1+1/2 W 1/ 23
1+1/2 1—1/2 401 —g\/g _4
T S TR IR T Ry [
[—1/2 1+1/2 (1) 2,/2 4




_- Pairing correlation energy
1 of (J,T)=(0,1) and (1,0)
| states in pf shell

| Even with large spin-orbit

| splitting for f -orbits, the

1 spin-triplet correlations will
| be larger than the spin-

| singlet one for f>1.5

-0.4 =1
3 -06 J=0
<
3 -0.8 S~
o ~<
c ~
W TS
I =l
8 12} S~
g I LJ=O \\\
S af S
o —— |=1 with T=0 S
:% -16 ———|=8 with T=0
T =1 with T=1

1.8 — — |=3with T=1

_2 L 1 1 1 1
0.8 1 1.2 1.4 1.6 1.8
f=GT=O/GT=1
HS, Y. Tanimura and K. Hagino, PRC87, 034310
TABLEI. Strengths of triplet and singlet interactions from shell-

model fits and their ratios. See text for details.

§2013

Source

Ratio

sd shell [8]
fp shell [9]

v, (MeV fm?) v, (MeV fm?)
280 465
291 475

1.65
1.63

G.F. Bertsch and Y. Luo, PRC81, 064320 (2010)



Theoretical models for collective excitations

Hartree-Fock (HF)+random phase approximations(RPA)
HF Bogolyuvov (HFB)+ quasi-particle RPA(QRPA)
Time-dependent DFT (Finite amplitude method)
RMF+relativistic RPA

Generator Coordinate model (GCM)

Interactive Shell model

Cluster models (AMD)

Ab initio approach (Coupled cluster, self- consistent Green’s function)

Spin-lsospin Excitations

HF+RPA (RPA Green’s function method)
Three-body model

Interactive Shell model

RMF+RRPA




Theoretical models

1. BCS model (1957)
Hartree-Fock Bogoliubov model
3. Three-body model

N

Bardeen Cooper Schrieffer

1972 Novel Prize



N=7 odd-odd nuclei with 3-body model

Y. Tanimura, HS, K. Hagino, PTEP 053D02 (2014)
®* n-p pairing interactions

v T=0, 1 two channels

v’ T=0, S=1 is attractive stronger than T=1, S=0 pair
cf. deuteron, matrix elements in shell models

v In finite nuclei N>Z, the strong spin-orbit coupling
may quench or even kill T=0 pairing

when [is larger, the spin-orbit is larger and T=0 pair correlations
decrease

@,T)= Measured 1%, and 0*, levels of odd-odd N=Z nuclei \
(0,1) 2.31 Mev

\ 1.04 MeV
068 MeV_

+ N - N
(1%,0) X 046MeV_ -0.61 Mev .-0-20MeV

S 14
7N7 9"9 15715 17Cly5 515C>4 29429

g




Supermultiplet : Wigner SU(4) symmetry
(T=1, S=0) = (T=0, S=1) Magnetic Dipole and GT transition is allowed and enhanced .

Spacial symmetry is the same between the initial and final states

R
B =

(T=0,5=1) (T=1,5=0)

B(GT)=6

Well-known in light p-shell nuclei (LS coupling dominance)

What happens in sd and pf shell nuclei with strong spin-triplet pairing
interactions?




Three-body Model

Total 3-body Hamiltonian
p, , P.
H =55 + g_m + Voc(rp) + Vac(rs)

(P,+P,)’
+ Vo (rp, Tn) + oAom

Vip/nyc (r) = vo f(r) + vis £ 5 f(r) (L - 8)(+Coulomb)
f(r) = 1_|_€(7"1—R)/a

p-n interaction

Von = Paved(r, — 7)1+ 24(22)7]

+ Progd(ry — 7o) [1+ 2, (22)]

Determination of parameters
Vo, Vi neutron separation energy
v,, v.: pn scattering length with E_, (= 20 MeV) |$
v./v,=1.7 (spin-triplet pairing is
much stronger than spin-singlet)
Xc, X, o 1*, 3*, 0* in 18F energies are fitted

Diagonalization in a
large model space




pn pairing interaction

. (8
VnP(TIaTQ) = psvsd(rl —72) [1 + Tg (Pﬁ’)) :|
0
: p(r)\"
+Pivio(ry — r2) [1 + Tt ( ) ]
L0
. 1 1 A 3 1
S:Z—Zap-a'n, Pt:Z"‘ZO'p'O'n'
3 — o
om2h? 2ahy 25 1
P 7 () 2
m m— 2ap'n, kcut, v g . S pp——
S 15¢ emITTTTTT
B 272 h2 Zag,% g
vt = m (t);. 0.5
°10 20 20 40 s 8 70 80
Equt (MeV)
a(s) = —23.749 fm and a(t) = 5.424 fm
pn — J. : pn — . E =K 2/2m



Y. Tanimura, HS, K. Hagino, PTEP 053D02 (2014)
1. Eo+'E1+ and B(M1)

(a) Experiment p://www.nndc.bnl.gov/)

(v

~N

Inversion of 1* and O*
v 18|:’ 42Gc

(J5,T)= Mlarge B(M1)
(0%,1) 2. il_l\/[eV \ BMAccurate Eg,-E,, (425c)
B(I\/|1) i 1.04 MeV) 4 )
~0.047 1 ‘~~~_Of58_'v'_9h 46 MeV | 2061 MeV[ 320 Mev
(1+,0) + 1971 4132 =T¥Qee | d6.g b= ==
g.s.
(b) Three-body model
1.04 MeV 0.68 MeV
(0.68) | l J(0.24) | A25IMeV] 061mev | _
0.0sMev’ | 118190 o2 mbv [ 10.15 | " Jead 1< | Jo.ss
\_ Y, — . —
147N7 189F9 3015P15 3417C|17 42215(:21 5829Cl’|29

The inversion of 1+ and 0+ shows a clear manifestation of the competition between
spin-orbit and the spin-triplet pairing.




Results
Large B(M1) in 8F and #?Sc

18F - (J,T) =
T 051)  (0%1) (0°,1) )
{ 1* = P(S=1) = 90.1%, (1d)? E—
0* > P(S=0) = 82.2%, (1d)? 0 (14,0) “Ne

N\ s J
SU(4) multiplet

1* and 0* can be considered

as the states in the same SU(4) multiplets
(LST) = (0,1,0), (0,0,1)

The same as 42Sc in 1f-orbits

(M) o Z (/s ) + (1£ )E( )] OB o T A e e e
= (/iVZTg(l)S(‘i)—}—(]gbZS —}-Zq[
Larg . (small)
SU(4)generator

(X—VERTCEE Ao XTEURRDLOHICA X~
8 R ZENTERWD, A XA —IHEIBL TS PTHERE
AHDET, AVE2—9—2BREOLIBET 7L %E



results
18F and 42Sc: large B(M1)

Separate Contribution to <f||O(M1)] |i> (py)

| N | BF WP | A sc | Scu

Valence orbital p1/2 d5/2 s1/2 d3/2 f7/2 p3/2
Brbital 1.09 1.28 021 228 291  0.09
w200 578 744 -121 -3.65 634 147
gis;s(i) 5x105 3x103 3x10° -1x10% 2x103 -2x103
B(M1) | (u2) Exp. 0.047 19.71 132 0.08 6.16
Calc. 0.68 1819 024 015 6.80 0.58

v (j=1-1/2)? spin and orbital are cancelled 14N, 34CI B(M1) small
(Lisetskiy et al., PRC60, 064310 ('99))
v’ (j=1+1/2)? spin and orbital coherent }
(Lisetskiy et al., PRC60, 064310 ('99)) |:> 18|:' 426 B(|\/| 1)|arge
v’ good SU(4) symmetry

v’ even j=1+1/2 not good SU(4) symmetry >8CulE(M1)small




B(GT) (MeV'")

Recent Progresses in GT study (courtesy of M. Sasano)
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Study of Gamow-Teller transitions from 48Cr
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Gamow-Teller Transitions in nuclei with N=2+2

C.L. Bai, HS, G. Colo, Y. Fujita et al., PRC90, 054335 (2014)

HFB+QRPA with T=1 and T=0 pairing
T=1 pairing in HFB
T=0 pairing in QRPA

O(GT)=ot,

o, T and ot are generators of SU(4)

Supermultiplet : Wigner SU(4) symmetry
(E. Wigner 1937, F. Hund 1937)
(T=1, S=0) =>(T=0, S=1) GT transition is allowed and enhanced .

e (1 - p(r))5(l’1 —rz2), (1)

(1~ 250, - x), (@)

o

Vr—y(ry,r2) = Vg

+ o

r ! r 1
Vr—o(ry,r2) = fVo—

~’




Supermultiplet : Wigner SU(4) symmetry
(T=1, S=0) = (T=0, S=1) GT transition is allowed and enhanced .

Spacial symmetry is the same between the initial and final states

R K

(T=0,5=1) (T=1,5=0)

B(GT)=6

Well-known in light p-shell nuclei (LS coupling dominance)

What happens in pf shell nuclei with strong spin-triplet pairing interactions?



Fermi energy

Gamow-Teller transitions in N=Z+2 pf nuclei O(GT)=o0t,

p-h type excitation

// 2p, /2
| 2P3
1f,

1d,,

Y

BCS vacuum

IT=1S=O |

p-p type excitation

]

v2

protons

42Ca

v2

neutrons

A pair of SU(4) supermultiplet




N=Z+2

1000 1 1 : 1 : i : 1 : i i 1 i :
@ *2Ca(°He,t)**Sc
= E=140 MeV/nucleon
S 800- 0-0°

600-

0 [

<_t -
4001 3 |5 .
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200- O 0 © X

0- i el

Y. Fujita et al., PRL112, 112502 (2014)



GT strength (MeV™")
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GT strength (MeV™")
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Neutron-proton pair condensates

Gerzelis and Bertsch, PRL

Painng below the N=Z hi..

106 (201 1)

75 |
70 |
Spin-triplet superfluidity mwew | Coexistence of spin-singlet
| oo },...f and spin-triplet superfluidity
1 0998
00003:0
.:opzocoo:o
o | 84 24441
- 00 300
[ 5
E4
3T —+ i _Spin-singlet superfluidity
i _‘

s L—=

50 55 60 65 70 75

N

Source v, (MeV fm?) v, (MeV fm?) Ratio
sd shell [8] 280 465 1.65
£p shell [9] 291 475 1.63

G.F. Bertsch and Y. Luo, PRC81,

064320 (2010)



Deformed HFB calculations with a realistic intraction in N=Z nuclei
: a competition between T=0 and T=1 pairing interactions

Eunja Ha *, Myung-Ki Cheoun f
Department of Physics and Origin of Matter and Evolution of Galary (OMEG) Institute,

Soongsil University, Seoul 156-743, Korea

H. Sagawa *
RIKEN, Nishina Center for Accelerator-Based Science,

Eunja Ha, Myung-Ki Cheoun, H. Sagawa, Phys. Rev. C, 97 024320 (2018).
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Deformed HFB with a realistic interaction (CD Bonn)

T=1 channel nn,pp,np
T=0 channel np

Nuclear Hamiltonian

H = Hy+ Hiy
HO — E Epaaa'CLaaQ;Cpoaa’ 3
pPaca’
- S S
Hiny = » VoaaalpsBBpy1y pst8 Cpaaat Cps 55 Crsd5 Coyry' s

pPapspyps.afyd. of B~'é

t t
Qar = D (Maa"pprCp ppr + Vaapp Cppp)s

HFB transformation PeBp’

Ap,aa” = Z (u&a"[}ﬁ'cplgﬁﬁ' - v&a""p:ﬁ’clpﬁﬁf)' (6)
pepPp’
a,p,y,0: real (bare) s.p. states with Q

a',B': 1sospin quantum number (bare) particle (p and n)
a",B": 1sospin of quisi-particle (1 and 2)
p,, - sign of Q, +Q (angular momentum projection on the symmetry axis)



Deformed BCS transformation

t f
paaa”™ — Z (“aa"ﬂﬂ’cppﬂﬂ’ + Vaa"pprCppppr)s

Psbp’

a

, _ .|
apoaa" = Z(udanpﬁrcppppr — &a”ﬂﬁ’cp’ﬁﬁ')' (6)

Psbp’
i u Uy Uiy VU t
al 1p In 1p In Cp
i u Uoy Vopy U cl
a9 2p 2n U2p Uo2p n

\afi/ \ —Ugp —U2n Up u2n/ o \Cﬁ)

where the u and v coefficients are calculated by the following DBCS equation

83 83
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Pairing Gaps
g Gap A ,A
nn’ — pp

A, complex

: real

Appy = Dapap = — Y GopFagna Fag Glaacd, J,T = 1)(u}, vip, + U3, Vap,)

aaaa 'ycgc

Apﬁﬁ - Aapdn - = Z gﬂDF(;tlgdaF'ch%c[G(aaCda ‘] T = I)Re('UTnC‘l-'lpd -+ U;nc'l.'-zpd)
Jed
+ iG(aacd, J,T = 0)Im(ui, Vip, + U3, Vap,)]

We do not include
A, and A explicitly, but include implicitly

multiplying a factor 2 on the T=0 pairing matrix

4 point formulas for empirical gaps

AS™ = L [M(Z +2,N)—4M(Z + 1,N) + 6M(Z,N)
—4M(Z — 1,N)+ M(Z — 2,N)), (14)

AS™ = [M(Z,N +2)—4M(Z,N + 1)+ 6M(Z,N)
—4M(Z,N — 1)+ M(Z,N —2)]. (15)



M(Z,N)odd—odd = M(Z,N)even—cven + AT + AZTP — §77F.
(16)
Then the np pairing gap is deduced as follows:
S;o® = £ 1{2[M(Z,N +1)

+M(ZN —-1)+M(Z—-1,N)+ M(Z+ 1,N)]
—M(Z+I N+ DEMZ-1I,N+1)
+MZ—-1IN-1)+MZ+1,N—-1)]
—4M(Z,N)), (17)

5y = —[(Hgy + E1+ E2) — (H}Y + E, + E»)].  (18)

Here H2(Hygy ) is the total deformed BCS ground-state energy
with (without) np pairing and E, 4+ E;(E, + E,) is a sum
of the lowest two quasiparticle energies with (without) the
np pairing potential A, , in Eq. (9). All of the pairing gaps



Nucleus |BF2| [29] BRMF [30] Qurs  ACTP TP Gomp
0.605 0.416 0.300 3.123 3.193 1.844
0.256 -0.207 -0.255 -0.200 2.265 2.311 1.373
0.337 0.225 0.200 2.128 2.138 1.442
— 0.217 0.100 1.807 2.141 1.435
— — 0.100 1.467 1.496 0.605
— 0.350 0.100 1.415 1.393 0.592




Deformed Woods-Saxon potential for s.p. energies in 3°Ar
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FIG. 4. Ground-state energy (GSE) for **Ti by the DBCS model based on a deformed Woods-Saxon potential [4]. Energies are estimated
from the Fermi energy surface calculated by the DBCS. Eyy is the mean-field energy with respect to the Fermi energy, which is different
from the GSE in (a) because the Fermi energy is changed by the DBCS approach owing to the pairing interactions. Epg is the pairing energy
indicated in the right axis label. The pairing energies are estimated by three different cases, (b) without and (c) with the np pairing and (d) with
the three times enhanced 7" = 0 pairing. (d) includes the self-energy due to the pairing interactions denoted as (green) diamond.
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Summary |: N=Z GT states nucleus (3-body model)

1. Inversion of 1+ and O+ states in the energy spectra and strong M1
transitions in odd-odd N=Z nuclei is induced by a strong T=0 pairing
correlations competing with T=1 pairing and spin-orbit force.

2. Cooperative role of T=0 and T=1 pairings is studied in Gamow-Teller
transitions of N=Z nuclei
3. Itis pointed out that the low energy peak appear due to the strong T=0
pairing correlations in the final states.
Supermultiplets of T=1,5=0 and T=0 and S=1 pair



Summary of N=Z+2 nuclei:RPA

1. Itis pointed out the large enhancement of GT strength in the low
energy peak just above IAS state in the charge exchange on N=Z+2
nuclei is induced by the strong T=0 pairing correlations in the final
states.

=» Restoration of supermultiplet symmetry in (T=1,J=0) and (T=0 ,J=1)
states in pf shell nuclei

2. A cooperative effect of T=0 pairing and tensor interactions are found
in nuclei at the middle of pf shell.

Deformed HFB

1. Deformed HFB with a realistic interaction has been performed for N=Z
sd-, pf- shell sdg-shell nuclei.

2. The present HFB calculations reproduce well the deformation
properties of N-Z nuclei with T=0 pairing.

3. A enhanced T=0 pairing gives the inversion of IS gap dominance of
medium-heavy N=Z nuclei with a large prolate deformation.

4. Number and angular momentum projections are future pursupectives.
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