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Δ(pairing	gap)	

BCS	(Bardeen-Cooper-Schrieffer:1957)		
Theory	of	Pairing	correlations	in	metalic	superconductor	



Ø binding energy 

Sn (N)= B(N) – B(N-1)	

pairing gap indicator	

Bohr-Mottelson,	Nuclear	Structure	I	(1969)	



Deformed	Nuclei:	Rotational	Bands	



Rotational	bands	

E(I ) = I(I +1)
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                    rigid rotor                   vs.                      superfluid rotor 
	

　　　　Moment of Inertia	

Rotation	of	deformed	
nucleus	

Bohr-Mottelson,	Nuclear	Structure	II	(1975)	
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	S=0	Isovector	pairing		interactions		

Isospin	T=1	pairing	(n-n,	p-p,	n-p	pairing	correlations)	èspin	singlet	superfluid	
	
●		mass	(odd-even	staggering)  
●		energy	spectra	(gap	between	the	first	excited	state	and	the	ground	
					state	in	even-even	nuclei)	
●		moment	of	inertia	of	rotational	band	
●	n-n	or	p-p	Pair	transfer	reactions		
●		fission	barrier	(large	amplitude	collective	motion) 	



Int.	Journ.	of	Mod.	Phys.	
E14,	513	(2005)	
U.	Lombardo	et	al..	



T=1	S=0	pairing	and	T=0	S=1	pairing	interactions		

T=1	pairing	(n-n,	p-p	pairing	correlations)							èspin	singlet	superfluid	
	
●		mass	(odd-even	staggering)  
●		energy	spectra	(gap	between	the	first	excited	state	and	the	ground	
					state	in	even-even	nuclei	
●		moment	of	inertia	
●	n-n	or	p-p	Pair	transfer	reactions		
●		fission	barrier	(large	amplitude	collective	motion) 	

Strong	T=0	pairing	(p-n	pairing	with	S=1)										èspin	triplet	superfluid	?	
	
●	deuteron	(T=0,S=1)		is	bound,	but	not	di-neutron	(T=1,S=0)	
●	N=Z		Wigner	energy	(still	controversial)	
●	Energy		spectra	in	nuclei	with	N=Z	(T=0	and	J=1)	
●	n-p	pair	transfer	reaction	
●low-energy		super-allowed	Gamow-Teller	transition	in	N=Z	and	N=Z+2		
			between	SU(4)	supermultiples		
●IS	and	IV	magnetic	dipole	transitions	in	sd-shell	nuclei	

è	

è	



(L = S = 0)J = 0,T =1 ⇒ ( j = j ' )J = 0,T =1

(L = 0,S =1)J =1,T = 0 ⇒

a (l = l ' j = j ' )J =1,T = 0 + b ((l = l ' ) j, j ' = j ±1)J =1,T = 0

T=1,	S=0	pair	

T=0,	S=1	pair	

If	there	is	strong	spin-orbit	splitting,	it	is	difficult	to	make	(T=0,S=1)pair.	
	
T=0	J=	1+		state	could	be	M1	or	Gamow-Teller	states	in		nuclei	with	N~Z	
																																									è		strong	M1	or	GT	states	in	N~Z	nuclei	

Two	particle	systems	

p(n)　	 p(n)	

p n	

(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)	
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l=1 with T=0
l=3 with T=0
l=1 with T=1
l=3 with T=1

HS,	Y.	Tanimura	and	K.	Hagino,	PRC87,	034310	(2013)	
	

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

Even	with	large	spin-orbit	
splitting	for	f	-orbits,	the	
spin-triplet	correlations	will	
be	larger	than	the	spin-
singlet	one	for	f>1.5	

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

J=0	

J=0	

J=1	

J=1	



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-Isospin	Excitations	

HF+RPA	(RPA	Green’s	function	method)	
Three-body	model	
Interactive	Shell	model	
	
RMF+RRPA	



Theoretical	models	

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

Bardeen																	Cooper																Schrieffer	

1972		Novel	Prize	



Measured	1+1	and	0+1	levels	of	odd-odd	N=Z	nuclei	

14
7N7

	 18
9F9	 30

15P15	 34
17Cl17	 42

21Sc21	
g.	s.	
(1+,0)	

(Jπ,T)=	
(0+,1)	2.31	MeV	

1.04	MeV	
0.68	MeV	

-0.46	MeV	 -0.61	MeV	

58
29Cu29	

0.20	MeV	

•  	n-p	pairing	interactions		
ü  T=0,	1	two	channels	
ü  T=0,	S=1	is	attractive	stronger	than	T=1,	S=0	pair	
				　cf.	deuteron,	matrix	elements	in	shell	models	
ü  In	finite	nuclei	N>Z	,		the	strong	spin-orbit	coupling	
							may	quench	or	even	kill	T=0	pairing	

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

N=Z	odd-odd	nuclei	with	3-body	model	
Y.	Tanimura,	HS,	K.	Hagino,		PTEP	053D02	(2014)	



		p	 			n	

(T=0,S=1)	 (T=1,S=0)	

B(GT)=6	

σ ⋅τ

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

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

Spacial	symmetry	is	the	same	between	the	initial	and	final	states	

			n	

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

		p	



Determination	of	parameters	
v0,	vls:	neutron	separation	energy	
vs,	vt:	pn	scattering	length	with	Ecut	(=	20	MeV)	
										vs/vt=1.7	(spin-triplet	pairing	is		
																											much	stronger	than	spin-singlet)	
xS,	xt,	α:	1+,	3+,	0+	in	18F	energies	are	fitted	

n	

p	

Core	

3体模型	

2粒子配位で	
Hを対角化	

Three-body	Model	

Diagonalization	in	a		
large	model	space	



pn	pairing	interaction	

vt
/v

s 	

Ecut=kcut2/2m	



g.	s.	
(1+,0)	

(Jπ,T)=	
		(0+,1)	2.31	MeV	

1.04	MeV	
0.68	MeV	

-0.46	MeV	 -0.61	MeV	 0.20	MeV	
B(M1)	
=0.047	 19.71	 1.32	 0.08	 6.16	

(a)	実験 (NNDC,	http://www.nndc.bnl.gov/)	

(b)	計算結果	

0.05	MeV	

1.04	MeV	

0.02	MeV	

-0.69	MeV	 -0.61	MeV	
0.68	MeV	

6.80	 0.58	0.15	18.19	

14
7N7

	 18
9F9	 30

15P15	 34
17Cl17	 42

21Sc21	 58
29Cu29	

(0.24)	(0.68)	

1.	E0+-E1+	and	B(M1)	
ü 　Inversion	of	1+	and	0+	

ü 	18F,	42Sc	
n Large	B(M1)		
n Accurate	E0+-E1+	(42Sc)	

Experiment	

Three-body	model	

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

Y.	Tanimura,	HS,	K.	Hagino,		PTEP	053D02	(2014)	



Results	
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Large	B(M1)	in	18F	and	42Sc	
18F：	

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	

18F	

18O	 18Ne	

...	

...	

...	(Jπ,T)	=		
(0+,1)	 (0+,1)	

(1+,0)	

(0+,1)	

SU(4)	6重項	

Large	 (small)	
SU(4)generator	

イメージを表示できません。メモリ不足のためにイメージ
を開くことができないか、イメージが破損している可能性
があります。コンピューターを再起動して再度ファイルを

1+	à	P(S=1)	=	90.1%,	(1d)2	
0+	à	P(S=0)	=	82.2%,	(1d)2	

multiplet	



results	

14N	 18F	 30P	 34Cl	 42Sc	 58Cu	

Valence	orbital	 p1/2	 d5/2	 s1/2	 d3/2	 f7/2	 p3/2	

orbital	 1.09	 1.28	 0.21	 2.28	 2.91	 0.09	

-2.78	 7.44	 -1.21	 -3.65	 6.34	 1.47	

5x10-5	 3x10-3	 3x10-5	 -1x10-4	 2x10-3	 -2x10-3	

B(M1)↓	(μN
2)		Exp.	 0.047	 19.71	 1.32	 0.08	 6.16	 ---	

Calc.	 0.68	 18.19	 0.24	 0.15	 6.80	 0.58	

イメージを表示できませ
ん。メモリ不足のためにイ
メージを開くことができな
いか、イメージが破損して
いる可能性があります。コ

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

18F	and	42Sc:	large	B(M1)	

ü 	(j=l-1/2)2	spin	and	orbital	are	cancelled					
																														(Lisetskiy	et	al.,	PRC60,	064310	(’99))	
ü 	(j=l+1/2)2　spin	and	orbital	coherent		
　　　　　　　　　(Lisetskiy	et	al.,	PRC60,	064310	(’99))	
ü 	good	SU(4)	symmetry	

ü 	even	j=l+1/2	not	good		SU(4)	symmetry	

14N,	34Cl	B(M1)	small	

18F,	42Sc　B(M1)large	

58Cuは(M1)small	



Recent	Progresses	in	GT	study	(courtesy	of	M.	Sasano)	
	

90Zr	(GT	quenching)	

132Sn	

Z=28	

56Ni		

100Sn	(beta	decay)	

48Cr		

64Ge		
62Ge		
(beta	decay)		

Stable	nuclei	data	at	RCNP	

N=Z+2	stable	nuclei	
Study	of	Gamow-Teller	transitions	from	48Cr	
and	64G	via	the	(p,n)	reaction	at	190	MeV	

M.	Sasano	and	Spin-Isospin	Lab	

Approved	by	RIKEN	PAC	DEC.2016	



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

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

Ô(GT ) =στ ±

Gamow-Teller	Transitions	in	nuclei	with	N=Z+2	
						C.L.		Bai,	HS,	G.	Colo,	Y.	Fujita	et	al.,		

σ ,  τ  and στ  are generators of SU(4)

PRC90,	054335	(2014)	



		n			p	 			n	

(T=0,S=1)	 (T=1,S=0)	

B(GT)=6	

σ ⋅τ

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

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

Spacial	symmetry	is	the	same	between	the	initial	and	final	states	

			n	

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



							protons																															neutrons	

1d3/2	

1f7/2	

2p3/2	
2p1/2	
1f5/2	

Fermi	energy	

	p-p	type	excitation	

T=0	S=1	

BCS		vacuum	

v2	 v2	

Gamow-Teller	transitions	in	BCS	vacuum	

	p-h	type	excitation	

A	pair	of	SU(4)	supermultiplet	

T=1	S=0	

Gamow-Teller	transitions	in	N=Z+2	pf	nuclei		

42Ca	

Ô(GT ) =στ ±



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

N=Z+2	



HFB+QRPA	with	T=1	and	T=0	pairing		
			
T=0	pairing	in	QRPA	is	changed	as	a	
parameter	f.	

	p-h	spin-isospin	interaction	is	strongly	repulsive	è	higher	energy	
collective	Gamow-Teller	states.	
Spin-triplet	T=0	paring	is	attractive	and	shiftdown	GT	strength	near	IAS	
	à				SU(4)	symmetry	restoration	

IA
S 	

f	=IS/IV	pairing	



Effect	of	tensor	correlations	is	small		
in	42Ca.	





Tensor	effect	is	
seen	in	50Cr!	



Tensor	
effect	



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

Spin-singlet	superfluidity	

Coexistence	of	spin-singlet	
and	spin-triplet	superfluidity	

Spin-triplet	superfluidity	



+preprint	(2018)	

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



Deformed	HFB	with	a	realistic	interaction	(CD	Bonn)	

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

Nuclear	Hamiltonian	

α ',β ' :  isospin quantum number (bare) particle (p and n)
α'',β'': isospin of quisi-particle (1 and 2) 

α,β ,γ ,δ :  real (bare) s.p. states with Ω

ρα :  sign of Ω, ±Ωρα :  sign of Ω, ±Ω (angular momentum projection on the symmetry axis)

HFB	transformation	



Deformed	BCS	transformation	



Pairing	Gaps	 Δnn ,Δ pp :  real

Δnp :  complex

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

 multiplying a factor 2 on the T=0 pairing matrix

4	point	formulas	for	empirical	gaps	







Deformed	Woods-Saxon	potential	for	s.p.	energies	in	36Ar	



48Cr	
	

ββ(exp) = 0.337

β(exp) = 0.337





Deltanp	includes	
both	T=0	and	1.	





Summary	I:	N=Z	GT	states	nucleus	(3-body	model)		

1.			Inversion	of	1+	and	0+	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.			It	is	pointed	out	that	the	low	energy	peak		appear	due	to	the	strong	T=0	
						pairing	correlations	in	the	final	states.	
																	Supermultiplets	of	T=1,S=0	and	T=0	and	S=1	pair		



Summary	of	N=Z+2	nuclei:RPA	

	
1.  It	is	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.		

		è		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.	

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.	

Deformed	HFB	
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