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Spin and parity of the ground state of nuclel
»even-even nuclei: always 0* (no exception)




Simple interpretation:
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1=0 pair I #= 0 pair

The spatial overlap is the largest for the 1=0 pair.

“Pairing Correlation”



Di-neutron correlation

What is the spatial structure of the
two-valence neutrons?

If the two neutrons moved independently,
one neutron does not care where the other

neutron Is.

How does this change due to
the pairing correlation?



Three-body model : microscopic understanding of di-neutron correlation

111§, SHe n ? 2
r H = 21 -|- 2 +VnC(T1)+VnC(T2)

1 m ,

P
V : core
-+ nn(rl TQ) -+ >A.m

core
n

— > the ground state of this three-body Hamiltonian
and also the density distribution

(e.g.,) expand the wf with the eigen-functions for H without V.,
and determine the expansion coefficients

Wys(r1,m2) = A D ayy Wén/lj("“lﬂ“z)

nn'lj

W2 (01, m2) = 3 (i — m|00) ¥ (T1) Y (T2)

m




Comparison between with and without paring correlations

11§ adistribution of one of the neutrons when the other neutron is at
(24, X1)=(3.4 fm, 0)

Without pairing [1py,,]? With pairing
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« When no pairing, symmetric between z and —z.

The distribution does not change whereever the 2nd neutron is.
» When with pairing, the nearside density is enhanced.

The distribution changes when the 2nd neutron moves.



WHERERBI BRIV (e NI ((-IEUI[ea¥®  Correlation: (AB) # (A)(B)

Example: 80 =10 +n +n
cf. 60 + n : 3 bound states (1ds),, 25,5, 1d,)

i) Without nn interaction: |nn) = |(1ds5)?)

Distribution of the 2" neutron when the 1t neutron is at z, :

z,=1fm Z,=2fm z,=3fm Z,=41fm

EEREE

6-4-20246-6-4-20246 6420246 -6-4-2024F¢6
z (fm) z (fm) z (fm) Z (fm)

X (fm)
DB NON DO

v Two neutrons move independently
v"No influence of the 2" neutron from the 1st neutron

(AB) = (A)(B)



What is Di-neutron correlation? Correlation: (AB) # (A)(B)

Example: 80 =10 +n +n
cf. 60 + n : 3 bound states (1ds),, 25,5, 1d,)

I1) nn interaction: works only on the positive parity (bound) states
nn) = a|(1ds,2)?) + B1(251/2)7) + 71(1d3/2)?)

z,=1fm Z,=2fm z,=3fm Z,=41fm

=

6-4-20246 6420246 6420246 6-4-2024F6
z (fm) z (fm) z (fm) Z (fm)

X (fm)
ObhANNDON DM

v distribution changes according to the 1%t neutron (nn correlation)
v'but, the distribution of the 2" neutron has peaks both at z, and —z,
—> this Is NOT called the di-neutron correlation



WiE RSB BN ifel ool a1 ENio]s¥M Correlation: (AB) #= (A)(B)

Example: 80 =10 +n +n
cf. 60 + n : 3 bound states (1ds),, 25,5, 1d,)

1i1) nn interaction: works also on the continuum states
Inn) = Z Onn’jl|(nn,jl)2>

n?nl7j7l
z,=1fm Z,=2fm z,=3fm Z,=41fm

=X D

6-4-20246 64-20246 6420246 6-4-202 46
z (fm) z (fm) z (fm) z (fm)

X (fm)
DbhNONDMO®

v’spatial correlation: the density of the 2" neutron localized close
to the 15t neutron (dineutron correlation)

v parity mixing: essential role
cf. F. Catara et al., PRC29(‘84)1091



dineutron correlation: caused by the admixture of different parity states

10_R(fm}

] 2
i:?- {[I-h "",-"".E]'E |
+ F:?'- Eﬂl ﬂ.n"b'

F. Catara, A. Insolia, E. Maglione, +(O’i13/2)2
and A. Vitturi, PRC29(‘84)1091

Interference of even and odd partial waves

po(x1,2) = |Wee(x1,22)|? + |[Woolz1,z2)|?
4{2Wee($1,$2)\“00($1;$2)}




spatial localization of two neutrons
(dineutron correlation)
cf. Migdal, Soviet J. of Nucl. Phys. 16 (‘73) 238
Bertsch, Broglia, Riedel, NPA91(°67)123

weakly bound systems

—easy to mix different parity states due to
the continuum couplings

6-4-202 46

z (fm .
(l ) + enhancement of pairing on the surface
parity mixing
l 180 0.04
160 0.035
140 0.03
120 0.025
c 100 0.02
80 0.015
60 0.01
40 0.005
20 0
0 -0.005

0 1 2 3 4 5 6 7 8 9 10
-6-4-202 46 ¢ (fm) K.H. and H. Sagawa,

z (fm) PRC72(°05)044321



pairing

gap in infinite nuclear matter

symmetric matter

Gogny D1
DDDI-DI1

Gogny DIS
DDDI-DIS

G3RS

DDDI-G3RS - -

O

o

PN

M. Matsuo, PRC73(°06)044309



6-4-2 02 46
z (fm)

parity mixing

l

6-4-202 46
Zz (fm)

spatial localization of two neutrons
(dineutron correlation)
cf. Migdal, Soviet J. of Nucl. Phys. 16 (‘73) 238
Bertsch, Broglia, Riedel, NPA91(°67)123

weakly bound systems

—easy to mix different parity states due to
the continuum couplings
+ enhancement of pairing on the surface

—— dineutron correlation: enhanced

cf. - Bertsch, Esbensen, Ann. of Phys. 209(°91)327
- M. Matsuo, K. Mizuyama, Y. Serizawa,
PRC71(°05)064326
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The BCS theory Many-particles in non-degenerate levels
~ mean-field approx. for the pairing channel ~

Simplified pairing interaction

B | B ¢ | U :the time reversed state
V=-GP'P, P'=Y alal of 1
v>0 e.g.,
v) = |njlm), |v) = |njl—m)
0%,2%,4%,6%, 7~ + """""""""""" 2+ A+ G+
R %i
Pl = Z Z aj;-ma;[_m
7 m>0
: an operator to create
an | =0 pair 0+ 0+

delta force monopole

Cf. Metallic superconductivity pairing force



Solve the pairing Hamiltonian

H=>" ey(alay + CL:%CL;) — G (Z a,ta:%) (Z a,;ay)

>0 >0

In the mean-field approximation

e Mean-field approximation:
V=-GP'P—> -G ((PJf)P + PT(P>) = -A(PT+ P)

A = G(PT) = G(P)

<——> particle number violation

n we consider H' = H — AN  instead of H :

H — Z (€, — )\)(a,;rfak + a,li{al—ﬂ) — A Z (a;rga;% + azag)
k>0 k>0



H' — Z (e, — )\)(a};ak + a]%a];) — A Z (a;rca;g + azag)

k>0 k>0
Bogoliubov transformation
ai — uyai — vyap, Q; = Uya; —+ vpay

® Transform H’in a form of

(Quasi-particle operator)

H' = const. + Z Ek(alak + Oé;%Oé]‘g)

k>0

1st excited state: |1z) = a};|BCS) at E,

.... and so on.



Ground state wave function: | BCS) = O

< |1BCS)y = ] (uy—l—vya,ta;)‘0>

>0
(note)  (BCS|ajay|BCS) = |vy|? : occupation probability
2
(note) Egcs = (BCS|H'|BCS) ~2 Y (e — Nvg — %

v>0

H' = const. + Z Ek(alak + Oé,ifo%)

< k>0

1 ) — A ) Self-consistency condition:

w2 = 5 (1-|—
Ve —=N2+282)| A = G(BCS|PIBCS) =G Y uor

v~ A G A

>0
= — |1 — _— =
2( \/(eyx)2+A2) T 24F

TN
=

Ep = /(e — \)2 + A2 Gap equation




Wave function: A

Vi A=0
z
o >
l g A €,
I “g vf‘ A0
0* S
X o
Wo+) = |(ll)L—0>
+Z 2¢; — 2ep () )+

< Each orbit is occupied only partially.
cf. BCS theory



i) Trivial solution: always exists at A0
A — O 1

ey
02 = 1 (ey <\) E
o -
— O (61/ > A) a A 2
<
_ t 2 o
W) = [] a}allo) g 1540
v>0 5 !
S

IG a/lo N —large

11) Superfluid solution
A F*=O0

v3<1

Pairing gap A
A

o

BCS) = [[ (w4 v afal)|0) el
v>0 G

Number fluctuation Normal-Superfulid phase transition




Quasi-particle excitations H ~ Epcs+ ) Ev alau
14
eg.s. of even-even nuclei: |BC'S)

eOne quasi-particle states
lv1) = a;r,1|BCS) = a,,le 11 (u,/ + vy a:f/a:%)‘ O>

vFuq
Wave function for odd-mass nuclei
(n1|H|v1) = (H) + Euy
e Two quasi-particle states
v1va) = af, al,| BCS)
Excited state of the even-even nuclei
(rivp|Hlvivo) — (H) = Ey; + Euy
> 2/ <== Energy gap
(note) no pairing limit:
oz,};oz;l — a;;gah, Ey+ Ep,— (ep—A)+(A—¢p)
(particle-hole excitation)
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Figure 6.1. Excitation spectra of the ;;Sn isotopes.

Ring-Schuck




Effects of pairing on moment of inertia
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Even-odd mass difference and pairing gap
A (for even — even) E(N 1 2, Z) — E(N’ Z) 4 2\
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Hartree-Fock-Bogoliubov (HFB) Theory

HF+BCS method: first solve HF, and then solve the gap equation

s.p. wave functions, occupation probabilities,
chemical potential, pairing gaps

wk(r)a U, Uk
mmmm) Hartree-Fock-Bogoliubov (HFB) theory:

both wave functions and occupation probabilities
at the same time

Up(r), Vi (r)

cf. weakly bound systems



( h(r) =X A(r) ) ( Ug(r) ) _ ( Up(r) )
A(r)*  —h(r)+ A Vi(r) P\ Vi(r)

,._ Rh° 5
h(r) = —Q—V + Vhe(r)

p(r) = Y |Vi(m)|?
k

u,v factors - u, v functions




Application of the HFB method

Density of 110Zr (SHFB-SLy4)

| 487 | 4.87
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A. Blazkiewicz et al.,
PRC71(°05)054231
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potential enerqy surface for fission process

Proton number Z

154 | 156 | 158 | 160

A. Staszczak, A. Baran, J. Dobaczewski,
and W. Nazarewicz, PRC80 (“09) 014309 Neutron number N



