Pairing Correlations

Mean-field approximation
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| _ _ nn interaction:
Independent particle motion > only through a mean-field
In a potential well potential

W(1,2,---,4) = A[p1(1)Ya(2) - 4(A)]
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VAl :
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Slater determinant: antisymmetrization due to the Pauli principle
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Pairing correlation
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What if two neutrons are put outside the core nucleus?

n
What is the influence of the interaction

! between the two neutrons?

=



What is the influence of the interaction
between the two neutrons?

=

Mean-field theory

O
@:>

treat the interaction among particles only on average

the pure mean-field picture
— the Interaction between the two neutrons:

only through the mean-field potential,
(the two neutrons: uncorrelated).
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at least 6 levels below 2 MeV (?)



pure mean-field approximation:
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what Is going on?

H = ZT+ZU%J_>H Z(T—l—V)—I—va

1<

deviation from the
average
(residual interaction)

Can the residual interaction be neglected completely?
no” for open-shell nuclei (pairing correlation)




Pairinq correlation

H = Z (Vz + VHF(Z)) + = Z'U(Tza j) ZVHF(i)

’Ures('l“, T‘l)
A delta function interaction for a residual interaction:
(an extremely short range interaction)

vres(T, 'r’) ~ —gd(r — r')
= ) S VL (Y,
Al

Estimate the effect of Vies using the perturbation theory:

unperturbative wave function:
two neutrons in a angular momentum | state
| @@ :
with the total angular momentum L

(IDLMY = Y (Imlm!|LM ) (r) s ()

m,m’




Pairing correlations

vres(r, 7))  ~ —gd(r — 1)
o(r —7")
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The energy change due to the residual interaction:
AEL — <(ll)LM|’Ures‘(ll)LM>
IOYCIES 1)2 ( | L )2

A O 0 O

V(1) = Ri(0)Yyn(F) 10 = [~ r2ar (Ri(r))*
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Simple interpretation:

—
L =0 pair L # 0 pair

The spatial overlap is the largest for an L = 0 pair.

“Pairing Correlation”

(note) The L=2I pair is unfavoured due to the Pauli principle.
(note)

w12 L =0) = (lul — u|L = 0,0) Y}, (71)Y;_,(F2) = Yjp(012)/V4ar
I



“Pairing Correlation”
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The ground state spin of nuclel

»Even-even nuclei: 0*
»Even-odd nuclei: the spin of the valence particle




pure mean-field approximation:
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pure mean-field approximation:
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Pairing energy

even-odd staggering
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A larger energy required to remove
one neutron from even number
than from odd number

“pair correlation
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1n separation energy: S, (A,Z) = B(A,Z) - B(A-1,2)



Wave functions: A
2 A=0
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+3 26; - 2'@ @)L= 0) + -
l/

< Each orbit is occupied only partially.
cf. BCS theory (super fluidity/super conductivity)



Fifty Years
Nuclear BCS

Pairing in Finite Systems




Role of redidual interaction

H = ZT+Z%—>H Z(T-|—V)+Z% Z_w

1<J 1<J
N J
Y
residual interaction
(pairing)
conti
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open shell nucleli weakly bound nuclel

—— superfluidity



Borromean nucleus

residual interaction — attractive

particle unstable particle stable
“Borromean nuclel”
Structure of Borromean nuclei fotvs NN intraction

strong in-medium effects

v'non-trivial due to many-body correlations
v'has attracted lots of attention

(almost) bare NN interaction
weak in-medium effects



Borromean nuclel

does not exist

Borromean nuclei
n (n+n) does not exist

Another typical example: °He



What iIs “Borromean” ?

Even though three rings are tied together,
two rings can be separated once any of three is removed.

“Borromean rings”



What iIs “Borromean” ?

Borromean islands

(northen lItaly,

In Lake Maggiore)
near Milano

Crest of Borromeo Family
(13th century)




Fermions
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*»* BCS(Bardeen-Cooper-Schrieffer) & BEC(Bose-Einstein condensation)

—BCS  Pairing strength BEC—

large pair size small pair size
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Evidence for pairing correlations in nuclei

(iii) The excitation energy of the first excited 2* state in nuclei remains
remarkably constant over large intervals of neutron (proton) numbers.
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HF+BCS theory

(D Mean-field approximation for a mean-field potential
(first, an average behavior)

10_ T I T | T I T [ T
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(@ Next, an occupation probability for each level
based on the variational principle including the residual interaction

|IBCS) = [] uk—|—’v;€a,]LaJ£ 0 _
k>0 ( " k>‘ > a,}; —al a% = (_)l+j—ma}l_

Hm?

m

(BCS|a}ay|BCS) = |ugl?>  occupation probability



For the Hamiltonian:

H = ;ek(a};ak + a;%ai—g) -G (Z a}ia}%) (Z aEak)

k>0 k>0
1 €y — A
9, v
us; = —11
g 2( T Ek)
1 — A T\ =
w2 = —[1-% v U +V =
2 E;

Ep =/ (e, — \)2 + A2

A: chemical potential (Fermi energy)
A = G(BCS| Y alal|BCS) =G Y ww,

k>0 v>0
G A
2 4~ R, pairing gap

>0



NPA 3¢ (>ol$), B. Hla o al.

1‘” Wy Lo\‘ CV\‘ o\'leDV\ )

AT = ;[M(Z—l—j N)—4M(Z+1,N)+6M(Z,N)
—4M(Z—1,N)+M(Z —2,N)],

AT = ;[M(Z N+2)—4M(Z,N + 1)+ 6M(Z,N)
—4M(Z,N — 1)+ M(Z,N —2)|,

I
&.ﬁ’;f’o:iip[M(Z,N—l— D+ M(Z,N—-1)+MZ-1,N)+M(Z+1,N)]

—[MZ+1,N+D)+MZ -1, N+ )H+MZ—-1,N-1)
+M(Z+1,N—1]—-4M(Z,N)},

JO JO * ko,
Agpap = — Z emeaaaa F},C},CG(aacc J)(H]pc Vip. + U, L-gpc)
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1) Trivial solution: always exists v A=0
A =0 o !
vy = 1 (v <A) £
=
— O (EV > )\) — A €y
g
_ t S
‘\U> — H a’ia',j|o> a vi A0
v>0 S
Q
S

IG - —— large

11) Superfluid solution
A F*=O0

v3<1

Pairing gap A
A

o

| BCS) = H (u,/—l—vyaia;)‘0>

>0 | G

the number fluctuation Normal-Superfulid phase transition




Quasi-particle excitations

H ~ EBCS‘FZEI@%JLO% ap|BCS) =0
k

Ep = /(e — N2 + A2

Ofr:r/ — uya;; — vpag, a:; — u,/a; —+ vyay

_ - Vea\ th1"|€

oéi:”m_i):vi?\e Cre Araoh oF. (Bogoliubov transformation)
(note) FE, = \/(Gk — )\)2 + A2 > A (energy gap)

v’ a nucleus with N+1 nucleons: aJ,|BCS)

v' excited states of the same nucleus: alai,|BCS)

(note) afal ~ afal —|——|——|— aa
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Figure 6.1. Excitation spectra of the ;;Sn isotopes.

Ring-Schuck



Even-odd mass difference and pairing gap

E(N+2,Z) = E(N,Z)+ 2\
E(N+1,2) E(N,Z)+ ) + A




Even-odd mass difference and pairing gap

E(N+2,2) = E(N,Z)4+ 2\
E(N+1,2) = E(N,.Z)4+ A+ A
________ YK
A
A
A N+1 i Ao
A+ A
M v A-A
A
N
M \
N+2

(note) A <0

—Ap ~ [E(N 42,2) — 2B(N +1,2Z) + E(N, 2)]/2




o F\;E (N1, 2 Yy - E (Wt 2 ) —\-E(M%)-E(i\)‘l“,%)]/z_

=[—(A~'/\)f(AJr MJ/,L

- A
-
—




Even-odd mass difference and pairing gap
A (for even — even) E(N 1 2, Z) E(N’ Z) 4 2\

0 (for even — odd)
—A (for odd — odd) E(N 1’Z) E(N’Z) A A

Bpair
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l
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Hartree-Fock-Bogoliubov (HFEB) Theory

HF+BCS method: two-step procedure
(first MF potential, then occupation probabilities)

wk(r)a UL, UL

mmmm) improvement: MF and occ. prob. at the same time
Hartree-Fock-Bogoliubov (HFB) theory:

wave function+occupation probabilities

Up(r), Vi(T)
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* Shell evolution of *Mg
H=Hg+Hp

Et@t - EMP +Enair +Eself

(a) without np-pairing

(b) with np-pairing

(c) with enhanced T=0

(d) with enhanced T=0 + self E

t:nuljl

T=0 contribution makes the
bounding more stronger due to its
attractive property.

Enhanced IS np pairing correlations
may be an indispensable ingredient
to understand the prolate
deformation.
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