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Wigner Energy
Start with E(2N,2Z) = Ey ; N=Z
Ezx=2%€ps1 — B — Ey
Esp=2% 6p41 — Agp— Ep
Eo.=2%(€ns1 + €ps1) — Ba— By
—Evigner = 1/4(Eq — Ean — E3p + Ep)
Evigner = 1/4(Aq — Agp — Agy)
Symmetry Energy
Start with E(2N,2Z) ; N=Z
Ego =0"T=0
BP=1rr=1
Epymmetry = E(T=1) - E(T=0) "
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H =Y, oexlafar +a' a_i +bLbx + b b_]
173 Ei,j Gﬁli*’ﬂ‘iﬁ' + H!Hi + E’fﬂj]

— ¥;.; GT7O(D] Dj+(M] My + N} N;)8(525)]
::L (bl) is neutron (proton) creation operator

At = (afal,); Bit = (b))
M;t = (albl); N;t = (al b"))
T=1 n-p pair creation operator
T=0 n-p pair creation operator

Phase convention: b! = —a)

T



Pairing and Two-Body Interaction

Although the Pairing problem is formally a two-body
interaction, the two-body interaction depends on only
two indices ala’ ;a_;a; rather than four indices a}a}a,a,.

Each orbital has a unigue partner.

Pairing is 1.5 body problem.

In the case of N-P Pairing, each orbital has two orbitals

as partners. There are terms ﬂIﬂL{ﬂ_jﬂj and the new
terms a!b' ;a_;b; in the two-body interaction.

N-P pairing is 1.75 body problem.



Variational Wavefunction
€ = [[*Tu]]"®m]]"En
k unblocked orbitals
m blocked
n {2-blocked
O, =14+ U1, k)AL +U(2,k)B]!
+U(3,k)C}l + U(4,k)D} +U(5, k)W ]|0)
Wi = A{B] = C|C} = D;D;

®,, = [V(1,m)a!l + V(2,m)b]
+V(3,m)Al bl + V(4,m)al B! ]|0)

E,. = [albl] |0)



Q Quantum Number

Q counts the Number Parity of D' Pairs in Each Term
of the Wavefunction

Q=1
number parity of D! pairs is even
Q=2

number parity of D' pairs is odd

In E-E nucleus, the ground state is Q=1 - even number
of D' pairs and C' pairs in each configuration

In O-0 N=Z nucleus, there are two low-lying states

I = 07" State
Q=1 - even number of D' pairs and odd number of C'
pairs in each configuration

I = 1% State
Q=2 - odd number of D' pairs and even number of C'
pairs in each configuration

For states in which all orbitals are unblocked, or f2-
blocked, there is no interaction between configurations
with Q=1 and configurations with Q=2



Number Parity and Parity Projection
assume A', B! , C'! positive parity
assume D' negative parity
Projection would be Parity Projection






Triple Projection - Two Levels
Two Protons and Two Neutrons

Excluded Configurations

Wi W] and Al % A ...

Q=1 Configurations

W and W

Al % B and Al * B!

C! % C] and D! % D}

Q=2 Configurations

C! % D! and D! x C}



Gg:fl - GT=0 — @

%]
Gg:fl = G'Ef“ = 1.9 % G é-interaction
Gt?:fl = G’{f” — 1.94 * G surface-4
GI;7'=G{°=24%G Gogny

G?‘_ blocked — G‘:_["_:ﬂ.

i,4

E(A]) = E(B]) = E(C{) = 2* e, — GI;"

E(D}) = E(M}) = E(N}) = 2 x ex — GI;°

E(W:I):4*£;,—3*G§:fl_3*(;€fn



Variational Wavefunction

Determine amplitudes U(i, k) and V (i, m) by
solving the coupled algebraic equations iteratively.

d (8|PHP|®)/8U(ik)=0
8 (@|PHP|®)/8V(im)= 0

where P|©)
is a triple projection carried out

before variation when no blocked levels.
Project Proton Number, Neutron Number and Q

and P |8)
is a double projection when there are

blocked levels.

Project Proton Number, Neutron Number



Parameters A=60

Gi,j = 0.316 MeV

Single Particle Spacing = 0.85 MeV



Comparison Of Amplitudes
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Why Configuration Interaction ?

In a shell model calculation one constructs
a finite valence space and determines

an amplitude for each configuration.

In our many-body wavefunction, there are
1.74492 » 10?2 Q=1 distinct configuration.
for 30 levels and N=Z=30

There are just 150 independent amplitudes
in our product wavefunction.

There is room for a few more amplitudes.



Generator Coordinates
Pairing Strengths

H, = H[G}", G, Gg™' 1, Gg™" )]
Ho = H[Ro, So, To, Ua)

HoW, = EgW¥.

H, = H[R; , So, Ty, Up]

H,\¥v, = E;W¥,

H;; = (V;|Ho|¥,|)

(W;|¥;) #0



Amplitude Interchange

1 +U(1,1)A! +U(2,1)B! +U(3,1)C! +U(4,1) D] +U(5,1) W]
Row Interchange

0ld Wavefunction

U(1,1) U(2,1) U(3,1) U(4,1) U(5,1)

U(1,2) U(2,2) U(3,2) U(@42) U((5,2)

New Wavefunction

U(1,2) U(2,2) U(3,2) U(4,2) U(52)
U(1,1) U(2,1) U(3,1) U(4,1) U(5,1)

Column Interchange
U(1,1) U(2,1) U(3,1) U(4,1) U(5,1)

U(1,2) U(2,2) U(3,2) U(4,2) U(5,2)



N=30 Z=30

15

C'(15) C'(16)
. A'(16) B'(15)
A'(15)B'(16)

Ground S

+ Diag with

| |
Single Particle Spacing =0.85 MeV

Gn,j =0.316 MeV

Additional R.?Iw and Column

ges

"

+ Interchange Rows 15 &16

Variational Calculation .
n. Coord W.F.'s m|G'S'

2 3
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Total Energy Gain

Neutron Excess

Z=30
|
5.3
= T Esuu ~ En
6.49 . Esua E EC.I.
|
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Diagonal Pairing Energy

(Al A)

The diagonal pairing energy is just a number
operator and insensitive to the details of

the wavefunction. It is large for a single Slater
deteminant wavefunction.

Wt 'a-like’ terms in the wavefunction are
enhanced by the diagonal pairing energy.

Off Diagonal Pairing Energy

D it (AlA;) is a sensitive measure

of the collectivity of the wavefunction.

The off-diagonal pairing correlation energy
is usua]iy(mim]f) smaller than the diagonal

correlation energy.
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Fig. 1. Experimental values of W (filled circles) and d [Eq. (6),
open circles] in N = Z nuclei extracted from measured binding
energies [24]. The values of W were obtained using the indicators
given by Egs. (4) and (5). The triangles mark the values of d
calculated with Eq. (6) using experimental binding energies of the
lowest T = O states in odd-odd nuclei. The solid line represents




Wigner Energy
—4 % Ewiy = [E(N, Z) — E(N -2, 2)
—E(N,Z - 2)+ E(N - 2,Z - 2)]
empirical smoothed value 47/4
W.Satula et al., PLB 407 (1997)103
E(N1, Z1) = Ep(N1, 21) + [Ecorr(N1, Z1) — Eo(N1, Z1)]
Ep(N1,Z1) is the Slater determinant energy
For E-E nuclei and equally spaced levels
[Ecorr(N1, Z1) — Eo(N1, Z1)]
is independent of N1 and Z1
setting Eo(N — 2,2 — 2) = E}
[Eo(N, Z) — EJ] = 4% e— 3% [GT= + GT=
[Eg(N,Z —2) — E%] =2%¢—GT?
[Eo(N —2,Z) — EJ] =2%e— GT=!
[Eo(N —2,Z —2) — Eg]l=0
E(Wigner) ~ 0.25 » [GT7! + 3+ GT*]
E(Wigner) ~ 46/A
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fh"—l};i]
E‘I‘
(v-2, 2-2)
Eo (M-1,2-1) = 2ag Y E (c)
Es (N=1,2-1) =28 - QT” E (D?)

"1 Ewy = [E(ND) - 2E(N-, 2-1) 4 E(w-g, E*-‘t]:]

~ 035 L6l 456"
LIRS

- Y E
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secony-corthvgponaality of Uhe Puaskis iladed 1 Tully Laden uaio
accoad., Th gived & betler eslimabe of et cormels-
enirgy When theer arv seally degenotls slised
with thet sasmee viduet of (], the dingonalizsion involves
G bl siakes, where & i the mumber of degenenie
ey The comelaon caergies given in this Loter are
clttaanend from st Lion Ciloulation.

The Wigner energy [24] b defised in terens of the
BE of varices combanaiions of nuclei in ithe guantity,
VN, ). where

]

|
SVIN. Z) = <[BE(N. 7) - BE(N - 2. )
~BE(N.Z - 2)
+BE(N -2,Z - 1], iy

hﬂﬂzmhhc—nmm
AVWIN. I}

AV(N, )= ; Gl 4367 e N=Z (1)
mnl

dVIN. Z)=0 for Mg Z. (1%

Withim the scoarscy of our calculaions, thene s
no change in JV(W, 2} arising from the cormiaison
encry corections, for the vahsts of & aad 7 that
concern ui. Specifically, the conflpursiion intoracison
resulis give & comelsiicn energy varying beiwess
649 and 656 MeV for the ground states of interest.
Alttough the comrelation energy is fairly large, i is
essentially consianl

For N and £ odd, the rebevant Skiter enenpy
spprozimations ke 3V (N, Z) e

VN, Z) = %E,‘:. for N =Z {14)

ind

WiN=Z+lZim %ﬁ:,"dr ;-ﬁ{,"ai-{i:,
foeNmZ42 1%

whem G, desoles the lafger of the o diaponsl
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Excitation Energy (MeV)

Z=31 N=31
Q=1 and Q=2 States

4 Nucleons E1 =4*¢, - ﬁ*Gii
3 Nucleons E, =3*Ei - 3*Gi|i
2 Nucleons E =2%e, - Gi_!.

T_
E*=G, - G
i i

112" +

172" 112
+
w AT M
52" A 512
Level Occupation

Q=1

— Level 15 572"
w— Level 16 1:‘1
— Level 17 112"

E s

EN-D

PPNN

Level Occupation
Q=2




Excitation Energy (MeV)

Tk

2

Z=30 N=30
Q=1 and Q=2 States

4 Nucleons E, ﬂ*ti-ﬁ*ﬁii
3 Nucleons Ei =3*¢1 - S*Gi ;
2 Nucleons E =2"‘ne:1 - Gm

172

"2

;."r.i'1+ PPNN
Level Occupation

Q=1

1/2

(/73

32

+

— Level 15 52°
w— Level 16 7/2
— Level 17 112"

E*= 2*{&1 s Eun) H*Gu

112

=ENLC 7  SENLD

BN)-D" 5t (BNCT
Level Occupation Level Occupation
Q=2 Q=2




(MeV)

E(Q=2) - E(Q=1)

Q-splitting in N=Z Nuclei
G =0.316 MeV

¥ 1 | I I '| ] |- 1 I I 1 T

— N=Z=31
— N=Z=30

N=Z=30
PN(D")

PPNN PN(C)

Q=1 Q=2
E=de,6G,,  E=2e,+2e,
.m“

0.22 0.24 0.26 0.28 0.3 0.32




Excitation Of 1% States in E-E N=Z Nuclei
Systematics
E(T=1) - E(T=0) =
150/A + 24/A'?
~ 5.6MeV at A = 60

A.0. Macchiavelli et al.
AIP Conf. Proc. 656 (2003) 241



Diagonal Pairing Effects
empirical W. Satula and R.Wyss, N.P. A676(2000)120
Gij =19/A
Gogny Interaction
M.E. from J.L. Egido and L.M. Robledo

Gi,;i — lﬂfA; G."i - 45.ﬁfA

Ae = 0.85MeV for A ~ 60

Even - Even Nuclei

E(Q=2)— E(Q=1)~2%Ac+2»[CT +GI]
E(Q=2)—E(Q=1)~182/A+2* Ae

0Odd - Odd Nuclei

E(Q@=2)-EQ=1) =G} -G

Wigner Energy

E(Wigner) ~ 0.25 % [GT; ' + 3 G

E(Wigner) ~ 46/A



Conclusion

Both Wigner Energy
and Symmetry Energy

are relatively insensitive to Many Body
Correlations in ¥

They depend primarily on diagonal
matrix elements



'The Smoking Gun’
Pair Transfer Spectroscopic Factor

(Z +1,N + 1|=C}|Z, N)?
(Z +1,N +1|E;Dj|Z, N)?
In the no correlation limit

the spectroscopic factor 1s 1.0



n-p Pair Transfer Probability

G =0.316 MeV
i —————TT T T T

== T=] Pair Transfer
—— T=0 Pair Transfer

._
™
|
|

Transition Probability
=
|

Initial State | ’EE >

2 -
51 Final State < "5 00 Q=11
Final State < 00 Q=21
L | . | | | L | | | i I L |
%,1 0.22 0.24 0.26 0.28 0.3 0.32 0.34

G (MeV)
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Transfer Probability
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n-p Pair Transfer Probability
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Excitation Energy (MeV)

10

, 58
Cu’

Q=1 and Q=2 N-P Pair Transfer Spectroscopic Factors
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Summary
Developed a treatment of T=0 n-p pairing
and T=1 n-n p-p and n-p pairing that includes:

4 nucleon o-like correlations IV

triple projection before variation Z,N,Q
blocked orbitals complex amplitudes
(>-blocked orbitals K-isomers

amplitude interchange excited states

configuration interaction non-orthogonal basis



Results

Low-lying States in 0-O E-E and Odd-mass nuclei
Low level density near ground in N=Z Nuclei
Q-degeneracy in 0-O Nuclei

Ladders of 0" and 1 states in O-O Nuclei

Pair (n-n n-p and p-p) transfer spectroscopic factors
Splitting of 0* and 1" states in O-O nuclei

Explain Wigner Energy

Explain Symmetry Energy

Asymmetry of Particle and Hole

Excitation Energies in Odd Mass Nuclei
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