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Shell Energy
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(note) Atomic magic numbers (Noble gas)
He (Z=2), Ne (Z=10), Ar (Z=18), Kr (Z=36), Xe (Z=54), Rn (Z=86)

Shell structure

Similar attempt in nuclear physics: independent particle motion in a
potential well

Woods-Saxon potential
V(r) = —Vo/[1 + exp((r — Ro)/a]

7T T 71 72
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Woods-Saxon itself does not provide
the correct magic numbers (2,8,20,28,

50,82,126).
© L |
- Meyer and Jensen (1949):
Strong spin-orbit interaction
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Nuclear Deformation

Deformed energy surface for a given nucleus

E(3) = ELpm(B) + Esnen(5)

Liquid drop

I
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Super-
deformation

Potential energy
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- —

Ground-sﬁate
deformation

-3
Deformation

LDM only e====p always spherical ground state
Shell correction == may lead to a deformed g.s.

* Spontaneous Symmetry Breaking
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Nuclear Deformation -

cf. Rotational energy of a rigid body
(Classical mechanics)

0.903 8* 1 j > _ I?
(MeV) T 2J

(I =Jw, w=2~0)
0.544 6" n |

154Sm is deformed

Excitation spectra of 1>4Sm

0.267 4" (note) What is 0" state (Quantum Mechanics)?
0.082 7+ 0": no preference of direction (spherical)
0 0"  ===)Mixing of all orientations with an
1>4Sm equal probability
I(I +1)R?
Ep ~ ( ;7 ) + + +

c.f. HF + Angular Momentum Projection



Evidences for nuclear deformation

0.903 8"

e The existence of rotational bands (MeV)

I(I+1)R?
Er = ( ) 0.544 6"
27
e Very large quadrupole moments 0267 4+
(for odd-A nuclei) 0.082 ot
167 0 0"
Q=re\— (W |r* Yoo | W) 1549 m

eStrongly enhanced quadrupole transition probabilities
eHexadecapole matrix elements <==tf3, Fission from
eSingle-particle structure 7 N isomer state

eFission isomers " \

f
Supe
def
t Fission from g.s.

»
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Potential
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Muclear ground-state shapes

188 208pp, : S I\*ﬁ"i-ﬁﬁ 3:1
lsomeric Mass-asy mmetric
shape saddle-point shape
> i > TR
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240p 23271 m ﬁf?ﬂiﬁ

http://t2.1anl.gov/tour/sch001.html
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Nobel Prize in Physics 2008

“for the discovery of the mechanism of spontaneous
broken symmetry in subatomic physics”

Yoichiro Nambu

“for the discovery of the origin of the broken symmetry which predicts
the existence of at least three families of quarks in nature”

Kobayashi-Maskawa
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(note) rigid rotation of mechanical systems
E.R. Marshalek, Ann. of Phys. 53(°69) 569

L
“ H=2 4 v §1~c(\/51?2-|-?f—L)2

oI —D e
L/ m

Random phase ap’ioroximation:

eSmall oscillation around equillibrium
1
V(z,y) ~V(x0,y0) + 5 > (8;0;V)(m;j — z40)(x; — x0)

2,
eAll degrees of freedom are treated equally

——  Treat x and y on the same footing
(work with the Cartesian coordinate)



1) “Spherical” case (L=0)
2 2
1
= 254 U 4 Ck(a? + )

2m 2m

D Wy = wy = \/k/m

ii) “Deformed” case (L #% 0)

Ly x=L, yo=0
'—’FWWW—CDm == Spontancous Symm. Breaking

2 2
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A warm up
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R(n2) &

otal Length= 2/cos45°
=228 W

R(m/2)

Total Length
=4(1/2/c0s30°)

+1-2(1/2*tan30°)
= 2.732
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Y lj: L t' ~ ﬁ
55 qiﬁ 11 ﬁ/* N body problem: necessitates

2 body problem an approximate method

/r —I-I,

R=(m,r)+myr,)/(m,+m,)

Mean Field Approach
3 body problem

A L P

treat the interaction with other particles

4 body problem on average

— 1ndependent particle motion in an

//\ effective one-body potential

% Variational principle




Variational Principle (Rayleigh-Ritz method)

(VIH|W)
> bg.s.
(VW)
(note) S CQE
W) =3 Culén) == ths = SLTRS > B

(note) 5

o W*
——> Schrodinger equation: H W) = E|WV)

(V[H|WV) — E(V|W)) =0
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Hartree-Fock Method o

-10
=201

V(r) (MeV)

independent particle motion 30

in a potential well

-40 |- _

-50

ol 1w
r (fm)

w(1,2,---,A) Alh1(1)92(2) - - h4(A)]

P1(1) ¥2(1l) - Pa(l)
1 ¥1(2) $2(2) - Pa(2)

VAT
$1(A) Yo(A) - Ya(A)

Slater determinant: antisymmetrization due to the Pauli principle

(note)

W(1,2) = (1(D)p2(2) — 1(2)92(1))/v2



e A 72 1 &
many-body Hamiltonian: Z 2— 24 5 Zv(ri, T5)

7:L2 A
(WIHW) = —2= 3 [ 4 () V2y(r)dr
1=1
1 A
22 [ i syt iy () drdr

-5 z [ wEEE ol vy (r) drar”
Variation with respect to ¢z

< Hartree-Fock equation:

hQ
TSRS [ w5l e () dr

-3 [ e ol N (r)wi(r') dr' = epi(r)
J




2
_QTL—mVQ%Dz‘('r) + /”(T>T/)PHF("")dT’¢i(T)

- /pHF(Ta rv(r, )Y (r") dr’ = €;;(r)

Density matrix:

pue(r,r’) = ZW(’P')%(T)
pHE(T) = Zﬁ(?‘)%(r) = pne(r,T)

1. Single-particle Hamiltonian:
Vi (r) / v(r, ) pye(r)dr  Direct (Hartree) term

Vie(r,r) —pupr(r,rNv(r,r") Exchange (Fock) term
2. Iteration [non-local pot.]

Vyr: depends on 7p; < non-linear problem

lteration: {4);} — pyF — Vir — {¢i} — -+




Hartree-Fock Method and Symmetries

H = —Z—Vz—l— qu(rz,rj)

A ﬁz
) <——V +VHF(Z)>+ Z’v(m, i) — ZVH,:(Z')

2 1,]
— A N _/
I I

hnE Vres

Slater determinant
WHF(la 2, 7A) — A[¢1(1)¢2(2) "o ¢A(A)]
<—— Eigen-state of hyy, but not of H

: Y H F : does not necessarily possess the symmetries that H has.

“Symmetry-broken solution”
“Spontaneous Symmetry Broken”



Y H F : does not necessarily possess the symmetries that H has.

Typical Example
» Translational symmetry: always broken in nuclear systems
A 7-12 5 1 A A TLQ 5
H = —i; S Vit %v('rz‘ —T;) = Z; <_%Vz' + VHF(Tz')>
(cf.) atoms
nucleus in the center
— translational symmetry: broken from the
begining

Symmetry Breaking

Advantage: a large part of many-body correlation can be taken into
account without losing the independent particle picture
Disadvantage: a need to restore the symmetry (in principle) to
compute experimental observables




» Rotational symmetry -
Deformed solution
Constrained Hartree-Fock method

(Wchr|H|WcHF)

1 | I I 1 | I
spherical
—\ minimum /-

1 | | | 1 I | | |
deformed
minimum

“phase transition”

——

Va/oN
— large

| | | I 1 | | 1 I | | 1 ] 1 | |

0 s 0 S




Detormed Potential

Deformed density distribution =) deformed single-particle potential

(note) for an axially symmetric spheroid

(Y, R®) = Ro(1 + B2Y20(6))

Woods-Saxon potential

Ao

V(r) = =Vo/[1 + exp((r — Ro)/al “
——> Deformed Woods-Saxon potential
V(r,0) = —Vo/[1+ exp((r — Ry — RoB2Y20(0))/al
dVo
~ Vo(r) — Balto— = Y20(0) P
Vi (r) = Z ujl};(r)yle(';;> K=4(j 1)
7,1
(note) (¥ix|YaolVix) o —(3K2 — 1(1+ 1)) (') :



Geometrical interpretation

sin @ ~K/j

The lower K, the more attraction
the orbit feels (for prolate shape).

N
l\)lm

—t
Nlc.o

Nl noleo n|2
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For large deformation: mixing of | and | quantum numbers
wji (1) _
Vi(r) = 3 Y (7)
75t

dV/
V(r,6) ~ Vo(r) — 2Ro~ > Y20(6)

Y>q(60) : parity even, dm, =0

——> Good quantum numbers: parity, K

1

3 _ ~(3/2) (3/2)

ot = 0Py + O/ o)+
5)

2

— Clgll//zz) p1/2) + ngl/Q) Ts5/2) + 01("71//22) [f7y2) + -

5/2



Es.p. (i)

3. - - -

-

J‘,g‘

64>

S X
"-\%"“ . ;“
TR & 11 Di
78 %, - Nilsson Diagram
,' "\ 512(402)
“"?@e‘;, J “Nersi
Y "‘_‘: ‘:.:‘_:::‘
N . . o
W Note: avoided level crossings
A ]

Figure 13. Nilsson dlagram for protons, Z > 82 (¢, = £2/6).

0.6




Avoided level crossing Example:

—ex V
V  ex

— A(x) = :I:\/GQCUQ + V?

diagonalization

K=1/2

Interaction between Vi3 ¢ 3) and V3, 3)
299D 2999

4 N
I T I N

(V13 ¢ 3|H[V13 ¢ 3) (V13 ¢ 3|H|V3 5, 3)
299D 299D 29599 213D

(V3 5 3|H|[ V13 g 3) (V3 ,3|H|V3,3)
27 72 27 72 27 72 27 72

Two levels with the same quantum numbers never cross
(an 1nfinitesimal interaction causes them to repel).

“avoided crossing” or “level repulsion”
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ZRLEERTUUYILPORFOEE (HEDO-HAELL)
2
[—QTL—VQ + Vo(r) + Vo(r)Yop(8) — ] W(r) =0
OEERERE FI-(X
OEERTFEEFrUoRILAER)
fEeEFroRILE

g

W(r) = wi(r) = 3 40

[
Yik|H - E|V) =0

Yik(P) CEE

coupled-channels equations

+ Vo(r) +

— E| u(r)

[_ K2 d2 (1 + 1)n2

2m dr2 2mr2

— —VQ(T) Z<Y2K|YQO|Y2’K> ul/(r)

l/




W (1) h2 d2 I(1 + 1)R?
)y | Tzma T T o
[

r = —Vo(r) ) (Vi |Y20|Yyk) up(r)
l/

— E| u(r)

BERGM GRIBIRER) . o, ~ i1 (r ~ 0)
— hl(_l_)(iH;T) ~e " (r = 00)
=7
2RED N JGEIL W7D AN (N [EFrRILDE)
— N EOHRIMILE (RS T)IERIA (+ N EDIEIEHI#E)

. NEOERIIGRAERSEZAE
2. BREDHEFAFHEZH=T SOICREEEEESD




2 g2 2
) a2 F VOO LS ]
=> LYk (7) m dr? o
l = —Va(r) _(Yik|Yaol Yy ) uy(r)
l/
BREN GRIBRE) : o ~ o/t (r~0)

— hl(_l_)(iH;T) ~e " (r— o0)

RxH
1. NEoHmE I ESEARERE: 1) ... gWV)
o EIREDEREUES-TLSBIEEELD: .
) = 3
BIz £ =200
() 5T, r—0  L153NEOBREIE
(1) = Ape ™ + Buet™ 1500 DESICIEESLTRE

w(r) = 3 Cidye™™ + 3 CiBue™ B[S C;B); = O[S gl it




REEHD/—F (BEFEDHE)

V,=58 MeV,
R=4.62 fm
» a=0.65fm
% 20
2" 1=0
_ =30
Z 40
-50
-60
MeV
10 | I | [ [
-10
~ w2
2 -2 3
= s | ‘
= 40 e |
—
S50k . -
60 "\ = ‘
L | | 7\| \\\ T 0 B 1 | ] | 1 | 1 | ] |
-70, : I 1o 60 -50 40 30 -20 -10

t () E=E, +0.] MeV E (MeV)
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B.R. Johnson, J. Chem. Phys. 69(‘78)4678

—

1. N EogRiIcRAERRERE: ¢ ... g0V

o MIREDBEREMER-TESIBHRERELS:
i(r) =Y Cig

FELE N EOBIIMIT BT () = o0 (r)
EHER

mmm) f(r) =det(y(r)) HEOEYZETDHE—HRIL
Snt=/—FEEETH

(note) f(R, ) =0 AE-ahhiE, U(r = Rpox) =0

LG BEEEDTEMTED,

B _ " K.H. and N. Van Giai,
(— %L SN 7= box boundary condition) NPAT3S(04)55



# of node
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-30
E (MeV)

-20

c o <2 <
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radial wave function

V(r) =

vave fungction
S O O\@
| T | I | I | I‘§

radial way

wave function

radial

1
<
I

uo(r)

——Ypo(7) +

uz(T)

——=Y>0(T)

S
[
[T

—— (1)
- 112(1‘)

0.5 )

1

S ooceoopo

—_ O = o =
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Resonances: important role in nuclear structure and reaction

e Pairing correlation in the ground state

» Large contribution from resonances near the Fermi surface
(ctf. resonance BCS: Sandulecscu, Van Giai, Liotta, PRC61(°00)061301)
»HFB: many quasi-particle states appear as resonances

A

e RPA

» 1plh excitations to a resonance state

v




Introduction: Resonances

Resonances: important role in nuclear structure and reaction

e Pairing correlation in the ground state

» Large contribution from resonances near the Fermi surface
(ctf. resonance BCS: Sandulecscu, Van Giai, Liotta, PRC61(°00)061301)
»HFB: many quasi-particle states appear as resonances

A

e RPA
» 1plh excitations to a resonance state \
. E

e Radiative capture reaction \
Y
(r,7)

[
»




Theoretical methods for resonance

1. Complex E methods
e Gamow state (outgoing boundary condition)

up(r) ~ expli(kr — lw/2)]

e Complex scaling method
e Gamow shell model (Berggren basis)

2. Real E method

e Stabilization method (A.U. Hazi and H.S. Taylor, PRA1(’70)1109)
e Phase shift analysis

_ 1 r
O(E) = 6g(F) 4+ tan > (Ep— B)

3. Extrapolation from bound state
to resonance

e ACCC method

R [fm]
J. Dobaczewski et al., NPA422(°84)103



1. Complex E methods

e Clear separation between resonance and non-resonant continuum
e Discretization: larger E step (cf. Gamow shell model)

e Relatively easy to apply to many-body systems (cf. Hokkaido group)
e Narrow resonance (cf. proton emitter)

e Observable: complex number (in the pole approximation)

e regularization

2. Real E method

e Resonance embedded 1n non-resonant continuum
e Discretization: smaller E step

e Many-body systems?

e Narrow resonance: difficult to evaluate I

e Observable: real number

3. Extrapolation from bound state to resonance

e Intuitive, and easy to use
e Wave function?
e Accuracy of extrapolation?




1. Complex E methods

e Clear separation between resonance and non-resonant continuum
e Discretization: smaller E step (cf. Gamow shell model)

e Relatively easy to apply to many-body systems (cf. Hokkaido group)
e Narrow resonance (cf. proton emitter)

e Observable: complex number (in the pole approximation)

e regularization

2. Real E method

-
e Resonance embedded in non-resonant continuum
e Discretization: larger E step - may not be
e Many-body systems? big defects for
e Narrow resonance: difficult to evaluate I' ) mean-field calc.
e Observable: real number

3. Extrapolation from bound state to resonance 1
e Intuitive, and easy to use application to
e Wave function? deformed

e Accuracy of extrapolation? m.f. potential



Resonance for a spherical potential

h2 d? [(1 4+ 1)R2
- 2m dr2 Vi) 2mr2 B\ u(r) =0
w(r) ~ ol (r~0)

— sin(kr —In/2+46) (r — o0)

0.8 1| Breit-Wigner formula:
‘ | r
5 T | 0=m/2 | |0E) =tan 2(ER—E)+ o(£)
04 -
0.2+ - 9
| i I—:
1 T T




(note) for a broad resonance

-
§(E) =tan~?!
2(Ep — E)
background phase shift
I | | | 0.4 I L R
=5 1=5 E=6.11 MeV
0.8 ~03- l _
i ¢
i 20.2
o 3
04 Do
I E o
0.2 S
I 0
-

E (MeV)

Gamow state: E 6.01 MeV

2.22 MeV

—|
|



Potential model calculations

(1) WKB method

(1) Direct method

R? d?
a2 Veent(r) + V(r) _(E_EFO)] u(r) =0

u(r) ~ pitl (r — 0)
— N(Gi(kr) + iF;(kr)) (r — o0)

[ 0 = (outgoing flux) / (normalization):

TLQk./\/’2 // |u(r)|2dr



(111) Green’s function method (very narrow resonance)
h2 d?
2,u dr2

+ Veent(r) +V(r) — (£ - 5"0) u(r) =0

First set Iy =0 and find a standing wave:
p(r) ~ rit (r —0)
— NG;(kr) (r — o0)
Green’s function method (Gell-Mann-Goldberger)

[T+ V — E]lw =
_ Zne2 AN
<—>{TI D€ —E}w:<De —V)\If
T T




(note) > 1
. /
<r (T L 2D —E—in) r'>
T

_ 2p Ol(k7°>)

S

_ _ (Fi(kr<)
T Vi (P>) - Y5 (P<) .

For 7 — oo, u(r) — N(G;(kr) + iF;(kr))

with

N =

P o0
——or | BGn)(V(r) = Zpe? r)é(r)




Resonances in multi-channel systems
Mean-field equation: [T+ V — E]¢ =0

deformed potential: V' () = Vy(r) + Vo(r)Yoe(#) + - --
\

_/

mixing of ang. mom.

R '
__—_

uy(r _
single particle wave function: (Y (7r) = Z A )Yl x(7)
T
c Yix|H — El) =0 coupled-channels equations
B2 d2 [(l + 1)R?
[—% ) + Vo(r) + o2 E] uy(r)

= —Vo(r) Y (Vig|Yoo|Yyg) up(r) 4 - -
l/




coupled-channels equations

——— >+ Vo(r) +

h2 d2
[ 2m dr?

11+ 1)732

m’r

= —Vo(r) Y (Vig|Yoo|Yyg) up(r) + - --

— E] uy(r)

l/

spherical case

\ e

- degenerate
- form a complete set
(linear indep. solution)

w
i

deformed case

LA

the same # of
lin. indep.
solutions




Y (r) =) ulli(r)

[

Y (7)

up, (1) — e k=T,

i(krlw/Q)

S-matrix



How to characterize a multi-channel resonance?

ullo(r) N e—i(kr—lw/Q)(sl,lo . SllO ei(kr—lﬂ/Q)

. , . __ 28
(note) spherical case: Sllo = 9 51,10 = e“ l5l,lo

<> How about looking at the diagonal components???

Sy = ny - e20u

cf. S-matrix from an optical potential



Model:

dW\
V(r,0) = Vins(r) — B2Ro—22 Yoo (6)
VO = 48 MeV
a = 0.63 fm . .
5 = o1 s, d, g ~wave mixing (K* = 0°)
K =0 ¥ | EigenphaseI sum | | N
u . 5 7
Gamow states: 2+ 500 N
B )
I.E, =3.78 MeV sl .
I'=0.53 MeV st ST :

(g-wave dominance)

2.E..=159 MeV
['=1.57MeV
(d-wave dominance)

e ——— -

_______
___________

I
4
E (MeV)

cf. wf component for a resonance: K. Yoshida and K.H., PRC72(°05)064311



Eigen-Channel approach ref. D. Loomba et al., JCP75 (°81) 4546

/_
Y (r) =)
< [
ullo(r) . 6—i(kr—l7r/2)5l o — Sllo 6z'(k7°—l7r/2)
—

u, (1)

Y (7)

mix the basis states so that the resonance can be visualized clearly

1. diagonalize the S-matrix: ( it SU) , = e2i0ag
aa’ — a,a

2. define the eigen-channel with U: Pa(r) = Z ¢lo(r)Uloa
lo

(note) as r — oo

Ba(r) = L3 femilhr=in/2 z'(kr—zwm} UaYie (7)
r
[




(note) Low energy Heavy-lon reactions () =Y ur(r) Yi0(#)|é7)
l

»physical channel: spin of the rotor (I)

+
»eigen-channel: orientation angle of the rotor 4
2+
0t
1
_‘ ofus(E) = /O d(cos 0)orys(E; 0)
16
0 1035 16, 154 | | ] -
. = ' ' - O+ ]
O+ " Sm ) i ’
--- Spherical 10°F E
60 — 0=0deg. A = E
S L — 0=180deg. | ~ 1 :
= |0 = 7T/2 £ 108 .
S ssp | 9 =01 = ¢ :
= 0 ‘ . | o 10F E
S0 ,," ‘ ‘ E e Expt :
.' \ l 10 E ! --- Potential Model
45 L ' S t — Deformation =
5 10 15 20 : 4 ]
r (fm) -2 | ll 1 | 1 | 1

1010 5 0 5 10

E-V, (MeV)



E1 h H.A. Weidenmuller, Phys. Lett. 24B(‘67)441
1Z2CN-PRASC SUM 4 . Hazi, PRA19(79)920

K.H. and N. Van Giai, NPA735 (°04) 55

(UTSU) o = €046, o == | A\ — Z Su

Breit-Wigner formula

G o= 2oy Fal cH(Patd3)
P 0 "E_—Ep+il/2
m— | AE)=tan "l 4 AG(E)
2(Er — F)

n Eigenphase sum: satisfies the single channel formula



s, d, g —wave mixing (K™ = 0%)

1.5 l I ' [

I

I

Gamow states:

1.E,., =3.78 MeV
I =0.53 MeV

2.E.=1.59 MeV
['=1.57 MeV

10



Multi-channel resonance with box discretization

ANANNNNN

(Gamow states:
1.E_.=3.78 MeV

Ies

['=0.53 MeV
2.E. .. =159 MeV

Ies

['=1.57 MeV
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Proton Radioactivity

Nuclei beyond the proton drip-line

| Proton: has to penetrate the
i, : Coulomb barrier

B Very narrow (long
' lived) resonance

Ep~ 1 MeV
R,..: 80~100 fim

[ :1018~10-22 MeV
T,,: 100 pys~1 sec

neutron

- proton

Many g.s. and 1someric proton emittors: have been found recently
ORNL, ANL

Experimental observables: E and T, ),



Differences from o decays

1. Smaller reduced mass p

=) Much stronger | dependence (centrifugal potential)
m=) Spectroscopic information for proton s.p. states can be extracted

2. Much simpler spectroscopic factor

A+1 A
GI1X =4 X +p r
| ' | ! ! ' ! ' S

o-S
((A 4+ 1)](A) + 1)

"o ~ (outgoing fl : ‘mati
0 ~ (outgoing flux) Simple estimation:

NN ——— | 4+ = al|(A4))

I R — - ot = ual — va
(A) + 1) = aT|(A4))
m— | ( — u2




Spectroscopic factor

Decay half-life:

h h

o

<

Experimental spectroscopic factor:

Tth
_ 12 _ (h exp
o = ) 75

«—— Theoretical spectroscopic factor

2
Sth = u Oor  Sshell model



Prediction of potential model

exp

0.8

0.6

0.4

0.2

I ' I ' I

® lh11 ,, States (e-0) T ®

A lh11 ,» states (0-0) 4 B
& 2d3 , states (e-0) 1 4é

A 2d3  states (0-0) il

8 A
& 351 ,, states (e-0) } |
o
1461}11

it

+ 16OR“e ST u

1667
I I ! I

02 04 06 08 1

SBCS

Calculations: S. Aberg et al., PRC56(°97)1762
(spherical optical pot. description)



Role of channel couplings

Deformation effects? —— alter both UQBCS and [ g
151 y: B> ~-0.15 (Moller and Nix)

Ferreira and Maglione: coupled-channels calculation (PRC61(°00))

160,16IR e: Nearly spherical
161Re—p + 380W (8= 0.089 for 160W)

190Re—p 4+ 129W (Bo= 0.080 for 129W)

=

Vibrational effects? | |7m) = > Y Ujplp> X \nn}(]m)

lp,]p n,I

K.H., PRC64(°01)041304(R )
C.N. Davids and H. Esbensen, PRC64(°01)034317



Nuclear Structure Effect — a quantal treatment

- _ Rotational 6*
excitation 4+

deformation 0"

In general

. —  Coupling between the relative

motion and_imynﬂc_dﬁgmﬁs of
excited states freedom

FF Rotational, vibrational states (Low-

ground state lying collective excitations)

Coupled channels model



Vibrational coupling Rotational coupling

O = \/ﬁ_w(a Fal) O = BY20(0)

+ A+ g+ (a’T)Q

07,274 0 4+ ay Y

e 0) Ya0)

2 0) N B o WL N
0 0) 0" Yoo)
0 F 0 [ O F 0
F e /2F F e+ 205F SF
0 V2F 2e 6p  10c 4 20¥5p

BN
3 —
@)



Role of particle-vibration coupling




Role of particle-vibration coupling

jm) = 3 [liply) @ In1)| U™

lp,jp n,I

[+ 2, 1 hw 27
i
O+

2

h
H = _ZVQ + Vo(r) + Veoup(r, a) + hw Z ai\uakﬂ
(L

N Y|

B

(al,, + (=) ay,)

(V)

coup

(r,a) = —

Vo
1+ exp[(r— R— Ra-Y)(7#))/al

+ Coulomb and spin-orbit couplings



Coupled-channels Method

2
H = —§—V2 + Vo(r) + Ho(§) + Veoup (T, €)

H I I

f\i —x excited
states
ground HO(€)¢nImI (€)

r . state = €nl Pnim; (&)
wre) =Y u”li 4 [V, (#) b1 (€)1 M)
n,l,1
([Yignr] VM) H — E|w) =0

| | VO(T) — B+ ey unll(r)

_Q,u dr2 2
+ ST 80 11YM) Veoup () 1Yy 1] M
n'l’'1’

c[ h2 d? (14 1)R?
2

n’l’[’(r) =0




E ——

— ———

; -

-

I excited
u ’r‘ R A A
W(r,&) = > nli( )[Yl("“)¢n1(€)](JM) states
n,l,1 ground

. . _ state
Two alternative ways for the multi-channel resonance condition:

(1) UljnT (r) = N gnl G1(knrT)  for all the channels

«— Eigen-phase 0, = 7 / 2
K.H. and N. Van Giai, NPA735(°04)55
Real E; Width — E dependence of 9

. ik, 1rTT
(11) UlinI (T) — Afljnl e "l for all the channels

——E=Ep—il/2



(1) UljnT (r) — M gnl Gi(kpr) for all the channels

. 1k, 17
(1) UpjnT (r) — M gnl€ ni for all the channels

(1) and (11) are equivalent (for a very narrow resonance)

We use
»the definition (1) for E;
»the definition (i1) for I" with the Green’s function technique

S.G. Kadmensky et al., Sov. J. Nucl. Phys. 14(°72)193
C.N. Davids and H. Esbensen, PRC61(°00)054302



160, 161

Re—>p—|—

160 159W

| 'Re (2d

3/ 2)

[ T
®=0.61 MeV _

C 161
450

350

300F

400

350

300

250 F

20%'_

400

K.H., PRC64(°01)041304

6+

4+

2+

O-I—

(keV)
1881

1265

610

160VV

A. Keenen et al.,
PRC63(°01)064309



s-wave proton emitters:
1/27) = |51/ @ 0T) + |d3 /o Q@ 2F) + |ds/n @ 27T) - --

d-wave proton emitters:

3/2%) = |d3, ®07) 4y @27) -

h-wave proton emitters:

11/27) = |hy1 /> @0 h112®21) -

EST ~ Ep — Veent(r) — Vo(r)

=

Coupling: effectively weaker than d-wave



Fine Structure (Branching Ratio)

Spherical emitter: '*Tm (Oak Ridge group)

Counts 1B ke¥

B0

50k

20

O

M. Karny et al., PRL90(°03)012502

IIIIIII

el -

T1/2 == 27 :I: 10,[1,8

2

d

Energy (Mevl

BR =9.6 + 1.5 %

45T m(hyq )
144 Er(0T) ~ 90.4%
144 Er(2T) ~ 9.6%

145Tm

0.33 MeV
9+

O+

144E ¢



Particle-vibration coupling SRS Qe e Ml

11/27) = |h112) ®[0TF) + [ f7,2) @ [27T)
+1hg/2) ®[2F) + |h11/2) @ 27T)
+1513/2) ® 127T) + li15/2) ® [27T)

MeTm e e | 12 LI MeY
(Maz jvee G B2 ) _145Tm
EXpt: 0.33 MeV
h, &0 hye®2° BR = ' 2+
56% 96 + 1.5 % 0+
- /m T1,,=3.140.3 ps 144
=048,
| ( Calc. A
. .33 MaV . o
= T T1/2—3.O T+ 0.4 us
— L (0)
\Ip—5-7__003 /O )




Odd-odd proton emitters

Fine structure in %Tm — p+ *°Er

70 _ B) mass 146 protons

60 F
g 50 F
S40F
= i
“30F

20 f
10 F

1.0 2.0

1.12 Mey

148

Tm 1.01 Mev

.94 My

0.89 Mey

3.0

4.0

1.19 KMy

T.N. Ginter et al.,
PRC68(°03)034330

Energy (MeV)
Energy (keV) | T, (ms) | counts |Rel. Intensity
880(10) 190(80) | 170(30) 1.8(3)
1119(5) 198(5) |9450(250)| 100
938(10) 60(20) [290(30) 22(2)
1016(10) 70(15) |370(40) 28(3)
1189(5) 75(5) 1350(80) 100




l7plp [jnlnnl] (Id); JM)

:V(jnln) X 2+: (11)

v (jinln) @ 0] (0)

T,,(ms) | BR(%)
107 — 11/2-, 13/2- 485 0.83
107 — 11/2-, 9/2- 524 0.041

C 8" — 11/2-,9/2 48 0.011

» spectroscopic information for proton s.p. levels
» collective excitation in the daughter nuclues
» spectroscopic information for neutron s.p. levels in the daughter




10" —11/2-, 13/2-
(h11/2)77®[(h11/2)1/®0+](11/2 )]
(h11/2)7f®[(h11/z)u®2"‘](13/2 )|
(f7/2)7r®[(h11/2),,®2+](13/2 )
10" —11/2-,9/2"
:(h11/2>7r®[(h11/2)1/®0+](11/2_)
:(hll/z)w®[(h11/2)y®2+](9/2‘)
8" —11/2-,9/2
:(hll/Q)W®[(h11/2)u®0+](11/2_)
:(h11/2)7r Rl(h11/2)v @ 2+](9/2—)}

(f7/2)7 ®(h11/2)r ® 0T](11/27)

|
(

(1071)

1(101h)

}<1o+>

}(1o+)

}(1o+)

(871)

81)

}(84')



55% (h11/2)7r ®(h11/2)1/ Q0T
42% (h11/2)7r ®(h11/2)1/ Q2T
2.5% (f7/2)n ®(h11/2),,®2+
0.5% others

(10%)

530, (h11/2)7 ®(s1/2)r ® 0T
41% (h11/2)7r®(31/2)y®2+
4% (f7/2)71'®(81/2),/®2+
2%  (s1/2)7 ®(h11/2)r ®0OT

()

146Tm
G' state: N
T, ,(ms) BR(%)
Calc. 93 18.0
Expt. 75(3) 19(2)
- Y

1.37

/10+ state: )
T, ,(ms) BR(%)
Calc. 748 1.24
Expt. 198(5 1.7(3

Cf. GT transition

mhy, —Vhyy),
TI/Z ~ 200 ms

13/2- (h )y ®27F
2 0.48

11/2- (h )y ®0T
2 0.25

3/27 (51200 ® 2t

0.18
1727 (s12)v®0T

0
145Er

M.N. Tantawy et al., PRC73(°06)024316



Summary

Probing nuclear structure with proton radioactivities
=) (oupled-channels framework

Information on:
eProton orbitals beyond the proton-drip line

eCollective excitation 1n the daughter nucleus
eNecutron orbitals 1n proton-rich nuclel

t Fine structure in emission from

an odd-odd nucleus




(3% ) Particle-Rotor Model (strong coupling limit)
ERLI-SRE—RFEBDRES

H = Hot + Hn + Hcoup

I.)2
Hpot = Z ;}:

k
= 5

\Ten neutron H, = Pn 4 Vo(r)
\ 2m

= Veoup = VQ(T)ZYQ/L(?C)Y;/L(?n)
7!

X

r — Ro(1 + B2Y20(Ten))

X
RoB2Y20(Fen) &= A B

47
= Rpf> ? Z YQ/,L(?’;C)Y;/,L(IF’”) .
T |(Ig1c)IM)

(b{'] (rn)
Vi (rn,re) = Z o
l,j,Ic n




I
H = Hrot + Hpn + Veoup Wi (rn,red) = 3 P11 () ((151)I M)

l7j7IC Tn

B % (ref.)
Veoup = VQ(T) Zu,: YQ/L(TC)YQM(rn) H. Esbensen and C.N. Davids,

- ~ PRC63(‘00)014315
= Vo(r)Yoo(Pen)

copl=SOANTH A TESHIHE (strong coupling limit)

H +vc0up DEFREEZVABERTKRD., H,  ZTEEIIZHKD

2

2—” + Vo(r) + Va(r)Yao(Fen) — ex
m

@K(”“na ?cn) =0

2T+ 1
1672

Vi (rn,Te) = \/ [DﬂK(?c)SOK(T‘cn) + {—K}}

(note) [ _ 4IK
o] '[C("“) — A'Ic¢le("°)
orctren) = X Ty ) D J

: 2(21. + 1
] ALK — (21 + )(jKICO|IK>
e 27+ 1




ERLE=IRFZDofEiE

‘ / |
o




O+ Sm --- Spherical

60 - — 0=0deg. -
> | — 6=180deg. |
L
%55 ; 9 — O —
o @ e

50 ~

| \Y

45

15 20

r (fm)

prolate #%MDIFE. 0 =0 DBFRTY
Uy ILHhVERIE

HendA

it

>




e~
%m "Pa 6465keV
Srm 227Pa (5/2)
1,30 Bz ~0.168
WO s 12 181 200
1T K]

P. Schuurmans et al.,
PRL82(°99)4787

HiGTEEIRRERAE V% align ST
aFRIRZAITE

=) \V/(17 deg) ~ 2.4 X W(84 deg)

1

HendA

it

>




O IR DB E LB ERDLIEE
O-i-
242Cm
B, =0.224
6" 0.0046% <
(Q,, =6.216 MeV)

4" 0.035% O AEEI= (ERIDA/NIT)

B
2+ 25.0 % OE, DEE
0" 74.0%

238py intensity

B,=0.215



Counts/10 keV

cFRIRZRAVV-ERX-BERKD 2 T REOIRILEF—0 R KT
DZE (HRIRFDHE X H HﬁAEE)

60 x _—

30 Ega(im | _ - [ ﬁ \, 234 | I +I ]
A =238 \
' 55 \ t\“f " E(21) -

20 | " I > \-.. ]
10 3 5o -

- oo
0 , : . | . 1 I| 1 45 -
4000 5000 6000 7000 I

a-particle Energy (keV) 40 L . . , , , ,
136 140 144 148
Neutron Number
O—i—
238Cm

E_=6503 keV

o+ E,=6558 keV

O—|-
234py
B,=0.216 M. Asai et al., PRC73(°06)067301



ofRIRZALVI-E

o—y spectroscopy

HAK)

S BEZICBITA—RIFIREEDRE Y - /N T4
DRTE(BRIEFHHEE - EH

> 20 (a) y-ray spectrum ~ _ - wzr  245(5)s 3/2'[622]
| r~ = £ = 257
% ~ N - " g8 No4ss a
2 10 = - § 558 , -
w = - %) HF| E,(kaV)
5 | = H =5 -
2 (527 ¥ =58 1587 _ <4
O = — ———— 3/2'[622] = = K 1244 _ 832 13| 8222(6)
= r —  (b) Electron spectrum
2 20t ~ o -
= S S
3 - (527 474
% 10 T3 @)y |y oy 223 172 15| s323m)
2t o 1/2'[620] 172" X 1 ¥ 0
0 1 [Hln EﬁﬂFm
-------------- 153 —
0 0 150 B,=0.236

a0 10
Energy (keV)

25TNo D EEIREER 327 LERE

iR EyifR - NERERIRE F D

5] B =4 38 (LRI D ofR D A E{EoT-fEH =

& 7/2%)
BZMREICH TR

(B9

1518 D fZEA

M. Asai et al., PRL95(°05)102502
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*Zﬁﬁﬁ?ﬁ.—.—.ﬁ% : EZFE"]*E

BEEFNFEOEE

R FDICHEEAER. B

CINREDTEE  FREER

cf. ST I7A—FDEER (o BLEL)

S

Notation
A ol L
T
(@ @ —_ @ BEL SR OB
A %‘f 5 ;%‘I]LE—C PAFEEZE
(E—L) X(a b)Y
IsFr 2 )LD

208Pb( 1 60) 160)208Pb
208Pb(160, 160)208Pb>1<
208Pb( 1 70) 160)209Pb

: 160+208ph GE4 BREL
:1604-208ph JE 58 4 FREL
1R MEFRITRIG

_DOMIZEERERRICE



BEL M T O )
S5 0Q¢
JK%#E—A\&S Q Q

B FFR S =YITERIALF _ c- BRI -YEMEE
1MEIZ® T D RIEDEEDHE ZRIBY D AR FDE

G/S = E—LH DO AGHFIEINMEH HEELEEL-FICHELDR SR

B{7: 1barn=1024cm?=100 fm? (1 mb=103b=0.1 fm?)
Mo ERELETEA

dQ do
dS?2




B ELIRTE

2m 2m

(2

b(r) = RT = 3 (204 1) iljy(kr) Py(cos 0)

[=0
> 1 Z (21 + 1)il [e—i(kr—lw/Q) . ei(kr—lﬂ/Q)} P(cos )
2kr /=)

RTUovILABHLIEE: [_QBQVQ + V(r) — E] Y =0

RENER B D ENA R

b(r) — Q;r Z (21 + 1)il [e—i(kr—lw/Q) _élzei(k:r—lﬁ/Q)} P,(cos 6)
[=0

ezkr

— kT {Z(Ql +1) ol — 1Pl(cos 9)}
l 21k

.

r

T F(0)  (#ELIEE)



ezkr

Sy — 1
ik

P(r) — RT3 (204 1)

I r

P;(cos 9)}

ezkr

= kT4 re) = (ASR) + (BRELR)

r

- B \// =
J I .//\

BHEEOANEISEE: | S| = 1 O7v9R0RH)

Sl — €2i5l 07 :GI#E®D T H (phase shift)



M5 BN EL BT E AR

r2dQ

tkr

dQ

HAIRMIZILAA dQ ITEELSN AR FD

jsc:

-

Yse(T) ~ f<e>€r

. c’ Er TQdQ

r

(RELRICHT BTV I R)

Nscatt = Js
« kR | F(0)|2
2. [¢SCV¢SC —_ C.c.] A~ |f( 2)|
Tm ™m T
do

dS?2

= |£(8)|?

FO) =321+ 1)”

Pl(cos 0)



KE2RT v )L ERINETEE

Hic7AatX \ /

> B e / =

> SR T — j\
>R FFIT @ |
AT (RE) BTS2 DFD (IRIR)

SR T )L

Vopt(r) =V (r) —:W(r) (W > 0)

, 2
—— > V]::—%W‘¢|2

(note) 7 AMEA

3 dS=/V-'dV
/SJ n A




. 1 - . ,
b(r) — i >+ 1) e~ thrmim/2) _ gtk =im/2)| py(cos 0)
[

Z Z
Yin Yout
EARAMRITVIX: ENEITITVIX:
net __ kTL n Z(2l+1) net kh 5
Jin = m Jout = P QZ(Ql"‘ 1)]5]

kh
gﬂz/pu—vwbx R 2§:(21+1)(1—|Sz|2)
m

[\

U8 A 4 e A5
T oabs =5 2+ DA - ISP
[




B4 U RICDEER

EA X :*He KYEWRF#*
S1FVENTYI VI
! N | 16 154, -
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= —V\_/—
s 40 b =
T 20F n
E of -
5 -20F .
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2N

1. 9—0OV A
RIEBER
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mEDITEEHLD
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e RIcEETF MU RILR

154Sm
16

100 Liouch O

80K L i
:
~ 20F r 1 —EEfdT L5888
5 o (AT (AT
g -20 ‘é/ — Coulomb 1  MDEFE)
g -40F — Nuclear

601 — Total — 1

-80 ' | ' ' ' .

- AU 5 20 S DHEE

r (fm)

orus(E) = 15 > (2 + 1) P(E)
[

BITXRIVF—TCTEIMERMIE >RV
MR CEeED !

=Tlouen |<EIET HIEF

1

P& (D B e =1



=2EF OoRILIER

1 V(X)
— 3 Vo —1
Te 1kx e 1kx
< — < —
-.
Rezkx
> X
-d d
P(z) = Te ™™ (r < —a)
= Ae ™ 4+ Be™ (—a<x<a)
— e—z’kx + Reika: (z > a) -
B
k = \/2mE/h> 2

k= \2m(Vp — E)/R2

Tl

MR )LEESR

P(E) = |T)?

=
N

1.5

1

e
in

o
T T

1
[S—
T

.
1 n
0 T
o



DRIERE =&

1
V(i) =V, — aszxQ

A
Vb

P(E)

C (BE-W)/Re



MR )LEESR

DIAILF—
&)
2
as
dP
h$) . —
dE

1

0.8

0.6~

0.4

-1

0 1
(E —V3) /782

(note) £ BLA& R
P(E) = 6(E—V)
dP/dE = §(E —V;)



RT 2w )LIRE g &R BX

h2 d? 1(1+ 1)2 B
_Z%_I_V()_I_ . — E|u(r)=0
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Effect of collective excitation on o, : rotational case

m The orientation angle of '*Sm does not change much during fusion
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H = —;L—MVQ + Vo(r) + Ho(§) + Veoup(r, &)

_ K . excited
= sromnd - Ho(§)¢r(8)

f e = e $1(9)

W(r,&) =) ¥r(r)or(é)
k




2 2
H = ~1792 4 Vo (r) + Ho(€) + Veoup(r, €)
< 2H
W(r, &) =) Yr(r)er(é) Ho(&)dr (&) = e, ¢1(E)
~ k

Schroedinger equation: (H — E)W(r, &) =0

(Pp| =

(¢p|H — E|WV) =0

or

TLQ
[—VQ + Vo(r) + e, — E
2p

] wk(T) + z<¢k|vcoup|¢k/>¢k/(r) =0
k/
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Coupling Potential: Collective Model

R(0,9) = Rp (1 + > oy, Y06, ¢)> (note) rotating frame ~ @)
o BARZEH (7 — 0):
> REBEDSHAE o [BET.
r oYy, (0,¢) — o
Of)\lu — /6>\ (aT)\lu_I_ (—)’U“a)\,u) m 41
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>[BIELFIEEDIHE

Body-fixed 2~ FEFZ 2 .

4 41
ay, = \/2)\_'_15,\3’/\“(901,%) (B FRERZDIZE)

2
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Deformed Woods-Saxon model:

Vivs(r) =

Vo

1+ exp[(r — Ro)/a]
Vo

1+ exp[(r — Rp — Ry)/dl

Rp — Rr (1 + D> an Y00, ¢)>
L4

G

Vivs(r) = —

Vo

1 4+ exp[(r — Rg — Ry a) - Y\(7))/d]




Deformed Woods-Saxon model (collective model)

K.H., N. Rowley, and A.T. Kruppa,
Comp. Phys. Comm. 123(°99)143

Veoup(r, 0) = VAL (r, 0) + VI (r, 0)

Nuclear coupling:

c(é\l%("“ O) — —

Vo
1+ eXD[(T — Rg — RTO)/CL]

Coulomb coupling:

A
(9 _ S > Ry -
coup(T O) N+ 1 ZPZTe 7“)‘+1 O

P

Rotational coupling: (O

|
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o
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N
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S
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Vibrational coupling: O




Vibrational coupling Rotational coupling

O = \/ﬁ_w(a Fal) O = BY20(0)

+ A+ g+ (a’T)Q

07,274 0 4+ ay Y

e 0) Ya0)

2 0) N B o WL N
0 0) 0" Yoo)
0 F 0 [ O F 0
F e /2F F e+ 205F SF
0 V2F 2e 6p  10c 4 20¥5p

BN
3 —
@)



SF ¥ U RILAENOBEHEMER e — O

e; =11+ 1)R%/2T
‘ @, </
154Sm 160

orus(E) = O d(COSO)Ufus(E;Q)

Coupled-channels:

( 0 fr) 0 )diagonalize (M(T) 0 0 )

f(r)y 2550)  Sf(r) 0 A(r) O
0 Sf(r) 2%55(r) 00 A3(n)

—> P(E)= ZwiP(E; Vo(r) + Ai(r))

Slow intrinsic motion
=) Barrier Distribution




P(E) = Z’wiP(E; Vo(r) + Xi(r))
P, . Z

dE

dP
dE




ZRE RICETEIRZ ALV-RED

1 . d(EUfus)
WR% dFE

Pi—o(E) ~

dQ(EUfus) ~ 2dP—¢

Drys(E) = J1E2 = T, JE

(RS fEEE 7 )
N. Rowley, G.R. Satchler,
P.H. Stelson, PLB254(°91)25

(note) T EHZ RS RICETEE
v
ot (B) = nR2 (1 _ Eb> 0(E — Vi)

d
—Bof(B)] = nR{6(E —V;) = R Py(E)
d2
@[EU%S(E)] = 7Ry 6(E— W)



Fusion Test Function Classical fusion cross section:
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(mb MeV)

z 10000

ch _

0
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d*(Ec) / dE” (mb / MeV) d(Eoy )/ dE (mb)
=

ol (E) = 7R2 (1 _ %) 0(E — Vi)

16

144
- O+

— B ' —[Eafus<E>] = 7R O(E — V)
— WR[? Py (E)
d? 5
e S [Eofls(E)] = nRZ(E —Vj)

| Tunneling effect
| — smears the delta function

Fusion test function:
» Symmetric around E=V,

» Centered on E=V
> Its integral over E is 7TRb

B (MeV) » Has a relatively narrow width
(~ 0.56h2)
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Experimental Barrier Distribution

Requires high precision data
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M. Dasgupta et al.,

Annu. Rev. Nucl. Part. Sci. 48(°98)401
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(#2) Angular Momentum Projection
Rotated wave function: |\|JQ> = Q(Q) |\|f>

D D

(deformed HF solution)

(note) ~ ~
(Vq|H|Wg) = (V|RTTHR|WV) = (V|H|V)
N J

v
c = H (for rot. symmetric Hamiltonian)

a better wi: a superposition of rotated wave functions

Whroj) = /dQ fF()[Wa)
F(2)
[ (WallVg) - E (Wolwe)] £(2)d2 = 0

variational principle (0Wproj|H — E|Wpoj) = 0

S



[Woro)) = [ 2 F(D)|We)

F(2)
S

[ (WallVg) - E (WoWwe)] £(2)d2 = 0

variational principle

(Hill-Wheeler equation)
cf. Generator Coordinate Method

Solution: Wigner’s D-function |f(€2) = Dﬁ K(Q)
(note) R

R(D) o) = D |orm)(b1mIR(2) 1K)

M — — _

4m D]IWK(Q)

D]IWO(¢7 97 X) —

/ 872
/ d2D ;g () Dy () = ST+ 1 01,70 M, MK, K’




Projection Operator

Consider a HF state with the axial symmetry

S )= > CrlVrk)

. ;
@ g
rotated state:

W) =R(QIV) = > Cr D (D)W1)
I.M

=

‘Wproj> /dQ D]I\;K(Q)‘\Ufﬁ
12

21 + 1

CriWrn)

or

. 21 + 1 _
Pl =" | Diix(QR(Q) 2 = [IM)(IK|



Projected wave function:

_ 21 + 1 _
W) = PliglV) = =5 [ 2 Dj(QQR(Q) [W)

=

Projected energy surface:

= (WinlHIWVin) _ (VIPy g HPy kW)

(Wrn|Wrar) (W|Pi; 5 Pirg V)
I
::: — Constrained HF
£af — 0
2ol IH“-. #
I'.'ﬂ_l:_ L 4+
Ak
_3:_
Y oo a5 10,

i) Calculation and Figure: M. Bender



VAP v.s. VBP
» Variation Before Projection (VBP)
minimize (W|H|W)/(V|V) = |Wy) = Py | W)

» Variation After Projection (VAP)
(W) = Pippe| W) e minimize (Wras | H W) (Vi Win)

--- Mean Field
—— Angular Momentum Projection

VBP:

simple, but does
not work for small
deformation. Also,
a discontinuity
problem

VAP:
robust, but very
expensive




—— Deformed HF
--- VBP
— VAP

i
~
L L L B L

| || T T

v b b Py Py by iy |
IIIIIIIIIII

X : the strength of two-body interaction (for a three-level Lipkin model)
Ref. K. Hagino, P.-G. Reinhard, G.F. Bertsch, PRC65(°02)064320



Approximate Projection for large deformation

Projected wave function:

1
Win) = Py V) =

21 + 1
872

| 492 Dii (@R W)

Projected energy surface:

(Wi HI W) (WP HPL W)

1

<WIM|WIM> <w|pj{4Kp]{4K|w>

Axial Symmetry, even-even nucleus

E

_ JEsin0 (WIHR()|W)do _ [§sin H(0)de

0T ™ " [Tsing (W|R(O)|W)do — [T sin6N(6)db

y |
4

For large deformation: ,
N(9) ~ e
H(6) ~ N(9)-(Ho+ Hz6%)

Gaussian Overlap Approximation (GOA)



Norm Overlap

4

Large deformation Small deformation
1 | | I I * I I I = 1 I | I | ] I
| B=0.75 // \ { I B=01
- \ _ -
0.8 i /, o 1 009
0.6 - \ = \
| 0.8 / \
= '[j \“ = B / \\ |
L __ ’; o 1 07 / ® Exact \'\-\ —
/ \,\ |/ — GOA % -
021= / \ T 06 7./ — Top-GOA \
O¢eeeecee | i s el 0.5 ] 1 | L | I 1 1 ]
-1 -0.5 0 0.5 | -1 -0.5 0 0.5 1
0/m 0/m

Three-level Lipkin model
K. Hagino, P.-G. Reinhard, G.F. Bertsch, PRC65(°02)064320



Topological extension of GOA (top-GOA)

S

Norm Overlap

K. Hagino, P.-G. Reinhard, G.F. Bertsch, PRC65(°02)064320
N(0), H(0):periodicity of 277 l
N(8) ~ exp(—4asin2(9/2)) ,

H(0) ~ N(6)-(Ho+ 4H; sin?(6/2))] (Top-GOA)
(note) cosf = 1 — 2sin?(0/2) ~ exp(—2sin?(6/2))

| | | | ,*3 1 I | | | I | | | | I
1_6:075 j\ ) 1= pB=0.1
Wik = o o 109
B [ d
0.61= [ 7 08
b = & o0 / ¢ Exact \ -
0 i i Iy — GOA % -
W / \ — / — . %
I ;f %\ 1 0.6 7 T'Op GOA \_\
Oﬂael%few‘?‘/ 1 | 1°\ek?%ﬂ%7%~e_? 0.5 I 1 | l | ] | \ |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
0/x 0/mn

mmmmm)p VAP calculations: feasible
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