NLEIIRHIENEEN B(N, Z) = Bmacro(N, Z) + Bmicro (N, Z)

6 eSmooth part
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eFluctuation part

Bmicro = pair + Bshell
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Liquid drop model:
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Pairing Energy

Extra binding when like nucleons form a spin-zero pair

Example:

210 — 208
82Pb128 R 82Pb126+2n
210 . — 208
:B1,,; = 2%, Pb ,tntp

209 _ 208
N o T P b th
200 R — 208
538126 s PD 51D

Binding energy (MeV)
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(for even — even)
(for even — odd)
(for odd — odd)




Shell Energy

BiA (MeV per nucleon)
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Mass number A

Extra binding for N,Z = 2, 8, 20, 28, 50, 82, 126 (magic numbers)

———> Very stable
4 16 () 40 48 208
yHe,, %5054,%50Cay0,%50Cang, 5, Py o

<



(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 1n nuclear physics: independent particle motion in a
potential well

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

well

Woods-Saxon

well

Woods-Saxon itself does not provide

the correct magic numbers (2,8,20,28,
50,82,126).

Meyer and Jensen (1949):

1

Strong spin-orbit interaction

R2 5 T
—%V + V(?") ‘l'@s(;'a)~
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(A > 0)



j1.coupling shell

Hﬁﬁ‘lz
[—j—mv2+v<r>—e o) =0 = by, () = L

- lem(",;) " Xms
Spin-orbit interaction

2
[—f—mVQ + V() + Vil - s = ] v(r) =0

(note) j =1l +4+s —> l-s:(jz—lz—sz)/Q

N u;i(r)

#ﬁhn(r)
)Ghn(ﬁ)

)Ghn(?)
> (U my 1/2 ms|j m) Y, () Xm,

mjy,ms




j1coupling shell

model TLQ
[—va2 +V(r)+ Vi(r)l - s — e] Y(r) =0

(note) 3 =1l + s

—> ].s=(j°—1%°—-5%)/2

A

¢jlm(r)
yjlm(';;)

w;r(r)

yjlm(';\q)
> (Lmy 1/2 ms|j m) Y, (F)xm,

my,ms

j=1+1/2

los=1/2(G=14+1/2), —(U+1)/2(G=1-1/2)

, —(+1)/2-(Vjs)
j=1—-1/2

l/2'<V25>
j=l—|—1/2
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. 2g1n (3)

Woods-Saxon plus

spin-orbit coupling
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Single particle spectra

E (MeV)
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FIG. 3.6. Low-lying single-particle levels of 2%°Bi.
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eHow to construct V(r)
microscopically?

(4)
(6)
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®Doecs the independent particle

picture really hold?

———> Later 1n this lecture



Detformed shell model

Deformed energy surface for a given nucleus

E(B) = Erpm(8) + Eshen(8)

Liquid drop

-
-
-
-

Super-
deformation

Potential energy

-
—
=

Ground-state
deformation

Deformation -

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

* Spontaneous Symmetry Breaking



Evidences for nuclear deformation 1.084 8"

(MeV)
®The existence of rotational bands
b I(I—I— 1)TL2 0.641 6"
I — 27
0.309 4
eVery large quadrupole moments 0.093 5+
(for odd-A nucler) 0 0+
180Hf
lom

Q=ce = (W] Yoo | Wrr)

eStrongly enhanced quadrupole transition probabilities
eHexadecapole matrix elements <=2, Fission from

eSingle-particle structure ; N isomer state
eFission isomers Tl N

Fission from g.s:

Potential en:

Ground-state
deformation

Deformation



Deformed Potential

Deformed density distribution mm) deformed single-particle potential

(note) for an axially symmetric spheroid

[V R6) = Ro(1 + B2Y20(0))

Woods-Saxon potential

A®

V(r) = —Vo/[1 + exp((r — Ro)/a]
——> Deformed Woods-Saxon potential
V(r,0) = —Vo/[1+ exp((r — Rg — RoB2Y20(0))/a]
dVy
~ Vo(r) — B2Ro——=¥20(0) K=

Vg (r) = zl: uj”i(r)yjm(?) %1)
J> \

(note) (Yjx|Yao|Yig) o —(3K% — (1 + 1)) (l) B




Geometrical interpretation

sin@ ~K/j

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

T\Jlm
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For large deformation: mixing of j and I quantum numbers

i) = Y Iy )

7>l

dV
V(r,6) ~ Vo(r) — B2Ro— > Y20(6)

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

——> Good quantum numbers: parity, K
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|d3 /o) + Cél/z) |ds /o) + -
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Nilsson Hamiltonian

1 1
VNIl = Emwi(xQ + y2) + Emwgzz

+Cl-s+ D% — (1) x)

(Anisotropic H.O. + correction + spin-orbit)
wJQ_ w% (1+26/3)
w2 = wi(l —46/3)
@ (note) wg wy wzy = wg = const.

1 1
Emwi(ccz +42) + Emwgzz

1
— Emwger — mwgﬁ ’I“QYQO(H) 0 16w
5
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Figure 13. Nilsson diagram for pmtohs, Z>82(g, = e:IG).
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Note: avoided level crossings




Avoided level crossing

K=1/2

Interaction between |Vi3 - 3) and |Vs3 , 3)
50,5 51255

(Vi3 63l H|V13 6 3) (Vi3 6 51H|V3 5 3)
2 2702 272
(37§2§|H|3’_36§> (V3 5 3|H|YV3 5 3)
27702 202 27702 20702

Example:

—ex V
V  ex

Sy (z) = +1/e222 + V2

diagonalization

4 N
I I BT

v Ty

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

“avoided crossing” or “level repulsion”



Single-particle spectra of deformed odd-A nuclel

Nilsson diagram: each level has two-fold degeneracy (4 K)
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