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SRS OIEN B(N, Z) = Bmacro(N, Z) + Bmicro(N, Z)

B/p (MeV)

S0

85 -

80

7.5

B/p (Mev)
o - N w & o0 o0 g W

126
]
82
n

1
200

I
250

eSMooth part

Bmacro(N, Z) — anA — a5A2/3
Z2 (N — Z)?
TAC A3 Ty

eFluctuation part

Bmicro = pair + Bshell

Liquid drop model:
BI_DI\/I = Bmacro + Bpair
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1n separation energy: S, (A,Z) = B(A,Z) — B(A-1,2)



Pairing Energy

Extra binding when like nucleons form a spin-zero pair

Example: Binding energy (MeV)
“O82PD19g = “goPbyet2n 1646.6
#1083Bi 57 = 2%85,Pb e +n+p 1644.8
20982Pt_)127 = 208,Pbype+n 1640.4
*Pg3Bl1g6 = “goPby6tP 1640.2
Bpair = A (for even — even)

0 (for even — odd)
—A (for odd — odd)




Shell Energy

B/4 (MeV per nucleon)

N=28 | N=50

L AL AL L L L L I
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75

| | | | |
50 100 150 200 250
Mass number A4

Extra binding for N,Z = 2, 8, 20, 28, 50, 82, 126 (magic numbers)
———> \ery stable

4 16 40 48 208
,He,,*°504,%%50Cayg, %050 Cagg,“*%5PD1 o6
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v asymmetric fission

| | | | | I 1 T T

............ 25201 ( Sf)
256Fm (sf)

— = 257Fm (sf)
----- 257Fm (n, f)

YIELD (%)

120
cf. +2%,Sn

! ] | 1 ] ]
90 100 110 120 130 140 150 160 170
MASS

Fig. 4.1. Mass distributions in terms of the fission fragment masses for spontaneous
fission of 233Cf, 236Fm and 3JFm and for neutron-induced fission of »’Fm. Note
the trend toward symmetric fission with increasing mass and in addition the larger
number of symmetric events for neutron-induced than for spontaneous fission (from
R. Vandenbosch and J.R. Huizenga, Nuclear Fission (Academic Press, New York

and London, 1973)).

v stability of superheavy elements



(note) [RFDEER (EHR)
He (Z=2), Ne (Z=10), Ar (Z=18), Kr (Z=36), Xe (Z=54), Rn (Z=86)
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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

Woods-Saxon potential

V(r) = —Vo/[1 4+ exp((r — Ro)/al

V() (MeV)

0

-10 [
_2()2_
230 I :
—40__
-50 [
-60 I

10 |

potential well
-FLQ
- 2m
_uy(r)
() =



2g
1

3p

1i
2f

3s
1h

2d

lg

2p

1f

2s
1d

Ip

Is

(18)
(30)

(6)

(26)
(14)

2)
(22)

(10)

(18)

(6)

(14)

2)
(10)

(6)

2

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

50,82,126).

Meyer and Jensen (1949):
Strong spin-orbit interaction

52
—%VQ + V(r) e] p(r) =0

1dV
Vis(r) ~ =2~ S5

r dr

(A > 0)



1J coupling shell model

2
[—;—mVQ +V(r) —ely(r) =0 ) ¢lmm5(T) — UZ(T)

T
Spin-orbit interaction

TLQ
TRV Vi | 0(r) = 0

(note)j =1l+4+s —> l-s:(jQ—ZQ—SQ)/Q

A w;r ()

7»bjl'm(fr')
yjlm(';;)

r yjlm(?’)
> ({Emy 1/2 ms|j m) Yy, (F)xm,

my,ms




1J coupling shell model

h° 5
[——V +V(r) + Vi(r)l-s — e] Y(r) =20

2m

(note)j =1l +s = l~s=(j2—l2—82)/2

n uji(r)

Yjtm(T) = ———Vjim(7)
Viim(T) = Z (I m; 1/2 msly m>Ylml('F)X'ms
mi,Mmg

los=1/2 G=1+1/2), —(+1)/2(G=1-1/2)
—(+1)/2- (Vi)

j=1-1/2

F=iE1/2 /2 (Vi)
j=14+1/2
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lds, (6)
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Woods-Saxon Woods-Saxon plus

well spin-orbit coupling

3d;, 4
3dsn,  (6)

liny (12)

3pin (@)

3p3n (4
265, (8)

351/2 (2)

gz, (8)

(2)—@(10)

Ifs, (6)

251, (2)

Ipp (2

Intruder states
unique parity states



Single particle spectra

E (MeV)

3.63

3.11
2.81

1.60

0.89

2OQBi

1/2~

3/2
5/2~

13/2%

7/2”

9/2~

FIG. 3.6. Low-lying single-particle levels of 2%°Bi.

2g7n (8)
451, (2)

3dsp

3dsp,

1j15p (16)

2g9p  (10)

i1

3pin

lij3n (14)

lhg, (10)

3psp
265

lhyy, (12)

2d;, (4)

eHow to construct V(r)
microscopically?

“4)
(6)
(12)

eDoes the independent particle

picture really hold?

———> Later in this lecture
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single-] model

shell model

1d 1d,,

25 3,/22 28415

—0—0 1py 1p1/2

m p3/2 w p3/2

H 151/2 4._.7 181/2
configuration 1 configuration2 . several
others

angular momentum (spin) and parity for each configuration?
—— let us first investigate a single-j case



single-j level: one level with an angular momentum |

example: J = py),

P3o,  can accommodate 4 nucleons
(j,= +3/2, +1/2, -1/2, -3/2)



P3»,  can accommodate 4 nucleons
(j,= +3/2, +1/2, -1/2, -3/2)

1) 1 nucleon

Ps3/o ) |7 = 3/2-
(there are 4 ways to occupy this level)

11) 4 nucleons

9000 [y, ) |7 =QF

I=j14jo+js+7a (there is only 1 way to occupy this level)
parity: (-1) X (-1) x (-1) x (-1) = +1

111) 3 nucleons

00 Dy, ) T = 3/2

T=414 5o+ s (there are 4 ways to make a hole)
parity: (-1) x (-1) x (-1) =-1



111) 3 nucleons

L 4 awa P30 m) 7= 3/2-
T=j14jo+ds (there are 4 ways to make a hole)
parity: (-1) x (-1) x (-1) =-1

IV) 2 nucleons

P32 there are 4 x 3/2=6 ways to occupy this
I=341+75 level with 2 nucleons.

mem) |*=(QF or 2*

3/2+3/2 — 1=0,1,2,3

anti-symmetrization



1) 1 nucleon

p3/2 ‘ I© = 3/2-
(there are 4 ways to occupy this level)

11) 4 nucleons

0000 ), ) T =0

I=j14jo+is+ja (there is only 1 way to occupy this level)
parity: (-1) x (-1) x (-1) x (-1) = +1

V000 1p;, — In=0" in total,
T =1/2-




example: (main) shell model configurations for 1B

MeV

5.02

4.44

2.12

11
586

3/2
/2

1/2-

3/2

of. 2C(e,e’K*)12, B (=1B+A)

1Py
1pss; 000
@O0
1815
/ single-j \
Py, =) |T=3/2

v mmm) |7 =0 or 2¢
L 4 awa P/ ) T = 3/2-

\““ Py, === |*=(" /




example: (main) shell model configurations for 1B

MeV
5.02

4.44

2.12

11
586

3/2
/2

1/2-

3/2

of. 2C(e,e’K*)12, B (=1B+A)

@@ 1sy),



another example: (main) shell model configurations for 1'F

MeV
4.64 3/2-
3.10 1/2-
0.495 1/2*
0 5/2*

17
9F8



another example: (main) shell model configurations for 1'F

MeV

4.64

3.10

0.495

17
9F8

1d

O Zng

327 — 1ds),

1pys

% 1p3
1/2* 1ds,
5/2+ 281/2 231/2
\ 1d5/2 5/2

1Py

% 1p3,

4._.7 181/2 4._.7 181/2




