B(N, Z) = ayA — asA%/3 — ap

@Bethe -Weizacker formula: Liquid-drop model)
Z? (N — Z)?

A1/3 7 dsym

A

Farnit qas model + (N-2)ll <hirel e

B = ;/3(5‘6‘% ;CNA‘EL) O)@_@%ﬂ'

% (N‘%)f ( %)5 sk AxBh L A
) -2 e« &N
9. o2
g OJ“ S5, S PN
~ (A AT3 0! A‘3 )

2/;
e
/ /i‘l/s A \0\ 2;7/3/ P“”/ﬁ /g/s
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p(r) fm

0.104,-

0.08

(1M =

004 4

0.02 4

(L)

—@— Calulated neutron density 2pF

{ =¥ Calulated neutron density 3pF

—db— Calulated neutron density d3pF
= = HF neutron density
=+ = Exp. neutron density fit. to 2pF

1 —@— Exp. proton density

—&— HF proton density

r fm

2 4 ifs
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Shell Energy

9.0 [ | | |
Z =28
N=28 : N=50

B/4 (MeV per nucleon)

[ T T 7T 17T 1T 17T 7T 1T 1T 1

7D

1 l liquid qrop moPIeI

50 100 150 200 250
Mass number 4

o

Extra binding for Nor Z= 2, 8, 20, 28, 50, 82, 126 (magic numbers)
——> \ery stable

4 16 40 48 208
,He,,"50g,%50Cayg, 50 Casg,“*%5,PD1 96



1 (¢)

36 40 44 48 52 56 60 64 68 72
Neutron Number

|. Bentley et al., PRC93 (“16) 044337



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

TERDRE AR
Interpretation:

shell structure

o

oc|n o[ A
- = - 5 [d[~
ﬂﬂlmaamgiaaaama

S il e
it Ta| wRe|Os| Ir |Pt |AulFig] T |Po| Bi [Po| A} |Rn
La|Ce|Pr [Nd|PmiSm{Eu|Gd| Tb|Dy|Ho[ Er [Tm|Yb|Lu
IEIMEEEEEHEI

= Eﬁﬁi@m—*

W[ﬁﬁﬁﬁﬁﬁ

Li|Be
Mg
'« [CalSc
Sr Y
Bal L
RaA
L |talce

Th




magic numbers for electrons

. _ 7 e?
Hydrogen-like potential: V(r) =
r
Za)?
E, = ( ; mc?
2n
=L - e? 1
= 0= —~ ——
hc 137
n=n,+104+1
r T
f{ic:ru| vod 14l ko)
% n gn
' B um»rLQifj% 5 Jun=Euw

Un )
ﬁm_,éf_

oy
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magic numbers for electrons

Hydrogen-like potential:

V(r) =

3S 3P 3D

25 2P

1S

7 e?

T

(Za)? 5

E, = 52 mc

e2 1
hc 137

n=nr+10+1



magic numbers for electrons

Hydrogen-like potential:

degeneracy =2 * (2 | +1)
(spinx 1)

V(r) =

3S [2] 3P [6] 3D [10]

2S[2] 2P [6]

1S [2]




magic numbers for electrons

Hydrogen-like potential:

degeneracy =2 * (2 | +1)
(spinx 1)

V(r) =

3S [2] 3P [6] 3D [10]

2S[2] 2P [6]

o0 — He
1S [2]




madgic numbers for electrons

. _ 7 e2
Hydrogen-like potential: V(r) —
r
degeneracy =2 * (2 | +1) >
(spin x I, B, = _Ze) 2
2n2
3S [2] 3P [6] 3D [10] 2 1
00 000000 I:> . Ne — T
2S5 [2] 2P [6] he 137
n=nr,+10+1

@@ —> He
1S [2]



madgic numbers for electrons

. _ 7 e?
Hydrogen-like potential: V(r) —
T
degeneracy =2 * (21 +1
g y (21+1) (Za)? ;
E, = 5 mc
VA 2n
. Y 3D [10] 2
3S [2 3P [6] _ € 1
»e » Ne “ = hc 137
2S[2] 2P [6]
n=n,+104+1

@@ —> He
1S [2]



madgic numbers for electrons

. _ 7 e2
Hydrogen-like potential: V(r) —
T
degeneracy =2 * (2 | +1) >
5 Mmc
2n
. e 1
" he 137

n=nr+10+1




madgic numbers for electrons

. _ 7 e?
Hydrogen-like potential: V(r) —
T
degeneracy =2 * (2 | +1)
V.,
.0, %00 w0 D A
a+_: 000000 ¢
25 |2] 2P [6] “closed shell”
(magic numbers)
- - —> He very stable

1S [2]



(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

A similar attempt in nuclear physics: independent particle motion in a

Woods-Saxon potential potential well
_VO
V —
(=1 + exp[(r — Ro)/al
12_ — T ® I * [ & T ¢ TLQ 2
ol [—%V +V(r) —¢|¥(r)=0
()
g o w(r R
” 0r 1/)(7") — lr ]/lm('r) " Xms
G degeneracy: 2*(21+1)



2g
1

11
2f

3s
1h

2d

lg

2p

1f

2s
1d

Ip

Is

(18)
(30)

(6)

(26)
(14)

)
(22)

(10)

(18)

(6)

(14)

(2)
(10)

(6)

2)

-

o

’

OO,
®|©

Infinite Woods-Saxorn

well well

Nuclear magic numbers:
2,8, 20, 28,50, 82,126
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1

3p

11
2f

3s
1h

2d

lg

2p

1f

2s
1d

Ip

Is

(18)
(30)

(6)

(26)
(14)

(2)
(22)

(10)

(18)

(6)

(14)

(2)
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-
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Infinite

well

Woods-Saxorn

well

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

50,82,126).

Mayer and Jensen (1949): Nobe| prize im 196>
Strong spin-orbit interaction

TL2
—%VQ + V(r) e] P(r) =0

1dV
Vig(r) ~=A=— (A > 0)

r dr



1] coupling shell model

2
[_E_VQ +V(r)—€lp(r) =0 > ¢lmm5(T)

Spin-orbit interaction

h° 5
[ — V2 +V(r) + Vi()l-s—e|¥(r) =0

2m

uy(r)

1
(note) 3 =1+s :$>Ls=502—
Yim(r) = “l("")yﬂmm
mi,Mg
P2 Vim(®) = G+ DV ()
Iz Vjim () = mYjin(7)
P Vi) = 10+ 1)V (F)
1 /1

Vi@ = (5 +1) Vjim(®)

— 82)



1j coupling shell model
[ F2 wy(r)

——VEHV() —e| 9(r) =0 =) Yimm, (1) = Vi (F) - X,

T

Spin-orbit interaction

h° 5
[——v + V() + Vi (r)l-s —€|9(r) =0

2m
(note) 7 =1+ s :>l-s=(j2—l2—l;92)/2

m = J;t0 —L(2 T —-3 %
[+ 1

ls=2 G=1+1/2), — % (G=1-1/2)

4 | REZIIE

S i=1-1/2 2

—1-(Vis) ‘
j=1+1/2 T l

-~ <Vls>

L j=141/2 2 y
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2g
1

3p

11
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

8)

rd
£
/,_'_
N 410 ()
- .y
Gt ’
T ———— >
M lijsn (16)
\\‘f
Ry 2gy, (10)
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/——-—ﬁ
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N st N
» ~ 5
/' \\\ ‘A,’
————————————— s
o~ T ———— 2, (6)

——————————
T . T 23, )
, e 2ds;, (6)
— .
S m e 2pin
o 2p3n (4)
u-“‘-—‘— 7 (8)
_— I @ Idy, (4)
.a hhhhh —————i= .H 1dgy (6)
@) __—“: -———: pyy ()
A e e i S Is;p (2)
Infinite Woods-Saxon Woods-Saxon plus
well well spin-orbit coupling

3d3/2 (4)
3ds,  (6)

lign (12)

3pin ()

3psn D
207, (8)

351/2 (2)

lgzn  (8)

lgg, )(10)

s, (6)

2510 (2)

Ipip (2

7 g7/2 [8]

g [18]

J=¢ ~

Jorp [10]

f5/2 [6]

f7/2 [8]



Single particle spectra

E (MeV) J"
3.63 1/2~
3.11 3/2”
2 81 5/2”
1.60 13/2"
0.89 7/2”

0 9/2~
209,.
2 Bl\»\a

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

;d//-L'jI'(L‘b"L
lfr d £ 3 h
2

’“ - (=)

2g:n (8)

451, (2)

1150 (16)

2gyp  (10)

o 2 fS /2 ( 6)

lj3n (14)

lhg;,  (10)

lhn (12)

2d;, (4)

3dsp

3dsp

12

3pin

3psn
265

381

eHow to construct V(r)

microscopically?

4)
(6)
(12)

eDoes the independent particle

picture really hold?

———> Later In this course
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Why do closed-shell-nuclei become stable?

level density
= 2 —-=
— - 2 —
— 3 1=
e ] smaller total
e —— energy
- — (more stable)
(a) (b)

uniform non-uniform
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I~

!

ﬁ A

a jump due to

wf’“’w

AL .
50 D11 1SOtOPES

N=82 magic number_

- less energy to
| remove a neutron
_| from a higher orbit

00 105 110 115 120 125 130
A

1n separation energy: S, (A,Z) = B(A,Z) - B(A-1,2)
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A lucky accident for the origin of life

Atomic magic numbers
electron #: 2, 10, 18, 36, 54, 86

TRDER

fouble mag|

Inert gas: He, Ne, Ar, Kr, Xe, Rn

2% . LABF ETATRREBLEDHRICEED]

Nuclear magic numbers
proton # or neutron #
2, 8, 20, 28, 50, 82, 126

) ..,

mmm) many oxygen nuclei:
produced during

nucleosynthesis
mmm) oxygen: chemically active

16:04 (double magic)

mmm) several complex chemical
reactions, leading to the
birth of life

http://rarfaxp.riken.go.jp/~motizuki/contents/genso.html



single-] model

shell model

1d 1d,/,

2 3,/22 28415

O 1dg, @O la,

§ J

—0—0— 1py, 1p1/2

Q000 1py, m 1psp

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)



(>3+\7
P3»  can accommodate 4 nucleons
(j,= +3/2, +1/2, -1/2, -3/2)

1) 1 nucleon

P/ ) |7 = 3/2- C3RY
(there are 4 ways to occupy this level)

11) 4 nucleons

9000 )y, ) T =Qf

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

1i1) 3 nucleons

900 Dy, ) T = 3/2

T=j14jotjs (there are 4 ways to make a hole)
parity: (-1) x (-1) x (-1) =-1
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111) 3 nucleons

00 P, ) 7= 3/2-
T=j14jo+ds (there are 4 ways to make a hole)
parity: (-1) x (-1) x (-1) =-1

IV) 2 nucleons

there are 4 x 3/2=6 ways to occupy this
level with 2 nucleons.

m)  |*=0* [1] or 2% [5]

m 2. pp < T 3/2+3/2 — 1=0,1,2,3
anti-symmetrization

Ton lfosrl'm YefrCS&FEK‘:TW\ ++T’4—r
bo— coupled v LeabIu The? = A @D LCG Iy Caved

\[T” jo\!»(-):H—T _
ot = e & StT=0dd




1) 1 nucleon

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

11) 4 nucleons

9000 p3/2 mem) | =(QF

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

0000 1py, — Im=0* in total,
I = 1/2"




example: (main) shell model configurations for 1. B,

MeV
5.02

4.44

2.12

11
586

3/2
5/2

1/2

312

cf. 12C(e,e’K*)!?, B (=1'B+A)



cf. 12C(e,e’K*)!? B (=1'B+A)

PHYSICAL REVIEW C 90. 034320 (2014)

£

Experiments with the High Resolution Kaon Spectrometer at JLab Hall C
and the new spectroscopy of '?B hypernuclei

L. Tang,"" C. Chen,! T. Gogami,® D. Kawama,® Y. Han,! L. Yuan,! A. Matsumura,’ Y. Okayasu,® T. Seva,*
V. M. Rodrlguez_'g ©P B“ltLlI’]]'l_T A. Acha,” P. Achenbach,® A. Ahmidouch,” I. Albayrak,” D. Androic,* A. Asaturyan,'”
R. Asaturyan,'” O. Ates.! R. Badui.” O. K. Baker.! F. Benmokhtar,'" W. Boeglin.” J. Bono.” P. Bosted.” E. Brash, '

P. Carter,'? R. Carlini,”> A. Chiba,® M. E. Christy,! L. Cole,! M. M. Dalton,>"* S. Danagoulian,’ A. Daniel,” R. De Leo,"
V. Dharmawardane.” D. Doi.” K. Egiyan.'® M. Elaasar."”® R. Ent.> H. Fenker.? Y. Fujii.> M. Furic.* M. Gabriclyan.” L. Gan.'®
F. Garibaldi.'” D. Gaskell,> A. Gasparian.” E. F. Gibson,'® P. Gueye.! O. Hashimoto.*>" D. Honda,? T Horn,>!! B. Hu,"?
Ed V. Hunoerford 3 ( Jaj} alath. M J0ne< K Johmton 20N. K‘llamananc; 3 H Kmda 3 M Kanetﬂ F. tho S Kato,”!

550 r.” K. J. Lan. o " K. Maeda,?
RO HI ot ;6 I omtz.? T. Maru 1— llener,?2
- ' - 1 2B2%g Ny 5020 3/27 6049—/—— 2~ Veville/
- il 1 - E T _7 toba, S.Na = / eville,
3 =00 C #1 (| B05—115 } 1 1an,” H. Nomu 4445 5/2— o— 3 N. Perez.”
C [ |y ] 7 . ' 2/ 2 17 o 28
% 150 — , { 42 #5“ H#7 48 - 3 Raue1 L. Reu o= \j Sato,
Q - + | 43 44 ++ ‘H' H 1 ichijo, N Simi na,”
2 o0 :' } H, 4 %ﬂ { H ¥ +1+ '} } I'sukada,® V. Tv 5,20
Sttt Gty bt ++.-*ﬁ++4 + fﬁ’ PP 5 e Yan2 Z ve Zhu!
é 50 —mﬁ“‘*ﬁ"_‘ U T L S B0L011
C ] 2125 1/2— —
0 = I bt I b I bt 3109 0
E 300 .’+": E01-011 | -
= C 't ]
& 200~ *ﬁ ++ﬂ "
E - .. ++ +++ #* +++ # byt Q 0 3/2~
\ + i ! - _
3 100 *? Lﬂi‘ _‘_M “HH it it D —— 179 2”
O ] 0 1
L i 11B 12B
0 B 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 ] i'\-
—15 —10 -5 0 5 (b)

—B, (MeV)



example: (main) shell model configurations for 11.By
cf. 12C(e,e’K*)!?, B (=1'B+A)

MeV
5.02 3/2- %B;Z 5 protons
4.44 5/2- 0o
N
1Sy
2.12 12 /Single-j \
SO @ Py, = =32
0 3/2 i Ps, === |*=0*or2*
5By 00 0@ py, =) [=3/2-

\m Dy, === |7=0F Yy




example: (main) shell model configurations for 1B
cf. 12C(e,e’K*)!?, B (=1'B+A)

MeV

5.02 3/2

4.44 5/2

2.12 1/2-
0 3/2

11
586

o0 P




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

32 —

1/2

1/2*

5/2*
\

- 1d3,)

O 251
1d;,,

1Py

% 1ps)

\# 1Sy

-

281/

1dg),
1Py

O
8
% 1p3,

Y

@@ s,/

v

(— 1dzp |

. ' 1/2
1d5/2

1py)
— @0 1s
N 2

P32

1d,,

/2

/
251/

0 1dg,

@ 1pyp
0000 1p,,

w 131/ﬂ



user
연필


	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15
	スライド番号 16
	スライド番号 17
	スライド番号 18
	スライド番号 19
	スライド番号 20
	スライド番号 21
	スライド番号 22
	スライド番号 23
	スライド番号 24
	スライド番号 25
	スライド番号 26
	スライド番号 27
	スライド番号 28
	スライド番号 29
	スライド番号 30
	スライド番号 31
	スライド番号 32
	スライド番号 33
	スライド番号 34
	빈 페이지
	빈 페이지



