INTRODUCTORY NUCLEAR PHYSICS

4 BULK PROPERTIES OF NUCLEI
4.7 NUCLEAR SHAPE AND ELECTROMAGNETIC MOMENTS
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4.10 NUCLEAR BINDING ENERGY
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411 SEMI-EMPIRICAL MASS FORMULAE

00 0000 ”nuclear binding energy”0 0 O O O nuclear number O O O macroscopic 00 O O (proton
number 0 neutron number, nuclear radius) 0000000000000

00000000D00000000 E(Z,N)(ODD0O M(Z, N))0D0O000000”bulk coordinates”d
oooooooooo

oooooo0oooooooooooooooO0ooooooOoOOOo0oooOoOOO0OOoooOOOO0
semi-empirical*!! approach 0 0000000000000

00 section O O Weizacker mass formula 0 Kelson-Garvey mass formula000000000000O

Weizacker mass formula
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1. volume term

binding energy per nucleon 00000000
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OO0 A0 volumeOOODOOODO0Oq OO0 volume parameter0 0000000 fitOOd 00
2. surface term
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0000ae O surface energy parameter O 0 0 O
3. Coulomb term
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0
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4. symmetry energy
nuclear force O isospin dependence 000 0000000000000 stablenucleid N~ Z 00
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A3 Mg
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*12 00000000 parameter 000 fitting 00 binding energy 100 0000000000000000O0O0O0OO0OO
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Kelson-Garvey mass formula

Weizacker mass formula 00 global 0 AZNOOOOOOOOOODOOOOODOOOOOOOOOOO
000000000 bindingenergy 0000000000 DOOOODODOOODOOO Weizacker formula
00 liqud drop model 00000000000 O Omicroscopic model 0 O binding energy 00 00000
0 formulaO0 OO0

00000 bindingenergy 0000000000000 OOOOOOOO binding energy 000000
000 binding energy 0 00O

0 O O nuclear reaction D 00O one-body term 000000000 (DO00OO00OOOOOOOOOOODOO
oooooo)

Ep(Z,N)=aN + 52 (4.87)

o, 00000 neutron,proton 00000000
o, f0000D0DOODODODO

a=FEg(Z,N+1)—-Eg(Z,N), f=Ep(Z+1,N)—Ep(Z,N) (4.88)
googon
Ep(Z+1,N+1)—-Eg(Z,N)=a+=Ep(Z,N+1)—Eg(Z,N)+ Eg(Z+1,N)— Eg(Z,N)
0000400000 binding energy 00 00O
Eg(Z+1,N+ 1)+ Eg(Z,N)—Eg(Z,N+1)—Eg(Z+1,N)=0 (4.89)
goooo00ooo30o0o00oo0o0 1obgoboooooodg

A

Z+1+ ° °

/ + ° °

l l
1 1 >
N N+1
Fig.4.7 one-body Kelson-Garvey mass formula
O00 one-body 0000000000 O0DDOO0ODODOOOOOOODOO
AEp =FEp(Z+1,N+ 1)+ Ep(Z,N)— Eg(Z,N+1)— Eg(Z+1,N) (4.90)
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OoobooooooOoocoOobooOoboooOoooobocOoOooboboOoooon
00 two-body OOOOODOO0OOODODOOOOODOO

12(Z-1) for protons
Number of paris = § N (N —1) for neutrons

NZ for neutron-proton

0000000 binding energy 00 00O
Ep(Z,N)=aN+bZ+cN(N-1)+dZ(Z—-1)+eNZ (4.91)
0o0od parameter U0 0 OOOODOOOOOODOOODOOO

Ep(Z4+1,N=1)4Eg(Z—1,N)+Eg(Z, N+1)—Ep(Z,N-1)—Eg(Z+1,N)—Ep(Z—1,N+1) = 0 (4.92)

A

Z+1+ ° °

A

1 1 1

I I I
N-1 N N+1
Fig.4.8 two-body Kelson-Garvey mass formula

O0 text 0000000000000 0D0O00O0D (00000000 neutron 00000 300000
Oooooooono)
ooooooooooooo

AE = Eg(Z+1,N=1)+Ep(Z—1,N)+Ep(Z,N+1)—Eg(Z,N—1)—Eg(Z+1,N)—Eg(Z—1,N +1)

(4.93)
0000000000000000000000000000000000000000000000000
00000000000000000000

N 1/2

;{{Z(Aa)?} ~ 100keV
=1

goboooobooboobobooboooboo
O000C0O0OO0O0OoOOoOO0oOoooooooood’vyalley of stability’0 00000000 ODOOODOOO

0000000000000 00o0 vND (stepO0 N)ODOOOGOO
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OO Oone-body,two-body 0000000000 OCOOOO0OO0OOOOOOO three-bodyDOOODODOO
O0000000000000000000 bindingenergy 0000000000000 0OOOOOOODO
valley of stability 0 0 0000000000000 00O00OOOOOOO

21



4.12 DENSITY OF EXCITED STATES

000000 pa(E)
0000000000000000

e OO DOODO
e OODOODDOOO

gD bobbbobbbbobobbbddddldouoUoU ™
ogooooooogooao

000000000000 000000 pa(F)D0O0O0O0ODO0O0OOFig4-700000D00OO

Bethe O nucleon O noninteracting fermion 0000000000000 0O0O

1 2VaE
pa(E) = WG (4.94)

a O level density parameter 00 O fittingO OO OO0

0000000 Fermi-gas model formula 000 0000000000000 0O0OO0OOOOOOOOOO
0000000000000 000O000o0oO0oOooooOoOn

O00oooooooooog

e state density
oobooboooboooboooooobod
e level density
ooboobooobooboooboon

00000000Oisospin 0 00O O O O nuclear Hamiltonian O rotational invariance 0 00 0 OO spin J O
0000000 MOODO 2J+10000000000000002J41 000000000 levelODOOO
0000000000000 00000 angular momentum JOOOOOO0O0OO0 E0OOO levelOOO
wy(E)DOO0O0 total level density O

wa(E) =) wi(E) (4.95)
J
00 state densitypa(E) O (2J+1) 0 weight 000000000000

pa(E) =Y (2] + 1w, (E) (4.96)
7

0 0O state density O level density 0 0000000 O0000OO
E
wa(B) = —LAE) (4.97)
2m0%(E)

000 o%(E) O spin cutoff factorD 0000000000000 pa(E)0O0D00ODO

00 spin cutoff factor OO0 O0OO0OOOOOOOOOOOOOO

spin JOOOODOoooOD MO M=—-J,...,J00000000000O0O0ODOOO0OOOOOOODOO
Gaussian 00 0000000000000 O0O0O0OOOOOOOOOODOOOOOOOOOOOOOOOO
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ooooocooon

(M) = =™ (4.98)
— e 2(M .
b o (M2)
ooooJoooo
Op(M) 1 2041 _ury»?
q(J)=pM =J)—pM=J+1)~ — < = e 20 (4.99)
OM ) (n—gyijey  \/2m(MZ) 2(M?)
00O0Ospin JOOOOD 2J+1000000000000000000000000000
[(27 + 1)q(J)dJ
2J 4+ 1)) = = \/2r(M? 4.100
(( ) Tayal (M) ( )
0000000 udddddspin cutoff factor O
o2(E) = (M?) (4.101)

gobooooooboooobooooooooood

Joooooooooobooobobooon

0000000 Hamiltonian O one-body term OO0 0O 0O Oenergy 0000000000 energy 000
oo oooobobobobbbbbbbbbtbbodddloooUU oo O
ooo

”occupancy of single-particle’0 000000000

1 if state i occupied
m; = .
0 otherwire

000 vector 00000 m= (my,my,...)00000000000000000000000
> mi=A (4.102)
[

cooood

00 {}000000000000000000O00O000OO0OO0OO0ODMY9) 0000000000000
(Fermion 0000000 OOOO)
obobooooooooog
pa(B) = 305" 6(A — m)o(E — Epn)

m m

goboooooboooo

gddoooooooobbbobbbooboboooood
00000000 energy state 100 0000000000000 OOO Boltzmann factor(exp(—E,/kT))
000000Boltzmann factor 000000000 O0OOO partition function

)= Y
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0000000000 D000000D00D Gibbs factor(exp((wm — E,)/kT)) O O O O grand partition

function
_ Z Z elwm—Er) /KT (4.104)

0 00 Oinverse Laplace transform 0 00000 00000000000 OOOS

0 0 O O chemical potential O temperature 0 macroscopic 100 0000000000000 O0OOOO
O 00 subatomic physics OO0 00000000
00000000 200000000000 grand partition function O

_ § eam—ﬁEm
mm

oooo
ooooooooom; =0,100000

Zexp{ZmZ a — (e;) } = H{l —1—60‘_@“} (4.105)

mm

0000000000000 000000000000000000000000000 single-particle
spectrum D OO0 0O0O00OO00O0OOOOOOO

= i(s(& — &)
1=0

00000000000000 (000D single-particle states 0 0 0000000000000 DOOO) O

grand partition function O log O

InZ(a,B) = Zln{1+ea Peiy

(4.106)
—»/g(s) In{1 4 > P }de
O000g(e)=0,e<00000
00000 e>«/f0000 logO factor 00000000 Taylor 0O OOODOOO
a/B vl
WZa.0) = [ ge)a- s+ T (a/ﬁ) son (@) + . (4.107)
0

(¢'(e/p)00ODODO)
00000 inverse Laplace transform D000 000

2 +ioco
oal®)=(55:) [] #amp e daas

goboobbooboobbooboobobooboobbooobo

dln Z(«o,f3)
et

dln Z(«,B)
oB

=0

a=ao,B=0Fo

+E =0
a=ag,B=0o

*1Bgpoooooooong
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oooooooooocoooo

Z(a0,B0) _apa
E) = e~ o +6oE 4.108
palB) = 5200 (4.108)

4O0Q0QgoooOoUooUooooo DO

8?InZ 9’ InZz

_ da? dadf

D= 8?InzZ 9*Inz
9P 982 la=ao,6=p0

0000000000000 0000D0000 Fermienergy ep 0000000000 ODOOOOOOO
goobobobooooooogon

A= /OEF g(e)de (4.109)

gooogn E
F
Ey = / eg(e)de (4.110)
0

0000000000ygy(e)DODOD0O0ODO0OOD0O0ODDOO0OODOOOO
gooboobobooo

e c=cp 000000 DOO0ODOODDOODOODO

goboobbooboo

(4.111)

ao/Bo
A= / g(e)de
0
7.[.2

ao/PBo
Bo= [ cale)ds+ Tzalon/fo)
0

0000000Fermi Energy 0000000

er = ap/Bo

0000000000000 0 macroscopic system 0 0 chemical potential 000008y = (k7)1 000
goooood
goobooobooono
2
0
655
0000 Z(ao,Bp),DO0000DO0O0OOOOOOODOOOOODOOOODOOOOODOODOO
pa(Ey) = #62(%9(&)&)1/2 (4.113)
Y E48
00O zero point energyFy =000 0000000 level density parameter 0

71'2

= Eg(aF) (4.114)

*14(4108) 0000000
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ooooood

0000000000 neutron,proton 0 0000000000000 Fermi energy 0000000
single-particle state densityg(er) O neutron,proton 0 Fermienergy 0000 0000000000000

0000000000000 O0D0O0O0D0000 two-body interaction O O O O O single-particle spectrum
O Fermienergy 00 0000000000000

000000 Fermi-gas formula00000000000000000O0O0O0OOOOOOOO

Fig.4-11

e ¥Fe0O0OO0O
e 00 D0DO0 Fermi-gas formula(4.94) O O O O O independent particle model O stair-case plot 0 [
000000000000 histogram OO0 00000

0000000000000 000000 back-shifted Fermi-gas model formula 0 00 O

— 1 2¢/a(E—A)
pA(B) = o= A (4.115)

00 parameter O fitting D000 000(ADOODOOOOODO) 00000 two-body interaction O
0000000000000000D0000000ground state 0 two-body correlation 000000000
0000000000000000 independent-particle model D 000000000 OOOO

level density parameter a 0 0 0000000000000 OOCOOOOOO
gooooooo

e single-partilce specturm 0 constant 0 0 000 0000%6-500000000000000000
od

O000000000D0ObO0O0 200 energy000D0O0OOOOO

1. 000ooooo
gogboooooboobooobobooboobboooboobbooboobboboboobbobbo
000o0o0ooooooooooooogoog

2. slow neutron resonance region
neutron separation energy 00 0000000000000 0DOOO odd-neutron nuclei(J=1/2,one
less neutron) O s-wave,slow neutron 00 0000000000000 0O0OO0DOOOOOOOO
(IOGperMeV)DDDDDDDD slowneutron 0 00000000000 OCOOOODOOOOOOO
gooooooo

gogboobobooboobbooboobooobooboobbooboobn
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4.13 LOW-LYING EXCITED STATES

ground state O low-lying excited states 1 0 000000000000 0000000O00OOOOOOO
g oooobobobobbobooodddddooooooooo
gooo

1. 00000
coooooOooocbooobooobO0oOooOobOOobobOOoOoOoOoOobODOobObOOoOoObOoOobobOooooOoo
ooo

2.000000O0000o0o0ooOooooooooooooooooooooooooooon
coooboboooobooooooooooOobooOooboOoOoboobooOoOoooOoOoOoOoOOoOoOoOboOooboOoOooon
oooooogo

gooooooo 200000000000000O

1. single-particle motion

2. collective motion
0000OO0bOO00o0oooooooooan

e single-particle
0000000000000 0000D0DO00000oDoon
- ooooo
YFOODO OO coreJ000 proton 00 0000000000000 DOO0DOOOOO
proton 000000000 0000ODOO
e collective
00D 2°Ne0 000000000 DD0000O0DODOOO0OODOODOOOOOOODOOO

goboboooboobooobooboobboobooboobbooboobbooboobboob
000000000000 0000D0D00000000D000000S

single-particle 100 0000000000000 OODOO onenucleon transfer reaction 00 000 O
ooo

e stripping reaction
(d,p),(dn) 00*0 0000000 nucleon 0 0000000000000 single-particle 0000
O (one-particle state) 0000000000000

e pick-up reaction
stripping reaction 0 00 (p,d), (¢t,*He), (*He,*He) 0 0000000000000 DO0O0DOOODOO
00000 one-hole state 0 0 O

*15 single-particle O O closed-shell + 1, collective O 0 magic number

*16 00 0deutron 0000000000 proton(neutron) 0000000
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0000 single-particle behavior O one-particle one-hole(1plh) 00000000000 DOODOOODOO
0000000000 single-particlestate 000 0000000000000 OOOO single-particle state
ooooooooooooo

000000 pickup O stripping reaction 0 0000 0000000000000 OOOOO

00000000000000000 electrond nucleon 0000000000000 O0O00O0OO
000000000000o00oo00O00o0o00O00o0o00O0o0oDooOoo0ooDooOoooooOo

e charge exchange reaction
000 Iplh-state 000 O0OO0O00OOOOOO
= (p,n),(7*70),(r7 7)) OO
O00000O00O0O0Onucleon0 000000000 OOOOOOOODOD isobaric analogue state O
doddddooooooooooooooo

e two-nucleon transfer reaction
000000 100000000000 2000000000000000000d pairing force O
0000J"=0"000000000000000000000 double-charge exchange reaction
(7T, 7n7),(x—,#7))0000O

nuclear collective behavior 00 0000000000000 O0OO0OO0O0O0OO00ODOOOOOOOOOOOO
gooOooooooooooo

0000000000000 U00UU000U000D0DDUUooooDoDoDoooDooooooooooDon
0000000000000 000000000000000D0000 rotational energy,moment of inertia,
000 collective coordinates 00000000 ODOOOCOOOO0O0O0OOOOOOOOOOOODDOODOO
doddooooooooooboboboboon

0000000000000 O0O0O0O0]liquiddrop 0000000 Weizacker semi-empirical mass formula
0000000000000 0000D0O0O0O000000O bindingenergy 0000 OD0OOOOOOO
000000000000000000000000000%6-1,$620000000000000000
gooOooooooooooo

0000000000000 00000000000000000000n0OOdcollective behavior O
00 macroscopic object 0000000000000 O0OOOODO

e energy
e clectromagnetic moments
e transition rates

e reaction cross section

collective behavior 0 0 0 0 0O O O single-particle picture 0 0 0 0000000000 0O00ODO high
angular momenta 0 0 0 0O heavy ion reaction 0000 100 000000000000 OOOOO 1,2

1T gpooo
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DoD000O0O0oDoooooooo®
low-lying state 0 0 0 00 0000000000000 O0O0OOOOOOOOO0OOOOOOOOOOOO
0000000000 O0single-particle,collective 00 000000000000 OOOOOODOO

4.14 INFINITE NUCLEAR MATTER

$4-3.600000000000000000000000000O0OO0OODOOOO0OO0OOheavy nucleus
0o000ooOo0oU0ooo00oooU00ooOoOoU0U0DOoO0oU0ODU00DDOOOU0oOODUU0oOoDOOUOODO
ggd

000000000000 infinite nuclear matter”0 0 0 0O O

e JODOOMO
e proton,neutron 0O 0O 00O

gboboobooboooobd

e nucleon-nucleon interaction 0 O O

e many-body problem 00 000

coboooocooooboooboobOobobooobo0obooobooooOoooOoOobOobOOoOOObOoOoOooOoOoDO

od
oobobodobooooboboodoobooOodOnentronstar 000000000000 OO0O0O0OOOO0O

0000000000000 00000 finitenucleiD 0000000000000

0 0 0O 0O binding energy 0 0 0 0 0O O O O Weizacker semi-empirical mass formula 000 AOOO0OO
O0D0O0Eg/A0O0DOODO

e surface term A%/3/A = A"1/3 -0
e Coulomb term 000000000
e symmetry energy N = Z 000

00000 volume term 000000 O
Ep/A =16 + 1MeV (4.116)

000 infinite nuclear matter 0 O O O binding energy per nucleon O O O Of1?
00 O density O 0 O O O finite nuclei O saturation density D000 0O

po = 0.16 = 0.02nucleons - fm > (4.117)

gogbooobooboobboobooboobbooboobboo

*18 semi-classical 00000 100k = 2 x 10*MeV/c - fm00000000000 7fm0 momentum 0 2.9GeV/c 000000
000 (Energy O 3GeV)
*19 000 nuclear matter 00 Eg/A ~ 8MeV
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000000000 Fermimomentum OOO00O0000O0OOO0OCOO0OOCOODOOOOOOOOOOO
0000000000000 00000000000O0O0O000000O000OOO Pauli principle 0 0O
00000000000 Fermigasmodel 0000000000 ODOOOO0OOODOOOOOODODODOO
0000000000000 fermion 00000

OO LOcube0 000000 OOOOOOOOODODOOODOO

Y(r) = #eﬂ” (4.118)

0 0 0 O spin,isospin 0 00 0 0O 0 0O O wave numberes 0 wave function 00 000000000000

P P P
ky = g ky = —ny, ks = f“

- - n. (4.119)

0 0 0O 0O wave numbers space 0 00 00 0O O spin,isospin O 0 0O O

L 3
dn =4 (2) d*k (4.120)
™

0000 A0O0OOOOground state 00000000000 QO Fermi momentum 0000000000

k?F 3
A:/ dn4<L) 41@
0 27 3

A 2

gooogo

0000 Fermi momentum 0000000000

kp =1.33+0.05fm ™! (4.122)
0000000000000
1 /% (hk)? [ L\* 3
F= — 4( =) k== 4.123
c A/O 2 My (277) 5°F (4.123)
Fermi energy O kp OO
EF = (hk)” 37MeV (4.124)
F — 2MN ~ .

0000 Aep 0000000000000 DOOO0O0O0OO0O0O0DOODO0UO0OOO0OOArpOO00OO
0 GeVOODODODDODODODOODDODODOO0OOO0OO00O Fermi gasmodel 0000000000 0OODOOOODO
O0ooooooooooo)

infinite nuclear matter 00 0000000000000 0O00O00OO0OODOO0O0OU0OODOOOOOODOO
000000000 binding energy per particle  Fermi momentum 0000000000000

4 (Es) _,
dkp \ A )

0000000000000 0000000000000000 compression modulus 000000000

& (Ep
K- it () (4.125)
a2z \A)
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energy minimum 000000000000 O0OD0ODOOOODOODOO
the compression modulus 0 00 0000000000000 00000OOOOOOOO0OOO0ODOOOOO
nuclear matter 000000
K ~ 200MeV (4.126)

gooboboboooooboooobooboboboboboooooDoboobobOoboo
00000000 breathing mode 000 Oeven-even nuclei 00000000000 (00O closed shell)
2000000000 ground state 00 0t 000000000 DODOOOO0OtO0ODDOOO

infinite nuclear matter 00 000000 Ofinite nuclei 00000000000

1. the binding energy per nucleon
2. the saturation density interms of the Fermi momentum

3. the comopression modulus

ooopoopooooo

00000o000oDOo000oOo0U0O0Oo0oU0O0DOOCO00DDOOU00DO0OODUDO0DODOUODDOOODDOOO
0000000000000 000000000000000 OfinitenucleiD0O00000O000O0O hard
core ?'00000000DOOOO0OODO O infinite nuclear matter O saturation density 00000000
0000000000000 O00000000000000 infinite nuclear matter O binding energy O O
ggbooooboooboobboobbooobog

0000000000000 00000000000000000000O000 Bonn potential for
nucleon-nucleon interaction 000 0000000000000 O0O0OOOOOOOOOO Fig4-12000
o0oooooooooooooooogoog

Fig.4-12

e Fermi momentum - Binding energy per nucleon 00 00O
e 0000 finite nuclear matter 0 0000000000000 OOOOOOO

*200p0000D000DoO0o0Dog
21 gpoo00D0000000DO0 05mO00000000
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