Nuclear Mass

8p + 8n
B

. (binding energy)
18608

m(N, Z)c? = Zmp(:2 + Nmpc® — B
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1. B(N,Z2)/A~85MeV (A>12) (=) Short range nuclear force
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1. B(N,2)/A ~ 8.5 MeV (A > 12)

Binding energy: increases only by a fixed amount (~ 8.5 MeV)
by adding one particle

This nucleon interacts with only
A 1 a fixed number of nucleons.



If one nucleon interacts only with surrounding o nucleons

B~aAl2 ——B/A~a/2 (const.)

For A < a+1, one nucleon interacts with all the other nucleons
— > B/Ax A

B/A

o+1



Semi-empirical mass formula

(Bethe-Weizacker formula: Liquid-drop model)

72 (N — Z)°

B(N,Z) = avA—aSAQ/S _aCAl/?’ — asym A

e\Olume energy: a, A

|||||||

Ro~11x A3 5 v A
S x A2/3

eSurface energy: —a,SA2/ 3

A nucleon near the surface
Interacts with fewer nucleons.




72 (N — Z)°

B(N,Z) = avA—aSAQ/S _aCAl/?’ — asym A

eCoulomb energy: —a .~ Z2/A1/3

| 3722

Eqo = for a uniformly charged sphere

5 Rgo
eSymmetry energy: —asym (N — Z)2/A
Potential energy  vpp = vpp = v,  Upp ~ 20

C a nucleon interacting with nuclear matter:
U
N (vnnN/A + vpnZ/A) + Z(vpnN/A + vppZ/A) = 5(:—sA — (N = Z)?/A)
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When E, = k AE and each level has two-fold degeneracy:

N/2 Z/2
Y 2kAE+ ) 2kAE
k=1 k=1

N/2 Z/2

2AE | ) k+ ) k
k=1 =

AE (NQ + 72

S (7 'N+Z>

2
AQ(A + A+ (N - 2) )



How well does the Bethe-Weizacker formula reproduce the data?
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B-stability line

Z2 (N — Z)?
— 2/3
@ B(N,Z) = ayA — asA / —acA1/3 — asym A
A7y — oA Z? (A-2Z)2
m( 3 )_f( )+aCA1/3+a’Sym A

m(A,Z)
Stable nuclei (beta-stability line)
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Nuclear Chart
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Nuclear Fission

B(N,Z) = ayA — asA2/3 — ac

Z2 (N — Z)°
A1/3 asym A

@ Ly = E(O)f(1+2€2/5+"')
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Fig. 6.4. Spontaneous fission lifetimes as a function of the fission parameter Z2/A
for selected nuclei. Circles are for even-Z nuclei. filled circles for even-even nuclei
and open circles for even-odd nuclei. Squares are for odd-Z nuclei.

Life times for spontaneous fission:
large Z2/A — low fission barrier
— short half-life
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Fig. 6.5. Cross-section for y**°U — fission [30].

photo-fission cross sections: threshold at ~ 5.7 MeV
(fission barrier height: ~ 5.7 MeV)



Collective Vibrations

R-(1+4¢)
R-(1+e)71/2

a

b

Ay b

@ In general, R(6,¢) = R (1 + > a)\MY)T,LL)

1 2
V = EE :C)\|O‘)\u|
A
s b

mm=p>  Quantization: Harmonic Vibrations



R(6,¢) = Ro (1 + D oYy

Ay b

|

A=2: Quadrupole vibration

A=3: Octupole vibration



g Double phonon states
B ¢ 4+ 1.282 MeV
- ¥ 1.208 MeV
Be O+ 1133 Mev

o 02 hen(ifith)
o+ 0.558 MeV
O+
114Cd
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Microscopic description

—> Random phase approximation (RPA)
[later in this lecture]



How well does the Bethe-Weizacker formula reproduce the data?
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cf. N,Z = 2, 8, 20, 28, 50, 82, 126: large binding energy
“magic numbers”



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

B/p (MeV)
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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



Pairing energy A larger energy required to remove
one neutron from even number

even-odd staggering than from odd number
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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)




= A (for even — even)
= 0 (for even — odd)
—A (for odd — odd)
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Mass Excess (MeV)

1
0
LN

=70

751\

odd-odd

-80 —

- eVen-cevell

RTb S|1 ‘§|L er 1\|Ib h—i{o | R|b S|1 3|[’ Z|1‘ }in h-'{o Tlc

| | | | | | | | 1 | | | | | | L]
36 37 38 39 40 41 42 43 44 36 37 38 39 40 41 42 43 44
Z /




] neutron |
rich ‘
S 80 —
]
=
o
]
S 851 =
Rb Sr Y \§\b MD
ool L1 11, |
36 37 38 39 40 41\ 42 43 44

Z  stable

-70

-80

-90

odd-odd

two

decay
- modes _
- even-even _ —
B BB _

R|b St ‘E|[’ Zl‘\b vao T|c

L | | | | | L]
6 37 38 39 40 41\ 42 43 44

stable



Mass Excess (MeV)

a case with
one stable nucleus
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U0

239
236" o fission =}
A 238U 4n
6.0MeV
6.3MeV 5.7MeV
4.8MeV
2361 239y

Fisg. 6.6. Levels of the systems A = 236 and A = 239 involved in the fission of
2387 and #*?U. The addition of a motionless (or thermal) neutron to ***U can lead
to the fission of 3®U. On the other hand, fission of U requires the addition of a
neutron of kinetic energy T,, = 6.0 — 4.8 = 1.2 MeV.

Relation between fission barrier height and 1n separation energy



