Announcements

e HW5 and HW6
— Both due on 03/17, Mon, 3 pm
— Graded separately

* Final exam: 03/19, Wed, 8-11 am

* Grade:
e 20%: Mid-term 1
20%: Mid-term 2
40%: Final
15%: Homework (best five out of six HW sets)
5%: Class participation
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Lecture 17 Topics

* Binding energy

* Nuclear models
— Liquid Drop model
— Shell model



Nucleus

Figure 11.1 A crude picture of helium.

e gad Z= number of protons
x N=number of neutrons

S i : A=mass number=number of nucleons=Z+N
+2¢ i =
charge Mass in kg Massinu
Proton +g 16726217x 107 1.007276
Neutron 0 1.6749273x 107 1.008665
Electron - 9109 x 1051 00005486




|Isotopes

Figure 11.2 Isotopes of hydrogen.
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Nucleus size

Figure 11.3 Probing for the radius of

Rutherford’s alpha particle experiment on Gold foil ity
i particle Gold nucleus
—>The nucleus is roughly spherical &
—>The nucleus is centered at the middle of the atom @

—>The nucleus occupies a relatively small space S o
—>The head-on approach would enable the alpha particles to get closest

r=AYR, R =12x10"%m

3 4 1/3 3 4 3
Nuclear Volume =V = 37 = gﬂ(ﬂ "PRy)° = gﬂfmn“‘ﬂ

. MOSS A x mass of nucleon
Nuclear Density= density = —= 1 =~ 10V kg /m?
volume Ax ﬁﬂﬂg

|
Nucleon volume= _ =_;R3
‘q il



Binding energy

Binding energv = (mass of individual nucleons — mass of nucleus)c*

Deuteron = 1 proton + 1 neutron

Binding Energv =

Deuterium:
Stable



Binding energy

Binding energv = (mass of individual nucleons — mass of nucleus)c*

Deuteron = 1 proton + 1 neutron

Binding Energv = (proton mass + neutron mass — Deuteron mass)c”

m, =1.007276 u

m,=1.008665 u e
m,=2.013553 u o es
uc?=931.5 MeV '

Deuterium:
Stable



Binding energy

Binding energv = (mass of individual nucleons — mass of nucleus)c*

Deuteron = 1 proton + 1 neutron

Binding Energv = (proton mass + neutron mass — Deuteron mass)c”

= (1.007276 u + 1.008665 u— 2.013553 u)c” = 0.002388 uc”
= 0.002388x 1.661 x 107" kg x (3x10°m/sec)® = 2.22 MeV

uc?=931.5 MeV



Binding energy

-
-

Binding Energy = (EmH + Nm,, — M‘E-ﬁ:‘)':

Where m = atomic mass of hydrogen

M, = Neutron mass
M‘?ﬁ = atomic mass of the nucleus



Binding energy
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Binding Energy = (EmH + Nm,, — M‘E-ﬁ:‘)':

Where m = atomic mass of hydrogen

m,=— NEULron mass

M‘?ﬁ = atomic mass of the nucleus

Bxample:  56pe — 53.934939 u

my =1.007825 u
m,=1.008665 u
uc’=931.5 MeV



Binding energy

-
-

Binding Energy = (EmH + Nm,, — M‘E-ﬁ:‘)':

Where m = atomic mass of hydrogen

M, = Neutron mass
M‘?ﬁ = atomic mass of the nucleus

Bxample:  56pe — 53.934939 u

Binding energy = (26 x 1.007825 u +30 x 1.008665 u — 55.934939 u) ¢*=0.528461 uc’
=492 3 MeV (consider ¢ = 931.5 MeV /u).



Binding energy/nucleon over Z

Figure 11.13 Naturally occurring nuclei cluster along the curve
f stability.
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Curve of stability

Figure 11.13 Naturally occurring nuclei cluster along the curve
f stability.

140- — Curve of ';
stability
N For smaller nuclei,
N=Z to be stable
1004
As nuclei get larger,
80 N > Z to be stable
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Liquid Drop Model

Binding energy = Volume term + Surface term + Coulomb term + Asymmetric term

Z(Z—-1) (N —Z)?
T

=(C,A— A —

C, =158

"\’.
{ c,=178
Q €, =0.71
€, =23.7

~ 5“‘



Liquid Drop Model

Binding energy = Volume term + Surface term + Coulomb term + Asymmetric term

Z(Z—-1) e (N—2Z)°

=(C,A— A —

A3 * A
Cl = 15.8 Figure 11.4 The basic elements of the
CE —=17.8 internucleon (strong force) potential

C. =0.71 energy—a strong, short-range attraction
3 with a repulsive hard core.

C, =237

Nuclecons strongly attract

{potential encrgy drops), but only

when close enough to “touch.’

~2 fm r

Uir)

~-When too close, their
----------- hard cores repel.




Multi-nucleon nuclei

* Strong force:
— When the total number of nucleons is small:

(Calculate bonding energy due to strong force when
each bond equals 1 MeV)

Total energy

Energy per
nucleon



Multi-nucleon nuclei

* Strong force:
— When the total number of nucleons is small:

(Calculate bonding energy due to strong force when
each bond equals 1 MeV)

Total energy 1 MeV 6 MeV

Energy per
Nucleon 1 MeV 1.5 MeV



Multi-nucleon nuclei

* Strong force:
— When the total number of nucleons is small:

(Calculate bonding energy due to strong force when
each bond equals 1 MeV)

Total energy 1 MeV 6 MeV

Energy per
Nucleon 1 MeV 1.5 MeV



Multi-nucleon nuclei

* Strong force:

— When the total number of nucleons is small:

* The number of bonds each nucleon can have increases,
thus binding energy per nucleon increases

— When the total number of nucleons is large




Multi-nucleon nuclei

* Strong force:

— When the total number of nucleons is small:

* The number of bonds each nucleon can have increases,
thus binding energy per nucleon increases

— When the total number of nucleons is large

surface nucleons

Completely-Surrounded nucleons



Multi-nucleon nuclei

* Strong force:

— When the total number of nucleons is small:

* The number of bonds each nucleon can have increases,
thus binding energy per nucleon increases

— When the total number of nucleons is large

* Since strong force is short ranged, making each nucleon
has the same number of surrounding nucleons.

* The nucleons at the surface are not completely
surrounded. The proportion of surface nucleons
diminish by 1/r



Liquid Drop Model

Binding energy = Volume term + Surface term + Coulomb term + Asymmetric term

Z(Z—-1) (N—2Z)°
T

=(C,A— A —

Figure 11.6 Binding energy per
Ej_ = 15.8 nucleon due to the strong internucleon
CE =17.8B attraction only. The smallest nuclei
have few bonds per nucleon. In large
Cg =0.71 nuclei, many nucleons are surrounded.

C, =237
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Binding Ener
per Nucleon
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Coulomb repulsion

Figure 11.7 Coulomb repulsion raises
proton energies.
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Coulomb repulsion

Figure 11.6 Binding energy per
nucleon due to the strong internucleon
attraction only. The smallest nuclei
have few bonds per nucleon. In large
nuclei, many nucleons are surrounded.
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Liquid Drop Model

Binding energy = Volume term + Surface term + Coulomb term + Asymmetric term

Z(Z—-1) (N —Z)?
T

=(C,A— A —

El — 15-5 Figure 11.8 Binding energy per nucleon due to
C _ 1?- E both the strong internucleon attraction and
Figure 11.7 Coulomb repulsion raises A v Coulomb repulsion.

Large nuclei have

proton energies.
= C, =0.71
C

Coulomb L — E 3 ':Ill' 54 Small nuclei have protons that do not
r — e . * T ol
(W4 4 . = | few bonds per attract.s,
Vv <z nucleon Y
: s L: (& 5
o ' = 3
\‘\ : :| .'
5 — P = Nucleons are hardest to
=2 : 3 remove from an
! &0 intermediate-sized nucleus.
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Exclusion principle

Figure 11.9 Ignoring Coulomb repulsion, the exclusion princi-
ple argues that for a given number of nucleons, the lowest
energy should have N = Z.

Starting with equal . . . and converting one to
numbers of neutrons the other forces a nucleon to
and protons . , . a higher energy level.
v - 2
Ey E, *
Ey R E, oo
F; —-eo——t— F, —t - -

E, —

Neutron Proton

For small nuclei, repulsive coulomb interactions
are less influential

When N=Z,

When N#Z



Exclusion principle

Figure 11.9 Ignoring Coulomb repulsion, the exclusion princi-
ple argues that for a given number of nucleons, the lowest
energy should have N = Z.

Starting with equal . . . and converting one to
numbers of neutrons the other forces a nucleon to
and protons . , . a higher energy level.
v ; e
Ey on d
Ey *-0—e—0 £y e e
F? S——— = EZ —_——a—— -

E, —

Neutron Proton

For small nuclei, repulsive coulomb interactions
are less influential

When N=Z, more stable

When N#Z, energy raised



Exclusion principle

Figure 11.9 Ignoring Coulomb repulsion, the exclusion princi-
ple argues that for a given number of nucleons, the lowest
energy should have N = Z.

Starting with equal . . . and converting one to
numbers of neutrons the other forces a nucleon to
and protons . , . a higher energy level.
5 . o
E,; L.; *
E; —-e-o—eo—o1— K e
E, o E, —r———

Neutron Proton

Figure 11.10 In large nuclei, when
Coulomb repulsion becomes signifi-
cant, the lowest energy should

have N > Z.
Eﬁ
Es > e
Ey ——o—e1s—ot—
E Sl o g-i-a—o- N
e | N
E, :
Neutron Proton

For large nuclei, repulsive force changes

N>Z is more stable



Liquid Drop Model

Binding energy = Volume term + Surface term + Coulomb term + Asymmetric term

Z(Z—-1) e (N —Z)?

_ 2/3

1 5 _E Figure 11.15 If j neutrons become pro-
1 ?_ E tons, the energy increases by %jlﬁﬁ.
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Figure 11.9 Ignoring Coulomb repulsion, the exclusion princi-
ple argues that for a given number of nucleons, the lowest E‘ﬂ
energy should have N = Z. <

Starting with equal . . . and converting one to CE I:I " ."_Ilr 1
numbers of neutrons the other forces a nucleon to

A 1 S O 16 aVve ! .
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Liquid Drop Model

Binding energy = Volume term + Surface term + Coulomb term + Asymmetric term

. Z(Zz—-1 N — Z)?
=C,A— C,A*"® — ( ]—c ( )

A3 A
€, =158
C,=178
C,=0.71

C, =237



Liquid Drop Model

11.16 Comparison of the semiempirical binding energy formula and actual
a0

\ Liquid drop model

“Actual

50 100 150 200

Magic numbers= 2, 8, 20, 28, 50, 82, 126



Potential

Shell Model

Electrostatic between nucleus
and electrons

Magic numbers Atoms with closed electronic

Exclusion
principle
Movement

shells are stable such as He (2
electrons), Ne (10), Ar (18), Kr
(36), Xe (54), Rn (86).
Electrons follow the Exclusion
principle

Electrons move in orbitals

Net effect of all the forces nucleons
experience in a nucleus

Nuclei are particularly stable when
the number of nucleons is 2, 8, 20,
28, 50, 82, and 126.

Protons and neutrons separately
follow the Exclusion Principle
Nucleons do not move like
electrons because most nucleons
fill states to a maximum level,
preventing them from changing
momentum.



Electrons: Atomic Orbital

FIGURE 10.7 The sequence of quantum states in an atom. Not to scale,
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Electrons: Atomic Orbital

FIGURE 10.7 The sequence of quantum states in an atom. Not to scale,

8 fpagi A
Bl
% . T” o 86: Rn
Boeks oy
- 54: Xe
d .23
3 Ao 36: Kr
E A + 18: Ar
— 10: Ne

n=1 2 3 4 5 6 7 2: He



Electrons: Atomic Orbital
Nucleons: Nuclei Orbital
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Electrons: Atomic Orbital

FIGURE 10.7 The sequence of quantum states in an atom. Not to scale,

86: Rn
ﬁ 54: Xe
_@ 36: Kr
,] 18: Ar
10: Ne

n=1 2 3 4 35 6 7 2: He



3 dimensional harmonic oscillator

;i: Vil(x) + ;—L.u.m:x: Wix) = Eylx)



3 dimensional harmonic oscillator

&

= Vil(x) + ;—L.u.m:x: Wix) = Eylx)

2m

3
E = hw (2#4—!4——)

2
n=2k+1
» Forevervevenn,l = 0,2,..n—2,n
» Forevervoddn,l= 1,3,.n—2,n
o —l=<m=1
[ ]

Everv n and [, there are 21 + 1 energv degeneracies. which can accommodate 2(21 + 1)
nucleons



3 dimensional harmonic oscillator

n=2~k+1
evenn,l = 0,2,..n— 2,n
oddn,l= 1,3,..n—2,n _
E = hw (2# 4 —:) n k|1 Energy

0 0 0

3
—hew
2



3 dimensional harmonic oscillator

n=2~k+1
evenn,l = 0,2,..n— 2,n
oddn,l= 1,3,..n—2,n _ _
E = hw (2# 4 —:) n k|1 Energy
3
0 0 0 S
2
1 0 1 5
—hew
2
2 7

[—
| B2
b [




3 dimensional harmonic oscillator

q 3
B = hw (2A~ e E) 2(21+1)
. o Ik I | No.of Energv
n=2k+I1 nucleons in (n,
k. 1)
S
0 0 0 2 —hw
2
T o0 |1 >
—hew
2
5 7

Lh

Y
P | = | D | B | =2 | D = [ D = | D
el | Y el S QR ) WD R SN
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3 dimensional harmonic oscillator

] 3
E=hw (2#‘ +1+ E) 2(2|+1)
. o Ik I | No.of Energy
n=2k+I1 nucleons in (n,
k1)
=
0 0 0 2 —hew
2
1 0 |1 6 >
—hw
.
7 0 2 10
1 0 2 Ehm
3 IE 13 2
1 1 6 2"
3 |0 |4 |18 i,
1 2 10 2 "
2 0 2
3 0 3 22 13 B
1 3 14 2
2 1 6

Not Magic Numbers!!!



3 dimensional harmonic oscillator

) 3
E = hw (2# g E) 2(21+1)
Y Ta [k I | No.of No. of Total Energv
n=zak+ nucleons in (n, | nucleonsin | nucleons
k.1) n
) ) )
0 0 0 2 2 2 3.
2
1 0 1 6 6 8 5
Ehm
2 0 2 10 12 20 ?h
1 0 2 5
3 0 3 14 20 40 Eh
1 1 6 @
4 0 4 18 30 70 Eh
1 |2 10 5 T
2 0 2
3 0 3 22 42 112 13 "
1 3 14 o
2 1 6

Not Magic Numbers!!!



LS coupling

Energy

— hew

n k|1 i
0 0 |0 7
1 0 |1 372
12
2 0 |2
1 |0
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LS coupling

n k | j No.of No. of Energy
nucleons | nucleons in
in®.3) | @D
1 ) 2 3
0 0 0 1 2 2 S
2
1 0 1 32 4 & 5
12 2 5 fw
7 7 7
- 0 - — hw
2
1 0
9
3 0 3 o
2
1 1
; ; 11
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LS coupling

2j+1
| j No.of Energy
nucleons
in (n. j)
1 3
0 & - — hew
2
1 312 4 5
12 2 5 fw
2 2 512 6 7
312 4 7 hw
0 Y 2
3 72 8 9
512 : 7 e
1 32 4
172 2
4 9,2 10 i1,
72 8 7 @
2 512 6
312 4
0 Ya 2
3 3 1172 12 13
9,2 10 - few
3 72 8
512 6
2 1 312 4
172 2




LS coupling

n k | j No.of No. of Energy
nucleons | nucleons in
in@.j) | @D
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LS coupling
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LS coupling

K+1 is the name of energy level
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nucleons | nucleons in
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LS coupling

n k 1 j No.of No.of Energy
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LS coupling

n k 1 j No.of No.of Energy
nucleons | nucleons in
in@j) | @lj)
0 ci) 0 v 2 2 3,
@ ™
1 0 1 3/2 4 6 5
, — huew
‘\\\ 1/2 2 Z
2 2 &2 6 10
@ k 4 3 ha
1L Jo NG |2 2
3 0)]3 72 ~ 14 9
O 512 ﬁ%\\‘ 2
1 1 32 4 ‘\4@\\\
172 2
4 DE 9/2 10 18 11
O _.-".-'2 8 \ e hw
1 2 512 6 10 ~\Q\\\\
3/2 4
2 o Y 2 2
3 E 1172 12 22 13
O 9,2 10 - he
1 3 72 8 14
512 6
2 1 3/2 4 6
172 2

K+1 is the name of energy level

LS __P___ a__f _g__ & __i
3P
3
Lar Zfen 2y
27 Tty
3512
2dgry 1%
My
2dyy,
lgopm
2P 15 Loy
¥ 52
.'_’p 22
1f7e
_______ 1d...l_________________
25172 =
1p 1; ________________
1F'3,".= *
Ls 142
0 1 2 3 4 E £

(2)
4)

| (1)

(6}

8l
(1G;

(2)
{4}
(12)
(%)
(8)

(1
(2}
(G
4

(8}

14

{2}
(&)

(2}
(4)

(2)

X
126

84

50



LS coupling
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LS coupling
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LS coupling

K+1 is the name of energy level
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