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HW #5 (Chapters 15) due 3/27

Questions: 6, 12

Problems:  3, 7, 12, 14, 23, 26





1895:  Playing with cathode ray tubes, Wilhelm Roentgen discovers x rays

rays originating from the point where the e’s hit the glass tube could 
pass through materials opaque to light and activate photographic film

1896:  Intrigued, A. Henri Becquerel wonders if materials which 
exhibit fluorescence after exposure might also be emitting x rays

So, he wraps a photographic plate in black paper and places it on the window 
ledge, setting his material on top

An image was indeed formed on the plate – concluded his material had emitted x rays

Then he “repeated” the experiment by putting the sample and plate in a dark drawer
(apparently was a cloudy day)- also formed an image !

Becquerel had discovered radioactivity ! Becquerel found that this was actually a new 
kind of penetrating radiation (not x rays)

Much excitement and study:

Apparently 3 types of radiation - Rutherford classifies them as a, b, g, according to 
their ability to penetrate matter& ionize air:

a:  least penetration, most ionization

g: most penetration, least ionization 

b:  intermediate between a and g



Rutherford soon discovers that a rays are 4He nuclei 

Others soon discover that b rays are e’s and grays are very short wavelength EM radiation

Successes of the Bohr model led to modern view of atom with tiny massive nucleus 
(1-10 fm) surrounded by “cloud” of e’s at great distance (100,000 fm) from nucleus)

1928:  correct explanation of a radioactivity as 
QM barrier penetration given by Gamow, 
Gurney, and Condon

1932:

create 1st nuclear reaction using 
artifically accelerated particles

Cockroft & Walton

Positron discovered

Carl Anderson

Neutron discovered

James Chadwick

Birth of Modern Nuclear Physics

Harold Urey

Deuterium 
= heavy H



Composition of the Nucleus

What did Moseley find (1913)  ?

Anyone remember Moseley’s experiments ?

What can we learn from from x-ray spectra  ? (Chap. 9) binding E of inner shell e’s

correlation between nuclear charge (Z) 
and location in periodic table (A)

More specifically: nucleus has a mass ~ A “protons”, but has a charge of only Z » ½ A protons

If you didn’t know about the neutron, how would you explain this ?

nucleus contains A – Z electrons

What experimental observation supported this conclusion ? b decay e’s ejected by certain 
radioactive nuclei

What are some reasons against such an explanation ?

- for Dx < 10- 14 m, KE(e) ~ 100 MeV but e’s from b decay have KE ~ 1- 2 MeV

- magnetic moments:  for nuclei ~ nuclear magnetonmn = e� /2mp

for atoms ~ Bohr magneton: mB = e� /2me
diff of x 2000

- angular momentum: angular momentum of nitrogen = 1, so if  14N contained 14 p & 7 e, 
must have J = 1/2, 3/2, 5/2, …



- no barrier to be overcome as in a decay, if E(e) > 0, eescapes immediately, natural b
emitters should have long since disappeared

1920: Rutherford suggested that there might be a neutral particle, possibly bound e+ p

Once neutron was discovered and studied, idea of bound e+ p abandoned – why ?

spin of neutron = 1/2

Bombarding Be with a particles, new 
neutral particle Y seemed to be created

a + 9Be ® (new nucleus) + Y

Others (Joilet, Curie) also studied Y, observed

Y+ p ® Y+ p , giving E(p) ~ 5.7 MeV

So, how did Chadwick discover the neutron ?



If Y were g, then would need E(g) ~ 50 MeV to get E(p) ~ 5.7 MeV

Seemed unlikely that E(Y) ~ 50 MeV since other decays were ~ few MeVs

Main goal was to prove that Y was not g

So, measured recoil for different targets and showed scattering of Y was inconsistent with 
Compton scattering

Also found Y to be much more efficient than masslessgat transferring energy to target particle

Applying conservation of energy and momentum, found mn = 939.57 MeV/c2

nucleus is composed of nucleons (p, n) As we’ll see, 
nucleons are not 
fundamental



Nuclear Properties (ground state)

To understand nuclei, as with atoms, we’ll need QM

nuclear spectra (energy and particles) quantized energy levels

Interpreting nuclear studies is more complicated that interpreting atomic studies – why ?

- two types of nucleons

- possible emission of several different particles in addition to g’s

- our incomplete knowledge of the nuclear potential function

- cascade complications

Terminology:  particular nuclear species are called  nuclides, with presuperscriptA (i.e. 16O) 

Nuclides with same Z and different A (15O and 16O) are called isotopes

Nuclides with same N = A – Z(13
6C7 and 14

7N7) are called isotones

Nuclides with same A = N + Z (14C and 14N) are called isobars



Size and Shape of Nuclei

Nuclear Radii:

How to determine nuclear radius ?

Scattering
coulomb

nuclear

same as Rutherford 
did back in Chap. 4

Are there any other ways ?

What are mirror nuclides ?

nuclides for which N & Z are interchanged



What is the difference in energy between these two states (15N and 15O) ?

Are we safe in assuming the nuclear force is independent of the kind of nucleon ?

electrostatic

Yes

Electrostatic energy of a ball of uniform charge can be shown to be
2

0

3 1
5 4

q
E

Rpe
=

Now, 15O is radioactive and decays to 15N by emitting a positron and a n

The energy difference is 2 2

0

3 1 1
[ ( 1) ]

5 4
E Z Z

Rpe
D = - -

So, a measurement of the energy of decay gives us R

Measurements of the positron decay energies for 18 pairs of mirror nuclides give 

R = R0A 1/3 with     R0 = 1.2 ± 0.2 fm

bombarded nuclei with electrons with KE = 200 – 500 MeV

For KE = 500 MeV, l ~ 2.5 fm, smaller than R for heavy nuclei

b decay

Example 1 Compute (and compare) the radii of 4He and 238U

Most extensive measurements of nuclear radii were performed by 
Robert Hofstadter and team in 1953



Consider eas plane wave (l ), scattering is similar to diffraction of light from circular 
hole of radius R

First minimum of the diffraction pattern is given by sinq = 0.61 l /R

From resulting diffraction pattern can learn something about charge distribution

electrons relativistic 
complicated analysis



Example 2 Use data for 420 MeV electrons scattered from 16O to compute R for 16O

Charge density vs distance from Hofstadter



Still another method to measure R is to look at the attenuation of fast neutrons as they  
move through a sample

Attenuation cross section:
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Such experiments don’t measure the charge distribution (duh!), but instead measure the 
“radius” of the nuclear force between neutron and nucleus

All these different methods gives comparable results   (namely R= R0A 1/3)

Since the nuclear mass is proportional to A, what can we say about nuclear densities ?

All the same

A drop of liquid also has constant density, independent of size 

led to very useful “liquid-drop” model (especially good for fission) 

nuclear density ~ 1017 kg/m3 How much does 1 mm3 weigh ? 200,000 metric tonnes



Masses and Binding Energies

How to measure the mass of an atom ? mass spectrometer

Force due to B field ? qvB

For circular motion,  

Force due to E field ? qE To pass the EB filter:

qvB=eE
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Is the mass of an atom simply equal to the mass of the nucleus plus the mass of the e’s ?

No Why not ? binding energy of the e’s

binding energy of the e’s defined by 2 2 2
atomic N e AB M c Zm c M c= + -

atomic binding energies ~ keV,   nuclear binding energies ~ many MeV

atomic binding energies are usually neglected in nuclear physics:

MA: mass atom

MA: mass nucleus ~ mass atom

Once we know the mass of the nucleus or atom, we can compute B

2
A

2
p

2
pnucleus cMcNmcZmB -+=



Plotting B/A for the most stable isotope of each element

curve is ~ constant for A > 16   (with a mean value of 8.3 MeV/nucleon)

What does “curve ~ constant” tell us ? Nuclear force is a saturated force

partially explained by short range of nuclear force

If each nucleon interacted with every other nucleon, there would be A – 1 
interactions for each nucleon and B/A µ A – 1 rather than B/A µ constant

constant 
nuclear 
density



This is consistent with our radius measurements

If B/A were instead µ A, then the radius would be ~ constant as is the case for atoms

The fact that the density and B/A were the same for all stable nuclei was noticed in the 1930s

As we’ve already noted, this invited comparison between the nucleus and a liquid drop

The energy required to remove molecules from a liquid is just the heat of vaporization

This is proportional to the mass (number of molecules) of our drop, just as our nuclear 
binding energy is proportional to the number of nucleons



Nuclear Stability

> 3000 known nuclides

only 266 are stable(black dots)

So how long do the unstable  guys live ?

t > ~ 1 ms

What principles dictate the shape of 
the line of stability ?

exclusion principle & electrostatic 
energy of the protons

Lifetime is, of course, relative

Compare t (p0) ~ 10- 16 s = 10- 13 ms
t (B)  ~ 10- 12 s = 10- 9 ms
t (t)  ~ 10- 25 s = 10- 22 ms

What’s another word for unstable ?

radioactive



To understand this, consider the kinetic energy of A nucleons in an infinite square well

What distribution of neutrons and protons gives the lowest energy (considering only pep) ?

N = ½A,  Z = ½A
Consider the case of 7 nucleons:

pep alone favors N = Z

What happens to the PE if we now 
include the proton repulsion energy ?

will increase

How does this PE depend on Z ?

PE µ Z2
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At large A, the energy is increased less by      
adding 2 n’s than by 
adding 1n and 1p N – Z increases with increasing Z

Also:  tendency for nucleons to pair with other identical nucleons

We conclude that the nuclear force has a pairing property– this 
feature must be incorporated in the building of nuclear models



In 1935 Carl von Weizsacker proposed Weizsacker’s semiempirical mass formula

It is the sum of 6 terms:
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f0(A,Z) is the mass of the constituents: f0(A,Z) = 1.007825Z + 1.008665(A – Z)

f1(A,Z) is the volume term:       f1(A,Z) = -a1A
This term accounts for the fact that the number of interactions is proportional to A
(and thus explains why B/A ~ constant)

The Liquid Drop Model

f2(A,Z) is the surface term:     f2(A,Z) = +a2A2/3

This term is positive since nucleons at the surface experience attractive forces only 
“from one side,” so their binding energy is lower. This term is equivalent to the 
surface tension energy of the liquid drop

f3(A,Z) is the Coulomb term:         f3(A,Z) = +a3Z2/A1/3

The A1/3 term is there because it’s proportional to R



f4(A,Z) is the asymmetry term:       f4(A,Z) = +a4(A/2 –Z)2/A  \
Accounts for the observed tendency to have Z = N (note f4 = 0 for Z = N)

f5(A,Z) is the pairing term:       -f(A)   if Z is even, A – Z = N is even
f5(A,Z) =       0     if one of Z, N is even, the other odd.

+f(A)  if Z, N are both odd.
The function f(A) was empirical, i.e., determined from the data to be f(A) = a5A-1/2

This  term accounts for the tendency to have even Z and even N

Finally, the values of the coefficients ai are

a1 = 0.01691u,   a2 = 0.01911u,   a3 = 0.000763u,   a4 = 0.10175u,   a5 = 0.012u



So, should this work ? Well, it’s empirical, it has to work

But plotting the different pieces together we can get a sense of the relative contributions

f1

f2

f3

f4



The Fermi gas model

Concept similar to one in solid state physics. Nucleons move freely in effective well potential 
filling available states up to Ef. Scattering is suppressed by potential barrier of next excited 
state.
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This explains why N~Z:

neutrons protons



Since ~ 100 elements and ~ 270 stable nuclides 2.7 stable isotopes/element (on avg)

Do you see any major deviations from this ?

Nuclides with Z = 2, 8, 20, 28, 50, & 82 have 
larger than average number of stable isotopes

Likewise, Nuclides with  N = 2, 8, 20, 28, 
50, & 82 have larger than average number 
of stable isotones

Magic numbers:   2, 8, 20, 28, 50, 82 

What are they indicative of (think atomic) ?

shell structure

analogous to 2, 10, 18, 36 in atomic world

An island of stability is hypothesized to 
exist around Z = 126

So far we’ve only gotten up to 116 
(with 113 & 115 still missing)

Magic numbers





Nuclear Angular Momenta and Magnetic Moments

What determines the angular momentum of a nucleus ?

It’s a combination of the spin angular momenta of the nucleons (fermions) plus any 
orbital angular momentum due to the motion of the nucleons

This resultant angular momenta is usually called “nuclear spin” and labeled I

Nucleons individually have magnetic moments which combine to produce the 
“nuclear magnetic moment”

Where was evidence for nuclear spin and magnetic moments first found ?

In atomic spectra (as we’ve mentioned)

How do we “vectorially” obtain the total angular momentum of the electrons ? J = L + S

Analogously, we obtain the “total angular momentum”of the whole atom by adding the 
nuclear spin I to the total electronic angular momentum J:         F = I + J

What are the possible quantum numbers for F ?

(I + J), (I + J - 1), (I + J - 2),  … |I - J|



What selection rules might you expect ? DF = ±1, 0 but no F = 0 ® F = 0

The number of possible values of F is (2J + 1) or (2I + 1), whichever is smaller

So, into how many components is each spectral line split ? 

This splitting is one of several effects that are the result of interactions of the 
nuclear spins and moments with the environment of the nucleus, called … ?

(2J + 1) or (2I + 1) whichever 
is smaller

hyperfine structure (or perhaps “superfine” structure)

How big is the (hyperfine) energy splitting between I and J ?     DE = …?

What was the general expression for spin-orbit coupling ?

where g was … ? Landèg factor (some complicated expression of s’, j’, and l’)

mb … ? Bohr magneton

mj … ? (magnetic) quantum number of the zcomponent of J

B … ? magnitude of atomic B field

DE = gmbmjB

Considering 
interactions 
between e’s only

So, can we now guess the form for the splitting between I and J ? DE = gNmNmIBe

gN is the nuclear Landèg factor , mN is the nuclear magneton,  
mI is the (magnetic) quantum number of the zcomponent of I



What atomic attributes determine the size of Be ? outer shell e’s, their n, L state

DE = gNmNmIBe What is gNmNmI ? The nuclear magnetic moment

Except for mN (= e� /2mp), values are same order as in general spin orbit coupling

but mN/mB ~ 10- 3, so hyperfine splitting is 1/1000 as large as fine-structure splitting





Such splittings can 
only be observed with 
high precision 
techniques (developed 
only in recent years)

How do we determine the nuclear spin from this diagram ?

Count the number of lines (if I £ J, there are (2I+1) different F states)

Sodium

Based on our selection 
rule, into how many 
components is the D2
line split ?

Familiar transitions: 
2P1/2 ® 2S1/2     D1
2P3/2 ® 2S1/2     D2

D2

6

Turns out that the spin 
of all even-even nuclei
is zero in ground state

What can we conclude 
from this ?

Nucleons (like e’s) couple 
together in pairs of zero 
angular momentum



As noted, magnetic moment of a given nucleus =  gNmNmI

Scale is set by mN since 1 < gN < 5 and |mI| = I

IF the proton and neutron obeyed the Dirac equation (as does the e):

m(proton) = 1 mN m(neutron) = 0 mN

What we actually find is

m(proton) =  +2.79285 mN m(neutron) = -1.91304 mN

values are not 
understood at the 
1% level

Example: Nuclear spin of Thallium-205High resolution spectroscopic study of the 
spectrum of 205Tl reveals that each component of the doublet 2P1/2 ® 2S1/2 (377 nm),
2P3/2 ® 2S1/2 (535.2 nm) consists of three hyperfine components. Determine the spin of 
the 205Tl nucleus.



The Shell Model

Concept similar to one in atomic physics and motivated by magic numbers and model of 
electrons in an atom.

Few very significant differences from atomic models:

There are two kinds of particles

There are two different interactions. 

The potential due to strong interaction is not quite known

JJ type coupling is important rather than LS
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Results:

rR





The Collective Model

Combines best of both worlds. Nucleus is consists of a core of filled shells and additional 
nucleons moving in effective nuclear potential. 

Core <-> liquid drop model
Nucleons in unfilled subshells <-> shell model

Nuclear potential has no longer central character, but rather reflects “tidal” motion and 
collective excitation of the core.

This model predicts quite successfully the electric quadruple moment of nuclei.



<Q> > 0

With few exceptions, nuclei are nearly sphericalNuclear Shape:

most exceptions are in the rare earth elements (Z = 57 – 71), have ellipsoidal shape

In such cases the inner atomic electrons wavefunctions penetrate the nucleus –
deviations from spherical shape appear as changes in the atomic energy levels

Deviation is quantified by the electric quadrapole moment:

2 2 2 2*[3 ( )]Q Z z x y z dVy y= - + +�

<Q> < 0<Q> = 0

spherical



spherical

Measured values of <Q> for some nuclei:



Liquid drop

Fermi gas

Shell

Collective

Mass density constant, binding 
energies proportional to mass 
like charged liquid drops

Empirical formula for 
mass and binding energy

Model Assumptions Predictions

Free nucleon gas in net nuclear 
potential

Free nucleon gas with strong 
inverted spin-orbit coupling

Deformations of net nuclear 
potential

Depth of nuclear 
potential, assymetry term

Magic numbers, nuclear 
spin, nuclear parities 
pairing term

Magnetic dipole moment, 
electric quadrupole
moment


