
Modern Physics
ATOMS AND MOLECULES



Topics We’ll Cover

- Atomic Structure 
- The Bohr Atom 
- Energy Levels 
- Atomic Spectra 
- Franck-Hertz Experiment 
- Laser 
- Rutherford Scattering
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Visiting Labs

! At NTUT 
! At Academia Sinica
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Atomic Structure

! Plum pudding (fruitcake) model or Thomson’s model of the atom – 
investigated from alpha particle scattering at gold foil, with signals 
on a zinc sulfide screen (which emits light when struck by the .) 
! Thomson writes in the Philosophical Magazine 1904, “... the atoms of the 

elements consist of a number of negatively electrified corpuscles enclosed in a 
sphere of uniform positive electrification, ...” 

! Rutherford, Thomson’s student, noticed that “It was incredible as if 
you fired a 15-inch shell at a piece of tissue paper and it came 
back and hit you.” So he updated the model to 
! Rutherford’s model: tiny positively charged nucleus 

 with electron cloud nearby

-
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-
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Atomic Structure

! The detector measures alpha particles scattered between  and . Let’s figure out the scattering 
angle. 

! From impulse and momentum conservation, . So p1=p2=mv. From the law of sines, the geometry 

tells us that  

!
Because the impulse is in the direction of momentum change, 

!
Equating the terms, .

! The electric force exerted by the nucleus on the alpha particle acts along the radius vector joining them, so there is no 
torque on the alpha particle and its angular momentum is constant.

!
. From  we then derive

!

𝜃 𝜃 + 𝑑𝜃

Δ𝑝 = 𝑝2 − 𝑝1 = ∫ 𝐹 𝑑𝑡
Δ𝑝

𝑠𝑖𝑛𝜃
=

𝑚𝑣

𝑠𝑖𝑛 𝜋 − 𝜃
2

 𝑎𝑛𝑑 𝑠𝑖𝑛𝑐𝑒sin
1
2

(𝜋 − 𝜃) = cos
𝜃
2

 ,  𝑠𝑖𝑛𝜃 = 2sin
𝜃
2

cos
𝜃
2

.  𝑇 h𝑢𝑠,   Δ𝑝 = 2𝑚𝑣 𝑠𝑖𝑛
𝜃
2

.

∫ 𝐹𝑑𝑡 =  ∫ 𝐹𝑐𝑜𝑠𝜙𝑑𝑡 .  

2𝑚𝑣𝑠𝑖𝑛
𝜃
2

=

+ 𝜋 − 𝜃
2

∫
− 𝜋 − 𝜃

2

𝐹𝑐𝑜𝑠𝜙
𝑑𝑡 
𝑑𝜙

𝑑𝜙

−𝑚𝜔𝑟2 = 𝑚𝑟2𝑑𝜙\dt = 𝑚𝑣𝑏 .   𝑆𝑜 2𝑚𝑣2𝑏sin
𝜃
2

=  

+ 𝜋 − 𝜃
2

∫
− 𝜋 − 𝜃

2

𝐹 𝑟2𝑐𝑜𝑠𝜙𝑑𝜙    𝐹 =
1

4𝜋𝜖0

2𝑍𝑒2

𝑟2

𝑐𝑜𝑡
𝜃
2

=
2𝜋𝜖0𝑚𝑣2

𝑍𝑒2
𝑏 =

4𝜋𝜖0𝐾𝐸 𝑏
𝑍𝑒2
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Atomic Structure

! Cross section for scattering is  

! The foil contains n number of atoms per unit volume with thickness t. So in an area 
A, ntA nuclei are present for scattering.  is the total cross section. The question 
to ask is what fraction of nuclei scatters an alpha particle, 

 

!

!  The fraction depends on the scattering angle, atomic and nuclei number, the 
kinetic energy, and the thickness of the foil.

𝜎 = 𝜋𝑏2

𝑛𝑡𝐴𝜎

𝑓 =
𝑎𝑙𝑝h𝑎 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝜃 𝑜𝑟 𝑚𝑜𝑟𝑒 

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑙𝑝h𝑎 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
=

𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
𝑡𝑎𝑟𝑔𝑒𝑡 𝑎𝑟𝑒𝑎

=
𝑛𝑡𝐴𝜎

𝐴
= 𝑛𝑡𝜋b2

𝑓 = 𝜋𝑛𝑡( 𝑍𝑒2

4𝜋𝜖0𝐾𝐸 )
2

𝑐𝑜𝑡2 𝜃
2
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Atomic Structure

! The detector measures alpha particles scattered between  and . 
The fraction of incident alpha particles scattered in this finite range is 

!

! The area the particles strike is 

 

! The number N per unit area striking the screen at angle, which is the 
actual measured physical quantity, is: 

!

! Notably, only 0.14 percent of the incident alpha particles are scattered 
by more than 1 degree. This formula described well the observations of 
Geiger and Madsen, Rutherford’s students. 

𝜃 𝜃 + 𝑑𝜃

𝑑𝑓 = − 𝜋𝑛𝑡( 𝑍𝑒2

4𝜋𝜖0𝐾𝐸 )
2

𝑐𝑜𝑡
𝜃
2

csc2 𝜃
2

𝑑𝜃

𝑑𝑆 = (2𝜋𝑟sin𝜃)(𝑟 𝑑𝜃) = 2𝜋𝑟2𝑠𝑖𝑛𝜃𝑑𝜃 = 4π𝑟2sin
𝜃
2

cos
𝜃
2

 𝑑𝜃

𝑁(𝜃) =
𝑁𝑖 𝑑𝑓

𝑑𝑆
=

𝑁𝑖𝜋𝑛𝑡( 𝑍𝑒2

4𝜋𝜖0𝐾𝐸 )cot 𝜃
2 csc2 𝜃

2  𝑑𝜃

4𝜋𝑟2sin 𝜃
2 𝑐𝑜𝑠 𝜃

2 𝑑𝜃
=

𝑁𝑖𝑛𝑡𝑍2𝑒4

(8𝜋𝜖0)2𝑟2𝐾𝐸2sin4 𝜃
2
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Atomic Structure – An Example

! From the assumption that the kinetic energy equals the potential energy, 
the distance of closest approach is estimated. This is the distance of closest 
approach for the most energetic alpha particle that hits the gold foil. 

!

! At higher and higher energies > 7.7 MeV, Rutherford’s description becomes 
less precise, and in fact the gold radius  is found to be 1/5 this value. 

! Why is this? Let’s consider electron screening and orbits.

𝑅 =
2𝑍𝑒2

4𝜋𝜖0𝐾𝐸
=

2 ∗ 9.0 ∗ 109𝑁𝑚2

𝐶2 ∗ (1.6 ∗ 10−19𝐶)2 ∗ 𝑍

1.2 ∗ 10−12𝐽
= 3.8 ∗ 10−16𝑍𝑚 = 3.8 ∗ 10−16 ∗ 79 𝑚 = 3 ∗ 10−14𝑚 .
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Electron Orbits – An example

! Experiments indicate that 13.6 eV is required to separate a hydrogen atom 
into a proton and an electron; that is, its total energy is E = -13.6 eV. What is 
the orbital radius and velocity of the electron in a hydrogen atom? 

! Since 13.6 eV = 13.6 * 1.6 * 10-19 J = 2.2 * 10-18 J. Then 

 

!
The velocity is estimated .

𝑟 = −
𝑒2

8𝜋𝜖0𝐸
= 5.3  ∗ 10−11 𝑚 .

𝑣 =
𝑒

4𝜋𝜖0𝑚𝑟
= 2.2  ∗ 106 𝑚 /𝑠

r

Fe Fc

v

+e
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The Bohr Atom
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My Problem 4 – A RAP
11

Einstein n Bohr, talkin together
Fysicists they flockin birds of a feather
Wondering bout the universe keys
At the speed of light, wut do you C?
Correspondence to that is the light quantum
Scale so small that’s hard to fathom
But just as we slow an so things get big.
We recover the classics, maybe just trig’
You n me all thaz bout, aight peace out.
Dig?



The Bohr Atom

! Concept put forward by Niels Bohr in 1913, assuming one proton and one electron. 
! Starting with the de Broglie wavelength, we write: 

 We can use this formula to estimate the 

electron wavelength to be 33 * 10-11 m, assuming an electron orbit of r = 5.3 * 10-11 m. Note 
that 2πr = 33 * 10-11 m! This means that the electron orbit in a hydrogen atom is one electron 
wavelength in circumference.  

! An electron can circle a nucleus only if its orbit contains an integral number of de Broglie 
wavelengths.  

! The quantum number n is part of the equation for the orbit stability and orbital radii: 

𝜆 =
h

𝑚𝑣
→ 𝑣 =

𝑐
4𝜋𝜖0𝑚𝑟

→ 𝜆 =
h
𝑒

4𝜋𝜖0𝑟
𝑚

.

𝑛𝜆 = 2𝜋𝑟𝑛,   𝑛 = 1,2, 3,…

𝑛h
𝑒

4𝜋𝜖0𝑟𝑛

𝑚
= 2𝜋𝑟𝑛 → 𝑟𝑛 =

𝑛2h2𝜖0

𝜋𝑚𝑒2
=  𝑤𝑖𝑡h 𝑟1 = 𝑎0 = 5.292  ∗ 10−11 𝑚,  𝑡h𝑒 𝐵𝑜h𝑟 𝑟𝑎𝑑𝑖𝑢𝑠,  𝑤h𝑖𝑙𝑒 𝑟𝑛 = 𝑛2𝑎0 .

12



Energy Levels in an Atom

! This basic model describes the single proton, single 
electron Hydrogen atom. Using the concept of 
quantized number of levels in the circular orbit, the 
energy (of electrons) permitted in the various orbits 
can be estimated. 

! This achievement helps to build the periodic table 
known to us. 

!

! Spectral lines from (hydrogen) atom emission give 
rise to the following observations 

𝐸𝑛 =
𝑒2

8𝜋𝜖0𝑟𝑛
= −

𝑚𝑒4

8𝜖2
0h2

1
𝑛2

=
𝐸1

𝑛2
= − 13.6

𝑒𝑉
𝑛2

Ground state

Excited states
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Energy Levels in an Atom – Origin of Line Spectra

! Spectral lines from (hydrogen) atom emission give rise to the following observations, which are 
described with these sequences. 

!

!

!

!

!

𝐿𝑦𝑚𝑎𝑛:  𝑛𝑓 = 1:
1
𝜆

= −
𝐸1

𝑐h ( 1
1

−
1
𝑛2 )

𝐵𝑎𝑙𝑚𝑒𝑟 :  𝑛𝑓 = 2:
1
𝜆

= −
𝐸1

𝑐h ( 1
4

−
1
𝑛2 )

𝑃𝑎𝑠𝑐h𝑒𝑛:  𝑛𝑓 = 3:
1
𝜆

= −
𝐸1

𝑐h ( 1
9

−
1
𝑛2 )

𝐵𝑟𝑎𝑐𝑘𝑒𝑡𝑡:  𝑛𝑓 = 4:
1
𝜆

= −
𝐸1

𝑐h ( 1
16

−
1
𝑛2 )

𝑃𝑓𝑢𝑛𝑑:  𝑛𝑓 = 5:
1
𝜆

= −
𝐸1

𝑐h ( 1
25

−
1
𝑛2 )

e- says, ”I’m free”
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Emissions

! Find the longest wavelength present in the Balmer series of hydrogen, 
corresponding to the Hα line. 

!

1
𝜆

= 𝑅( 1
𝑛2

𝑓
−

1
𝑛2

𝑖 ) = 𝑅( 1
22

−
1
32 ) = 0.139𝑅 → 𝜆 = 656 𝑛𝑚
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Emissions

! A Milky Way view by Wisconsin H-Alpha Mapper 
survey

! An H-alpha filter is an optical filter designed to transmit a narrow bandwidth 
of light generally centred on the H-alpha wavelength.[2] These filters can be 
dichroic filters manufactured by multiple (~50) vacuum-deposited layers. 
These layers are selected to produce interference effects that filter out any 
wavelengths except at the requisite band.[3]The Sun observed through an 
optical telescope with an H-alpha filter.
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Nuclear Motion and Nuclear Mass 

! We should now realize that motion and mass both have effects on the 
wavelengths (of spectral lines) observed. 

! For example, let’s consider a positronium “atom” that is a system of positron 
and electron that orbit each other. Let’s compare the wavelengths of the 
spectral lines of positronium with ordinary hydrogen. 

! . 

! This means the Rydberg constant, for positronium is half as large as it is for 
ordinary hydrogen, and thus, the wavelengths of positronium spectral lines are 
all twice those of the corresponding lines in the hydrogen spectrum.

𝑚′ =
𝑚𝑀

𝑚 + 𝑀
=

𝑚2

2𝑚
=

𝑚
2

,  𝑤𝑖𝑡h 𝑚 𝑡h𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑚𝑎𝑠𝑠 .  𝑇h𝑒𝑛 𝐸′ 𝑛 =
( 𝑚′ 

𝑚 )𝐸1

𝑛2
=

𝐸1

2𝑛2
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Nuclear Motion and Nuclear Mass 

! A muon is an unstable elementary particle whose mass is 207 me, with charge +e or –e. A 
negatively charged muon can combine with a proton to create a muonic atom. 

! The reduced mass is  

! The radius of orbit is  

! For n=1 and r1=a0=5.29*10-11 m, we have  

! The muon is 186 times closer to the proton than an electron would be. 

! Ionization energy 

𝑚′ =
𝑚𝑀

𝑚 + 𝑀
=

207𝑚𝑒1836𝑚𝑒

207𝑚𝑒 + 1836𝑚𝑒
= 186𝑚𝑒

𝑟1 =
h2𝜖0

𝜋𝑚𝑒𝑒2

𝑟′ 1 =
𝑚
𝑚′ 

𝑟1 =
𝑚𝑒

186𝑚𝑒
𝑎0 = 2.85 ∗ 10−13𝑚 .

𝐸′ 1 =
𝑚′ 
𝑚

𝐸1 = 186𝐸1 = − 2.53 ∗ 103𝑒𝑉
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Atomic Excitation

! The origin of atomic 
emission/absorption spectral 
lines
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Franck-Hertz Experiment

! Confirmation of Bohr’s basic ideas, that a minimum electron energy 
needed to excite spectral lineshapes. 

! For mercury, 254 nm emission from the 4.9 eV excitation.

4.9 eV
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By E. A. Schiff, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=31897728

Apparatus 
for Mercury 
C cathode 
G mesh 
A anode 

Hg vapor 
triode



Rotations to Diatomic Molecules

! The rotational inertia of this dumbbell system is: 

!

! The angular momentum is found with 

!

! If the energy values are quantized, then 

!

𝐼 = 𝑀( 𝑅
2 )

2

+ 𝑀( 𝑅
2 )

2

=
𝑀𝑅2

2

𝐿 = 𝐼𝜔 = ( 𝑀𝑅2

2 )𝜔; 𝐸 =
𝐿2

2𝐼

𝐿 = 𝑛ℏ
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Rotations to Diatomic Molecules

! An example is Cl2 , which has an average separation of 1.99 * 10-10 m 
between chlorine atoms. The atoms have nuclei which consist of 17 
protons and 20 neutrons; suppose the same mass 1.67 * 10-27 kg. What is the 
separation in eV between the energies of the rotational ground state and 
the first excited state of this molecule? 

!

! This spacing is more than 10000 times smaller than the typial 1 eV spacing 
of electronic levels in hydrogen.

𝐸1 − 𝐸0 = 𝐸1 =
ℏ2

𝑚𝑅2
=

(1.05 ∗ 10−34 𝐽𝑠)^2

37 ∗ 1.67 ∗ 10−27𝑘𝑔  ∗ (1.99 ∗ 10−10𝑚)2 =
4.19 ∗  10−24𝐽
1.6 ∗ 10−19𝐽 

= 2.62 ∗ 10−5𝑒𝑉

22



Light Amplification From Stimulated Emission of Radiation

! The laser!

23

Ordinary light Monochromatic 
Coherent light

Monochromatic, incoherent
Ordinary 
Excited 
State

Ground 
state

Metastable 
state

T=10-8sT=0 T=10-3s Induced absorption – aborbing photon and 
raising eneryg 

Spontaneous emission – lowering of energy 
with light emission 

Induced emission – enhanced beam of 
coherent light



Ruby Laser
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Helium Neon Laser
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20.61 eV 20.66 eV

18.70 eV    or 632.8 nm 



Helium Neon Laser
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20.61 eV 20.66 eV

18.70 eV    or 632.8 nm 



Other Lasers

! Chemical lasers 
! Dye lasers 
! Carbon dioxide gas laser - 100 W output are helpful in surgery because 

they seal small blood vessels while cutting through tissue by vaporizing 
water in the path of their infrared beams. 

! Semiconductor lasers
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Electron Probability Distribution
28
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Zeeman Effect

! In a magnetic field, the electron, 
proton and neutron (?) interact with 
a magnetic field. 

! Hence an energy arising from 
torque tau is generated on the 
particle. 

! The particles such as the electron 
has an intrinsic magnetic moment. 

! For an atom, the magnetic energy 
experienced is 

29

2m l
eU m B
m

⎛ ⎞= ⎜ ⎟
⎝ ⎠

! 24 59.274 10  J/T 5.788 10  eV/T
2B
e
m

µ − −= = × = ×
!

2 2

sinmU d B d
θ θ

π π

τ θ µ θ θ= =⌠ ⌠
⎮ ⎮
⌡ ⌡

cosBµ θ= −

2
e
m

µ ⎛ ⎞= −⎜ ⎟
⎝ ⎠

L



Zeeman Effect
30

! Transition between 
levels in an atom 
under external 
magnetic field are 
then described by 
these frequencies. 

! Features as these 
can be measured, 
for example, a 0.3 T 
magnetic field will 
generate a 0.00283 
nm spacing in the 
spectral lines at 450 
nm.

Fig. 6.17 textbook



Rydberg Binding 
Energies

31
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Spin

! The Stern-Gerlach Experiment.
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Hund’s Rule

! A principle that in general the electrons in a subshell remain unpaired (so 
as to maintain a lowest energy state). 

! This is related to the Pauli exclusion principle of atomic electrons (like 
charges repel). Electrons with same spin in same subshell have different ml 
values and thus have wavefunctions whose spatial distributions are 
different.
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The Periodic Table of the Elements
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Examples

! J = L + S with  

! The term symbol of the ground state of sodium is 32S1/2 and that of its first 
excited state is 32P1/2. The possible quantum numbers n, l, j, and mj of the outer 
electron in each case is: 
! 32S1/2: n = 3, l = 0, j = ½, mj = +1/2 or – ½ 

! 32P1/2: n = 3, l = 1, j =3/2, mj = ±1/2 or ±3/2; n = 3, l =1, j =1/2, mj = ±1/2 

! Why is the 22P5/2 state not possible to exist? 
! A P state has L = 1 and J = L ±1/2, so J = 5/2 is impossible

𝐿  = ℏ (𝐿(𝐿 + 1)); 𝑆  = ℏ (𝑆(𝑆 + 1)); 𝐽  = ℏ (𝐽(𝐽 + 1))
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X-ray Spectra

! Arise from these considerations. The Moseley formula then gives the first transitions 
for electrons knocked by x-rays. 

!

!

!  helps to estimate the K-alpha line emission in terms of 
the atomic number Z. 

! So for example, cobalt with Z = 27 has a 0.180 nm = 1.8 * 10-10 m emission or 1.67 * 
1018 Hz. 

𝜈 =
𝑚(𝑍 − 1)2𝑒4

8𝜖2
0h3 ( 1

𝑛2
𝑓

−
1
𝑛2

𝑖 ) = 𝑐𝑅(𝑍 − 1)2( 1
12

−
1
22 )

𝐾𝛼 𝑥 − 𝑟𝑎𝑦𝑠 𝜈 =
3𝑐𝑅(𝑍 − 1)2

4
𝐸(𝐾𝛼) = (10.2 𝑒𝑉 )(𝑍 − 1)2
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