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Particle physics history seminars

Neutron discovery and 
atom completion
New experimental ideas in Early 20th Century Physics (1895-1932)



The atom before 1895
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The idea of the atom was vague, but many elements had been discovered and studied. 
Classification by atomic weight by chemists: Newlands (1866), Mendeleev (1869) 
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Spectral lines were studied: Young, Wollaston, Fraunhofer from sunlight

Kirchhoff: continuous, absorption and emission spectra: 

Balmer: formula for the wavelength of hydrogen (empirical):

λ = h
n2

n2 − 22



X-Rays and Radioactivity (1895)

4

Discovery of X-rays by Röntgen in 1895               First Nobel Prize in Physics in 1901
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visible on fluorescent screens
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Discovery of X-rays by Röntgen in 1895               First Nobel Prize in Physics in 1901

Cathode rays experiments 
produced invisible rays which  
darken photographic fils and are 
visible on fluorescent screens

Becquerel discovered radioactivity in 1896

Uranium darkens photographic plates

1903

Marie Curie discovered  
Polonium and Radium

1903-1911



Cathode rays and the discovery of the electron by J. J. Thomson (1897)
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Up to then, people used cathode rays but did not know what they were 
Assumed to be some sort of uncharged electromagnetic waves 
Thomson proved that they were actually particules, negatively charged

Charge to mass ratio was non-compatible with more massive ions that were known 
The particle is universal: doesn’t depend on the metal used for the diode

Cathode rays: two charged plates produce a light  
at the end of the glass chamber: why?  
To study it, put metal plates or magnets around

1906



Beginning of the century: the quantum revolution
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Planck’s proposed quantisation of energy 
of oscillators in blackbodies to derive the 
formula for spectral radiance as function 
of wavelength and temperature

I(ν) =
8πkT

c3
ν2

Classical description

1918
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“Quantum” description

Einstein built on this  
and explained the  
photoelectric effect

1921

1918



Rutherford’s Gold Foil Experiment (1907)
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To probe the structure of atoms, Rutherford shot alpha particles to a gold foil target

Plum pudding of positively charged particles is not right:  
atom has a small charged nucleus 

Expected low angle scattering from electrons which 
bathe in a cloud of positively charged substance 
Observed large angle scattering

1908

(Chemistry)



Atomic Number and Isotopes: Bohr, von Laue, Moseley

8

The atom’s size was not fixed by the experiments listed before

A bit of dimensional analysis shows that you can construct a length 
from m, e and Planck’s constant:

a0 = h̄2/(mee2) = 0.529Å

Heavier atoms’ structures was still very obscure

1922
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The atom’s size was not fixed by the experiments listed before

A bit of dimensional analysis shows that you can construct a length 
from m, e and Planck’s constant:

a0 = h̄2/(mee2) = 0.529Å

Heavier atoms’ structures was still very obscure

Moseley built on this and found the empirical formula:
ν = ν0(n − a)2

n is the positive charge of the nucleus! Can order elements  
Discovery of isotopes

1922

Key discovery: crystal diffraction of X-rays by Laue 
• X-rays are electromagnetic waves 
• They undergo diffraction in crystals: the patterns can be used to 

study the metals at the origin of the X-rays

1914



Nuclear Puzzle: Rasetti determination of the spin of Nitrogen

9

Emergence of the understanding of spin: fermions and bosons 
Electrons and protons: spin 1/2, alpha particle: spin 0, deuterium: spin 1

Stern-Gerlach experiment: the intrinsic 
angular moment of the electron is 

quantised!
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9

Emergence of the understanding of spin: fermions and bosons 
Electrons and protons: spin 1/2, alpha particle: spin 0, deuterium: spin 1

Stern-Gerlach experiment: the intrinsic 
angular moment of the electron is 

quantised!

Problem with the nitrogen nucleus:  
• If it contains 14 protons and 7 electrons, it should be a fermion 
• It was shown to have spin 1 by Ornstein and van Wyk 
• It was shown to be a boson by Rasetti

N14
7
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Raman scattering: incident light: mercury line at  
Scattered light shows Raman bands corresponding to change in rotational energy:  
Intensity of the bands depends on: 
1) how many molecules are on the J level initially  
2) whether the new J is allowed by nuclear spin statistics

λ = 2536Å
ΔJ = ± 2
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Raman scattering: incident light: mercury line at  
Scattered light shows Raman bands corresponding to change in rotational energy:  
Intensity of the bands depends on: 
1) how many molecules are on the J level initially  
2) whether the new J is allowed by nuclear spin statistics

λ = 2536Å
ΔJ = ± 2

Hydrogen (H2) 
Each nucleus = proton, spin 1/2 
Total spin can be: 
• 1 (triplet, symmetric) 
• 0 (singlet, antisymmetric) 
3 Sym. spin states combine with odd J 
1 Antisym. spin state combines with even J 

Odd J lines stronger (x3)

Nitrogen (N2) 
Each nucleus = 14N, spin 1 
Total spin can be: 
• 0 or 2 (symmetric)  
• 1 (antisymmetric) 
6 Sym. spin states combine with even J 
3 Antisym spin states combines with odd J 

Even J lines are stronger (x2) 



Bothe, Becker, Juliot, Curie’s experiment (1932)
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Shooting alpha particles again, onto a beryllium target this time

When energetic alpha particles hit light elements, 
an unknown, penetrating radiation was emitted 

Bothe and Becker experiment improved by Juliot and Curie

Juliot-Curie idea: put a paraffin wax (containing 
hydrogen)  to study the radiation
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Shooting alpha particles again, onto a beryllium target this time

When energetic alpha particles hit light elements, 
an unknown, penetrating radiation was emitted 

Bothe and Becker experiment improved by Juliot and Curie

Juliot-Curie idea: put a paraffin wax (containing 
hydrogen)  to study the radiation

Observations: 
• the radiation is uncharged (isn’t influenced by an electric field) 
• the radiation produced ejected protons at high energies (5 MeV) Majorana interpreted this as a 

neutron but didn’t publish it despite 
Fermi’s encouragement to do so

If it was a gamma ray (uncharged), its energy would have to be 50 MeV  
Incompatible with energy of the alpha particles from polonium decay
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Assuming Compton scattering 
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For boron: 

vp = 3 × 109 m/s → Eγ = 50 MeV

Eγ = 35 MeV

1935



The neutron discovery: Chadwick’s experiment (1932)

12

Assuming Compton scattering 

For beryllium:  

For boron: 

vp = 3 × 109 m/s → Eγ = 50 MeV

Eγ = 35 MeV

1935



The neutron discovery: Chadwick’s experiment (1932)

13

To study the radiation: ionisation chamber connected to a valve amplifier 
placed after a 2 mm-thick paraffin wax sheet

Polonium source from 
a solution of radium 

Ionisation chamber



The neutron discovery: Chadwick’s experiment (1932)

13

To study the radiation: ionisation chamber connected to a valve amplifier 
placed after a 2 mm-thick paraffin wax sheet

Polonium source from 
a solution of radium 

Ionisation chamber

Absorption curves of the Beryllium radiation shows that they are proton: 
Aluminium foil placed between the paraffin and the chamber



The neutron discovery: Chadwick’s experiment (1932)

13

To study the radiation: ionisation chamber connected to a valve amplifier 
placed after a 2 mm-thick paraffin wax sheet

Polonium source from 
a solution of radium 

Ionisation chamber

Absorption curves of the Beryllium radiation shows that they are proton: 
Aluminium foil placed between the paraffin and the chamber

Studied gold, lithium, beryllium, boron, carbon and nitrogen foil in front of the chamber

Studied different gases in the chamber: hydrogen, helium, nitrogen, oxygen and argon
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Assume the process is:

From conservation of energy, reconstruct the 
mass of the neutron (in atomic mass unit):
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Assume the process is:

From conservation of energy, reconstruct the 
mass of the neutron (in atomic mass unit):

(Wrong) Interpretation: 

1935




