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The idea of the atom was vague, but many elements had been discovered and studied.
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Newlands’ law of octaves

Ti == 50 Zr == 90
V=51 Nbwe 94
Cr == 52 No== 96
Mn e b Rh w1044
Fo == 56 Eo «= 1044
Ni == Co == 59 Pd == 106,6
H=1 Co==63,4 Ag =108
Bese 94 Mg=—24 Ine=fh,2 Cd==112
B w= t1 Al e 274 T - 88 Ure=116
Ceml]2  Biemi8 T="70 Bne==118
N=14 | AR == Th B == 122
Qa18 8 »= 32 Se=T79,4 To==1287
F =19 Cl=356 Br==80 J = 127
Lime 7 Ngsa23 K=30 Rbm854 Cbux13)
Ca=40 Sr=876 Ba==137
T - 45 Ce = 92
TET w56 La -84
IWt==080 Di==05

M =156 Th==1187
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Hg == 200
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Mendeleev’s periodic table



The atom before 1895

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)

ne discovereo

EFlectrons, protons and neutrons yet to

New| s’ law of octaves

-
“
Ti == 50 Zr =a 90 T 180
V=51 Nbwe 94 Ta == 182
Cr == 52 MNo== 96 W e 186
Mnwsb5 Rhe=1044 Pt==1974
Fo =56 Ro = 1044 I == 198
Niww Commb9  Pde=106,6 08w 199
H=1 Co—634 Agm108" Hg—200
'. ' ‘ Bsnl?" l}&ng:d Z:;:gg.i %r_“% Ao w= 1977
No.| NodBNo. N’\ No. No. No.! No. Coe12 = Siwm28  ?=70  Bne=118
- e ST ESh goE, poum, wewe
H 1 F a8 Cl xsco&\ 22'Br 2N 36!] 42 Pt & Ir 50 Fe19 Cl=356 Br—80  J—127
Liz g 9K  16[Cuy § 23 RD Yrag 371C8 4408 51 ATTIRER ATl WIHs Bemit Pomaor
G '.».eroC s z4br ,1C 38‘133.&\’ 4s Hg 52 Tamds  Comad2
15 \l 1IT|Cr 193X 25/Ce &S 331U 40, Ta 46 Tl 53 {’%{:33 s
C ’Si 12/Ti 4Q8/In 26,70 32/8n  30/W 47 Pb 54 Mn==15,6 Th 1187
N 6P 124 M 20/As 2z2D1'ar Mo 34|8b 41'Nb 48 Bi 53
0O 78 &88 21{Se z”xio&ll\xgs'[‘ar 43! Au 49 Th 56

Mendeleev’s periodic table



The atom before 1895

' .%Jnan/u/-ﬂ;n'; /A g"ﬁlb‘dt‘%li‘ 514 _ 15,




The atom before 1895

.
&%
b o >
P, )
Ly
f,: L ]
P a
-
“ LS
O\
| % >
il $
gy S \ = \

Kirchhoff: continuous, absorption and emission spectra:

Gas cloud

Light source Light source




The atom before 1895

c"", "
~13
_\\\\
? s | '%
g~ VIR SR a \ = : A
Spectrum with

Kirchhoft: continuous, absorption and emission spectra: .

Gas cloud

Light source

Hydrogen Absorption Spectrum

Hydrogen Emission Spectrum
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X-Rays and Radioactivity (1895)

Discovery of X-rays by Rontgen in 1895 > First Nobel Prize in Physics in 1901

Cathode rays experiments
oroduced invisible rays which

darken photographic fils and are
visible on fluorescent screens
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Discovery of X-rays by Rontgen in 1895 > First Nobel Prize in Physics in 1901

Cathode rays experiments
oroduced invisible rays which

darken photographic fils and are
visible on fluorescent screens

Becquerel discovered radioactivity in 1896
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Cathode rays and the discovery of the electron by J. J. Thomson (1897)

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 chargead

positively charged
metal plate

= Cathode rays: two charged plates produce a light
\ + o at the end of the glass chamber: why?
negatively chacged ’\J To study it, put metal plates or magnets around
metal plate |

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



Beginning of the century: the quantum revolution
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Beginning of the century: the quantum revolution

spectral irradiance (kW/mzlnm)

800 1000 1200 1400 1600
wavelength (nm)

Planck’s proposed quantisation of energy
of oscillators in blackbodies to derive the
formula for spectral radiance as function

of wavelength and temperature E = nhy Finstein built on this
37kT Srhy?> 1 and explained the
[v) =—F—v I,T) = |
C c3 ekl — ] ohotoelectric effect

Classical description ‘Quantum” description 6



Rutherford’s Gold Foil Experiment (1907)

THOMSON MODEL R%THER ‘.C‘)-R.F).MODEL
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- xpected low angle scattering from electrons which
oathe in a cloud of positively charged substance
Observed large angle scattering

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

observed result



Atomic Number and Isotopes: Bohr, von Laue, Moseley

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:

ay = h2/(me?) = 0.529A

Heavier atoms’ structures was still very obscure
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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




Atomic Number and Isotopes: Bohr, von Laue, Moseley

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:

ay = h2/(me?) = 0.529A
Heavier atoms’ structures was still very obscure

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

Moseley built on this and found the empirical formula:

v =1ry(n— a)?

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




Nuclear Puzzle: Rasetti determination of the spin of Nitrogen

‘ermions and boso
icle: spin O, deuter;

fanding of spin:
n1/2, alpha par

ders
NS: SPI

" the U
oroto

merge
ectror

NCce O]
S ANG

um: spin

L — @Oven
-~

T Uniform

~— narrow slit

Inhomogeneous
magnetic field

Zero field on

SZ

-
‘ -
+?h ----- .

'
1ol ___2 ’
.2‘h i
v

Spin can take

only two orientations

/
Photograk

pattern <@ Classical expectation
<> Experimental result

After Beiser



Nuclear Puzzle: Rasetti determination of the spin of Nitrogen
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" the understanding of spin: fermions and Losons

orotons: spin 1/2, alpha particle: spin O, deuterium: spin 1

Problem with the nitrogen N714nuc\eus:

T WAS
T WAS

SNOW
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N 1O
N 1O

I it contains 14 protons and 7 electrons, it should be a fermion

nave spin 1 by Ornstein and van Wyk

ne d boson by Rasett

Letter Published: 23 November 1929
Alternating Intensities in the Spectrum of Nitrogen

F. RASETTI

Nature 124, 792-793 (1929) | Cite this article

70 Accesses | 8 Citations | Metrics

Abstract

THE rotational Raman bands excited by the A2536 mercury line in nitrogen and hydrogen
show the alternating intensities characteristic of asymmetrical molecule with a nuclear spin.
In my communications on the subject (NATURE, May 18, 1929; Proc. Nat. Acad. Sci., 15, 515;
1929) I reported the lines corresponding to transitions between even numbered rotational

levels to be the strong ones in N3, while the opposite is true for H,.
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Stern-Gerlach experiment: the intrinsic
angular moment of the electron is
quantised!



Nuclear Puzzle: Rasetti determination of the spin of Nitrogen

Raman scattering: incident light: mercury line at 4 = 2536A

Scattered light shows Raman bands corresponding to change in rotational energy: AJ = £ 2
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

10
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Raman scattering: incident light: mercury line at 4 = 2536A

Scattered light shows Raman bands corresponding to change in rotational energy: AJ = £ 2
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

Hydrogen (H2)

-ach nucleus = proton, spin 1/2
Total spin can be:

. 1 (triplet, symmetric)
. O (singlet, antisymmetric)

3 Sym. spin states combine with odd J

T Antisym. spin state combines with even J

Odd J lines stronger (x3)
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Bothe, Becker, Juliot, Curie’s experiment (1932)

Shooting alpha particles again, onto a beryllium target this time

Source of

e

-

radioactivity

Observa

« particles

| Parafin Detection When energetic alpha particles hit light elements,
Beryllium wax device
- ® — an unknown, penetrating radiation was emitted
. ® Juliot-Curie idea: put a paraffin wax (containing

[IONS:

« The rac

Iation 1S un

« The rac

lation proc

hydrogen) to study the radiation

Unknown Protons
radiation

charged (isn't influenced by an electric field)
uced ejected protons at high energies (5 MeV)

it was a gamma ray (uncharged), its energy would have to be 50 MeV

ncompatible with energy of the alpha particles from polonium decay

11



The neutron discovery: Chadwick’s experiment (1932)

The Existence of a Neutron
Author(s): J. Chadwick

Source: Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, Vol. 136, No. 830 (Jun. 1, 1932), pp. 692-708

Published by: Royal Society
Stable URL: http://www.jstor.org/stable/95816

Assuming Compton scattering
For beryllium: v, = 3x 107 m/s - E}, = S0MeV

For boron: E}, = 35 MeV

There are two grave difficulties in such an explanation of this phenomenon.
Firstly, 1t 1s now well established that the frequency of scattering of high energy
quanta by electrons is given with fair accuracy by the Klein-Nishina formula,
and this formula should also apply to the scattering of quanta by a proton.
The observed frequency of the proton scattering is, however, many thousand
times greater than that predicted by this formula. Secondly, it is difficult
to account for the production of a quantum of 50 X 10¢ electron volts from

the interaction of a beryllium nucleus and an a-particle of kinetic energy of
5 X 10% electron volts. The process which will give the greatest amount of

12



The neutron discovery: Chadwick’s experiment (1932)

The Existence of a Neutron

Author(s): J. Chadwick
Source: Proceedings of the Royal Society of London. Series A, Containing Papers of a

Mathematical and Physical Character, Vol. 136, No. 830 (Jun. 1, 1932), pp. 692-708
Published by: Royal Society
Stable URL: http://www.jstor.org/stable/95816

-

There are two grave difficulties in such an explanation of this phenomenon.

Assumin e Com pton scatte rin Q Firstly, 1t 1s now well established that the frequency of scattering of high energy

quanta by electrons is given with fair accuracy by the Klein-Nishina formula,

For bel’y”ium: Vp — 3 X 109 m / S — E}/ — 5() MeV and this formula should also apply to the scattering of quanta by a proton.

The observed frequency of the proton scattering is, however, many thousand

For boron: E = 35 MeV times greater than that predicted by this formula. Secondly, it is difficult
Y

to account for the production of a quantum of 50 X 10¢ electron volts from

the imteraction of a beryllium nucleus and an a-particle of kinetic energy of
5 X 10% electron volts. The process which will give the greatest amount of

The experimental results were very difficult to explain on the hypothesis that
the beryllium radiation was a quantum radiation, but followed immediately
if 1t were supposed that the radiation consisted of particles of mass nearly
equal to that of a proton and with no net charge, or neutrons. A short state- 12



The neutron discovery: Chadwick’s experiment (1932)

To study the radiation: ionisation chamber connected to a valve amplifier

placed after a 2 mm-thick paraffin wax sheet

TO- pumP

Polonium source from “?:L’ L
SR Eﬁ_ : onisation chamber

a solution of radium T

Fic. 1.
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The neutron discovery: Chadwick’s experiment (1932)

To study the radiation: ionisation chamber connected to a valve amplifier

placed after a 2 mm-thick paraffin wax sheet

TO- pumP

Polonium source from “-"-==L' L
|4 %—-f” - lonisation chamber

a solution of radium

Fic. 1.

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

13



The neutron discovery: Chadwick’s experiment (1932)

The Existence of a Neutron

Author(s): J. Chadwick

Source: Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, Vol. 136, No. 830 (Jun. 1, 1932), pp. 692-708

Published by: Royal Society
Stable URL: http://www.jstor.org/stable/95816

Assume the process is:

-rom conservatl

Mmass of the neL

on of energy, reconst
tron (in atomic Mass

B + He? — N4 4 1,

‘uct the

unit):

The masses are BY = 11-00825 -4 0:0016; He*=4-00106 4- 0-0006 ;
N1 = 14-0042 + 0-0028. The kinetic energies in mass units are a-particle =
0-00565 ; neutron = 0-0035; and nitrogen nucleus = 0-00061. We find
therefore that the mass of the neutron is 1-0067. The errors quoted for the
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The neutron discovery: Chadwick’s experiment (1932)

The Existence of a Neutron

Author(s): J. Chadwick

Source: Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, Vol. 136, No. 830 (Jun. 1, 1932), pp. 692-708

Published by: Royal Society
Stable URL: http://www.jstor.org/stable/95816

Assume the process is:

-rom conservatl

Mmass of the neL

(Wrong) Interpretation:

on of energy, reconst
tron (in atomic Mass

B + He? — N4 4 1,

‘uct the

unit):

The masses are BY = 11-00825 -4 0:0016; He*=4-00106 4- 0-0006 ;
N1 = 14-0042 + 0-0028. The kinetic energies in mass units are a-particle =
0-00565 ; neutron = 0-0035; and nitrogen nucleus = 0-00061. We find
therefore that the mass of the neutron is 1-0067. The errors quoted for the

Such a value for the mass of the neutron is to be expected 1f the neutron

consists of a proton and an electron, and it lends strong support to this view.
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