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The Eternal Quest:The Eternal Quest:
What are the ultimate building blocks of matter?What are the ultimate building blocks of matter?

During middle ages, an idea that did not work 
postulated

the 4 “elements” earth, fire, water, air.

Smallest indivisible 
(ατοµοσ) units of 
elements

Dalton’s atomic hypothesis (1803-1807): Atoms are 
smallest building blocks, characteristic but 
identical for given chemical element

Integer proportions in chemical compounds

Forgotten earlier ideas of the Greek antique.
Democritus (app. 400 B.C.) had an interesting 
variation of the 4-element hypothesis:
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Chemical Properties and ReactionsChemical Properties and Reactions

Combination in integer proportions
nA + mB u An Bm

e.g. 4H + 2O u 2H2 O

Conservation of mass: Number of atoms of 
each species is conserved. No single atom 
gets lost in a chemical reaction, there is no 
transformation of matter, atoms of the 
chemical elements are only arranged 
differently.

Systematic study by Mendeleev (1869): Noticed 
patterns in the combination ratios of elements and 
their periodic reoccurrence.

Proof: 
Dissociation of 
chemical 
compounds.
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Mendeleev’s Periodic TableMendeleev’s Periodic Table

Periodic Table of the 
elements (Mendeleev 1869): 
Arrangement in rows and 
columns according to weight 
and recurring chemical 
properties. Some problems!

Mendeleev’s 
Table
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Modern Periodic TableModern Periodic Table

Correct ordering is according to “atomic number” Z, 
the number of electrons and protons in the atom.



Röntgen’sRöntgen’s Mysterious X RaysMysterious X Rays
Study of phosphorescence in gas discharge 
tubes (“Cathode ray tubes”) produces 
penetrating X rays, originating at anode and 
with energy characteristic of anode 
material.

X-ray machines are 
used in medical 
imaging. Bones 
absorb X rays more 
readily than tissue.

Image of hand of Röntgen’s wife.

Cathode ray 
tube
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Natural RadioactivityNatural Radioactivity

Henry Becquerel

Hypothesis: Uranium salt irradiated 
with sunlight emits penetrating  
phosphor-essence radiation, which 
darkens photo-graphic plates. 

Experiment: Place absorbing object 
(metal star) on closed box containing 
photographic plate. Expose setup to 
U salt in bright sunlight. Observe 
shadow of shape.

FindingFinding: Object is imaged on plate inside closed box, when 
exposed to U salt. Surprise: works also in the dark. Sunlight is
not required. U salt radiates spontaneously.

Becquerel discovered (1896) that certain 
crystals (e.g., U salt) emit penetrating 
radiation (like X rays). 
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Studying Natural RadioactivityStudying Natural Radioactivity
Marie (and Pierre) Curie 
studied (1897-1904) the 
property of 
“pitchblende”, obtained 
in mining of uranium.
Motivation by 
Becquerel’s discovery. 
Found Thorium, Radium
Ra powerful radiator

Sensitive electrometers were used to 
measure weak ionization currents produced 
in air by the Ra or U salts.

pitchblende

electrometer
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Different Types of RadiationDifferent Types of Radiation

α rays
deflected like positive particles, stopped 
in 0.001” Al foil. Identified later as He++ 

ions

β rays
deflected like negative particles, highly 
penetrating.
Identified later as e- electrons

γ rays
not deflected, like rays of light
Identified later as energetic photons, 
light of short wave length

α
γ

β
Active 
sample

M
agnet

Radioactive Ra 
sample in a 
magnetic field



September 01

W
. U

do
 S

ch
rö

de
r: 

H
is

to
ry

 N
S

10

What are Cathode Rays?What are Cathode Rays?
J.J. Thomson (1894-97)
Deflection experiment in 
vacuum with crossed electric 
and magnetic fields. Predictions 
if rays were charged particles:U +-

+

-U +- crossed magnetic 
and electric fields

B
E

-

+
crossed magnetic 
and electric fields

U +-

B
E

( )
:

2 / 2 /

Lorentz Force

F e E v B

Particle velocity

v K m eU m

= ⋅ + ×

= =

It proved possible to balance 
the effects of  electric and 
magnetic fields resulting in no 
net deflection of rays. 
Cathode rays are charged 
particles!

Deflection Plate
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Question:Question:

What information can one obtain on a charged 
particle of kinetic energy K from observing a certain 
(which?) balance of electric and magnetic fields?
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Question:Question:

What information can one obtain on a charged 
particle of kinetic energy K from observing a certain 
(which?) balance of electric and magnetic fields?

Hint:Hint:
Balance E and B so that no net deflection occurs for 
particle. Then, the Lorentz force must be zero, F = 0.
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Question:Question:

What information can one obtain on a charged 
particle of kinetic energy K from observing a certain 
(which?) balance of electric and magnetic fields?

Hint:Hint:

( )
1 :
0

, | | /

2 / 2 /
/ .

Lorentz Force in dimension
F e E vB

E vB Particle speed v E B

K eU kineticenergy v K m eU m
obtain e m for particle

= ⋅ + =

⇒ = − =

= → = =

Balance E and B so that no net deflection occurs for 
particle. Then, the Lorentz force must be zero, F = 0.

Answer:Answer:
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The ElectronThe Electron

11

19

31

. . : / 1.76 10 /

. . : 1.602 10
9.11 10

J J Thomson e m C kg
R A Millikan e C

m kg

−

−

= ⋅

=− ⋅

→ = ⋅

Cathode rays are negatively charged 
particles, “electrons”

The elementary charge was the same found in Faraday’s 
earlier electro-chemical experiments. 

Where do these electrons come from? Must come 
from inside the atom.



Atomic ModelsAtomic Models
Thomson’s plum pudding model: positive and negative 
charges distributed over entire atom

Very little net scattering of α (He++) 
particles predicted in Thomson’s model, 
interaction averages out: <VCoulomb>= 0.

Multiple-scattering theory for Ra α 
particles and a Au nucleus:

Most probable deflection Θ = 0.87o

Probability for back scattering 

P(180o) =3.10-2174 !!! extremely improbable

α

scatter anglesc
at

te
r 

pr
ob

ab
ili

ty

Thomson

scatter angle



Atomic ModelsAtomic Models

Bohr’s planetary model: positive nucleus 
in center                orbited by electrons

α

ln σ

scatter anglesc
at

te
r 

pr
ob

ab
ili

ty

Bohr

Thomson

Experiment by Experiment by 
Geiger, Geiger, MarsdenMarsden, , 
Rutherford decidesRutherford decides
for Bohr Modelfor Bohr Model

4

1 .

1( )
sin ( / 2)

1(180 )
20000

Coulomb

o

V varies strongly with distance rr

Rutherford scattering P

P

θ
θ

∝

∝

=
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Early Detectors for Subatomic ParticlesEarly Detectors for Subatomic Particles

Chamber filled with 
organic vapor/moist gas.

When suddenly 
connected to evacuated 
expansion vessel, gas 
cooled below 
condensation point. Any 
impurity would function 
as a seed to form liquid 
droplets.

Tracks of ionizing 
particles produced such 
condensation seeds.Early advertisement for cloud chanbers.
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ExamplesExamples

In Curie’s laboratory.

Tracks of a particles from 
RaC’ (214Po)

Tracks of different nuclear 
events.
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Discovery of the Neutron (Chadwick, 1932)Discovery of the Neutron (Chadwick, 1932)
Bombardment of light elements with α particles produced 
penetrating radiation “beryllium rays”. Not charged particles!

beryllium

lead

Cloud Chamber

Ra 

α source

Beryllium rays penetrate sheets 
of metal, but are stopped by 
paraffin, unlike γ-rays.  Can hit a 
proton in a cloud chamber (red 
trace)

neutral particle:”neutron” 

2

2

4 cos ( )
( )

neutron scatter
proton neutron

neutron proton

mE E
m m

θ⋅
=

+

Cloud chamber: neutron track 
invisible, struck proton. Get mass 
of neutron from kinematic relation

Vary Θscatter and recoil nucleus
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Basic Constituents of Atomic NucleiBasic Constituents of Atomic Nuclei

A nucleons: protons (H+) plus neutrons
Z protons (equals the number of electrons in a neutral 

atom)
N=A-Z neutrons

Masses

mp = 1.673·10-27kg = 938.279 MeV/c2 = 1.00728 u (mass units)

mn =  1.675·10-27kg = 939.573  MeV/c2= 1.00867 u

1u = m(12C)/12 = 1.6606·10-27kg = 931.502  MeV/c2

Charges
ep = +e = 1.602·10-19C  (Coulomb)       en = 0

Useful parameter  e2 = 1.440·10-15 MeV·m =1.440 MeV·fm

4
2 2

A
Z NX He=

Helium
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Chart of Nuclides (Chart of Nuclides (SegréSegré Chart)Chart)

N

Z

N=
Z

280 stable nuclides

>3000 produced in lab

“drip lines”
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• nIsobars, Isotopes, IsotonesIsobars, Isotopes, Isotones

Th Isotopes

A = 209 Isobars

N
=1

18
 I

so
to

ne
s
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Consistency of Stable NucleiConsistency of Stable Nuclei

An important detail:

Of the 280 stable nuclides,

• 170 have  N even    Z  even
• 50-60 have  N or Z even, the other quantity odd
• 4 have  N odd and Z odd (extremely rare!)

Preference of “paired” nucleons.
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Solar Abundances of ElementsSolar Abundances of Elements
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Transmutation of NucleiTransmutation of Nuclei
By nuclear decay
α-decay  : ∆Z = -2  ∆N = -2
p-decay  : ∆Z =  -1  ∆N =  0
n-decay  : ∆Z =   0  ∆N = -1
β+-decay : ∆Z =  -1  ∆N = +1
β−-decay : ∆Z =  +1  ∆N = -1
electron capture:

∆Z =  -1  ∆N = +1
α

p

n

neutron number N

pr
ot

on
 n

um
be

r 
Z
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Transmutation of NucleiTransmutation of Nuclei

By nuclear reactions, example:

( )

9 12

9 12,
Reaction Be C n
Notation Be n C

α

α

+ → +

Target

Projectile
Ejectile

Recoil,

Residue

neutron number N

pr
ot

on
 n

um
be

r 
Z

α

n

n

α

(α
,n
)

(n
,α

)

Inverse reaction:

( )

9 6

9 6,
Reaction Be n He
Notation Be n He

α

α

+ → +

By nuclear reactions, example:

Important application: 
Transmutation of nuclear 
waste (weapons, spent fuel)

Large changes are possible with 
heavy-ion reactions
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