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SUMMARY OF THE UNIT

Section F1 - THE RUTHERFORD MODEL OF THE ATOM
The nature and properties of alpha, beta, and gamma radiation

EXPERIMENT F4  The development of our present picture of the atom began in 1896 when
Photographic detection of radiation Becquerel discovered that uranium compounds could affect photo-
graphic plates and also ionize a gas.
EXPERIMENT F3 There are three types of radiation emitted and they can be identified
Penetrating power of a-, B-, and y-rays by their penetrating power, ionizing ability, and behaviour in a
magnetic field.
EXPERIMENT F2 Alpha radiation has a range of a few centimetres in air and can be
Number of ions produced by an  stopped by a sheet of paper. It can cause intense ionization in gas and is
alpha particle  deflected by a very strong magnetic field. The deflection by a magnetic
field suggests that it consists of relatively heavy, positively charged
particles. Alpha particles are in fact helium ions with a double positive
charge. The energy range of alpha particles from different sources varies
from about 4 to 10 MeV, and this corresponds to kinetic energies giving
IMeV=16x10"*3J them speeds of about 1.5 to 2 x 10" ms ™. The alpha particles emitted
from a particular source all have the same energy.
Beta radiation is more penetrating than alpha radiation, having a
range up to about one metre in air, and it is able to penetrate a few
EXPERIMENT F1  millimetres of aluminium. It causes less ionization and is more easily
The deflection of beta radiationina  deflected by a magnetic field than is alpha radiation. The direction and
magnetic field amount of deflection indicates that beta radiation consists of negatively
charged particles with a relatively small mass. In fact, beta particles are
fast-moving electrons. The energy range of beta particles (from about
0.025 to 3.2MeV) corresponds to kinetic energies giving them speeds
very close to the speed of light (3 x 108 m s~ !). Beta particles are emitted
with an almost continuous energy spectrum.
Gamma rays have the ability to penetrate several centimetres of
lead: they cause only weak ionization. They are not deflected by a
magnetic field, which indicates that this radiation does not consist of
charged particles. Gamma rays are in fact a form of electromagnetic
radiation, travelling with the speed of light, and with wavelengths
shorter than those of X-rays. Unlike beta particles, the gamma rays
emitted by a particular source can have only certain sharply-defined
QUESTIONS 1to 7  energies. For example, cobalt-60 emits 1.2 and 1.3 MeV gamma rays.

Sources and activities

Bq=becquerel Sources of radioactivity used in schools are relatively weak; they have

1Bq=1 disintegration per sccond  1OW activities of about 18 x 10* Bq (5 pCi) or less. Typical sources are:

1 curie (Ci)=3.7x10!°Bq  Radium-226 for alpha and beta particles, and gamma radiation.
Americium-241 for alpha particles (also some low-energy gamma
radiation).

Strontium-90 for beta particles.
Cobalt-60 for gamma radiation.
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Section F3

READING

‘Radioactivity and the nuclear atom: a
brief history” (page 373)

a-source

foil

Figure F1

Angle ¢ Number scattered at angle ¢
/degrees into fixed small area
150 33.1
135 430
120 51.9
105 69.5
75 211
60 477
45 1435
37.5 3300
30 73800
22.5 27300
15 132000
Table F1
h
r
Figure F2

The activity of a particular source depends on the quantity of radio-
active material it contains, as well as the particular atomic species
(nuclide). Thus a 2 x 10° Bq source of, say, strontium-90 contains twice
as many °%Sr atoms as a 1 x 10° Bq source.

Nuclear gunnery

Many experiments in atomic and nuclear physics consist of bombard-
ing one kind of particle with another. The ionization energy of atoms
(the energy needed to remove one of the outer electrons) can be found
by bombarding gas atoms with relatively slow-moving electrons ‘boiled
off” a hot wire. When accelerators are used to produce very fast-moving
particles (speeds approaching that of light), much more damage is done:
the atomic nucleus may break up and new particles can be created.

Some very important bombardment experiments crucial in the
development of the nuclear model of the atom were carried out by
Rutherford and his colleagues Geiger and Marsden in about 1913. They
used alpha particles from radioactive sources to bombard metal atoms.
To interpret their results it is essential to know the properties of alpha
particles: their mass, electric charge, and energy.

The Rutherford model of the atom

The idea that matter ultimately consists of ‘uncutable’ atoms (particles
which cannot be subdivided any further) is a very old one. Our present
ideas of how atoms are made up of smaller particles began to develop
early in the twentieth century. By 1900, J. J. Thomson had found that
electrons could be removed from atoms, and in 1904 he proposed a so-
called ‘plum pudding’ model for the atom: negative electrons embedded
in a sphere of uniformly distributed positive charge. Some experiments
in about 1910 produced surprising results which the Thomson model
could not explain. When alpha particles were fired at a metal, a few
were turned back or scattered through very large angles (figure F1).
This suggested to Rutherford that the atom’s positive charge was
concentrated in a small but massive nucleus; the scattering was due to
the electrical repulsion of the alpha particle by the central small
nucleus. Geiger and Marsden were then set to work to test this model
experimentally.

The experiment tested whether the scattering behaved as if the
particles were acted upon by an inverse-square law force. The particles
could not be followed along their paths so an indirect test had to be
arranged. The number of particles recorded at particular angles
(table F1) was compared with the number predicted if the force acting
upon them were an inverse-square one. The experimental results agreed
with the theoretical predictions.

A “1/r hill’ is a physical model which has some of the properties of
the nuclear atom. The hill is carefully constructed so that its height
varies as 1/r, r being the distance from the centre (figure F2). When a
ball rolls on the hill its potential energy therefore varies as 1/r and the

force on it as 1/r%
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Geiger and Marsden slowed down alpha particles by passing them

DEMONSTRATION F5  through thin sheets of mica. They found that slower-moving alpha

Qualitative test of the  particles are more likely to be deflected; see table F2. Tests with the hill

gravitational hill model” show that the lower the initial kinetic energy of the ball, the larger the
angle it is deflected through.

Number Range of Number of
of sheets a-particles a-particles
of mica after leaving  detected at
) mica fixed angle
0 5.5 247
1 4.76 29.0
2 4.05 334
3 3.32 44
4 2.51 81
5 1.84 101

Table F2 6 1.04 255

The fact that the vast majority of alpha particles either pass through

the foil undisturbed or are scattered at small angles is evidence for the

QUESTIONS 10to 13 small size of the nucleus — the undeflected particles pass too far from
any nucleus to be significantly affected.

QUESTIONS 8, 9 The size of the nucleus — defined by the distance of closest approach

of an alpha particle — is of the order of 10~ *m; that is, four orders of
Faom X 10000 X 7,000 MAagnitude smaller than the atom itself.

Section F2 EXPONENTIAL DECAY
Radioactive decay and half-life

EXPERIMENT F6  Radioactive decay is a spontaneous process which cannot be controlled
Decay and recovery of protactinium  and is not affected by chemical reactions, temperature, or pressure.
Radiation is emitted from the nucleus of an atom and the process does
not involve the atom’s outer electrons. When a nucleus emits an alpha
or a beta particle the nucleus of a different atom, called the daughter
atom, is formed.
EXPERIMENT F7 The half-life of a particular radioactive nuclide is defined as the time
The decay of radon and the it takes for half the nuclei originally present to disintegrate. Since
determination of its half-life  activity is proportional to the number of active nuclei present, the
activity due to a particular nuclide also falls to half its initial value in
one half-life.
Half-lives can vary from millionths of a second to millions of years.
Polonium-212 has a half-life of 3x 10~ 7s, whereas the haif-life of
AN/Atoc —N  uranium-238 is 4.5 x 10° years. The activity of a radioactive substance —
the number of disintegrations per second — is directly related to the
EXPERIMENT F8 number of undecayed nuclei present. The process is governed by
Radioactive decay analogue  chance, like the throwing of a die. The chance of a given nucleus
decaying in, say, one second is fixed, but there is no way of being sure
QUESTION 14  whether that particular nucleus will decay during the second or not. If
many undecayed nuclei are present the decay curve will be quite
smooth, but when only small numbers are involved the statistical
fluctuations are much more noticeable.
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QUESTIONS 15 to 18

QUESTIONS 19 to 23

‘About exponential changes’ (page 394)
QUESTIONS 24 to 27

A is the decay constant

Figure F3

The rate of radioactive decay depends on the number of undecayed
nuclei present. The decay curve has the same shape as that for the decay
of charge on a capacitor, where the rate depends on the amount of
charge. Other processes grow at a rate which depends on the quantity
of something present — for example, the growth of a population of
bacteria. Such processes are called exponential decay or exponential

- growth, respectively. The characteristic of an exponential change is the

constant ratio property: in equal intervals of time the quantity present
always grows (or decreases) by a constant factor. Exponential growth
has a constant doubling time; exponential decay has a constant half-life.

Amount
Amount

decay growth

Time

Figure F3 Figure F4 0 Time

The exponential function

In 102, 103, &, the quantities 2, 3, and ¢ are called ‘exponents’; they are
also called ‘powers’ or ‘indices’. This is where the word ‘exponential’
comes from. The growth equation AN/At=AN can be solved numeri-
cally. The solution is of the form N=a". This gives a constant-ratio
curve when values of N are plotted against . When 1=1.0 and N=1.0
at t=0, the value of a is 2.718... which is the natural number e. The
general solution of the equation AN/At=AN is N =e™.

Similarly, the equation for decay, AN/At= — 1N, has the solution
N =e~*. This assumes that N=1.0 at t=0, but this is not always true.
The solutions become N=N,e * for a decay and N=Nye* for a
growth, where N is the value of N at t=0and N is the value after time ¢
(figures F5, F6).

Amount
Amount

Z
o

growth

A Af
A= e N = N
No decay

0

0 Time
0 Time Figure F6
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N/Ng=e™ ¥
=InN=InNy,—At

QUESTION 28

2
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Number of atoms

parent

Time

Figure F8

The constant-ratio property is a test of whether or not a curve is
exponential. If the change is exponential, a graph of In N against time
will be a straight line. The slope is positive for a growth curve, and

- negative for a decay curve (figure F7).

2

In No

0 Time

Figure F7

Half-life and decay constant

After one half-life (z,)
N=Ny/2=Nse **

from which it follows that
A=In2/t;=0.693/t,

and

t, =0.693/4.

Radicactive decay and recovery

When alpha or beta radiation is emitted from a nucleus, a new nucleus
of a different substance is formed. This new nucleus is called the
daughter product. If the daughter nucleus is not radioactive, the number of
daughter nuclei present at any time is just the number of parent nuclei
which have decayed: N,— N. But N is given by N=N,e *.

SO No“—NzNo'—Noe_lt:No(l_e_lt).

Radioactive equilibrium

The daughter product may also be radioactive. If the daughter half-life
is very much less than the parent half-life a state is soon reached where
the daughter atoms are decaying as quickly as they are being produced.
Thus the number of daughter atoms present in the sample is constant.
This condition is called radioactive equilibrium. For example, the
amount of protactinium present in a sample of uranium quickly reaches
an equilibrium value because the half-life of protactinium is rather
short.
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Section F3

Z =proton (or atomic) number
A (nucleon number) = number of protons
+ number of neutrons

m,=1.675x10"2"kg

m,=1.673x10"2"kg

QUESTION 29

2.4

>

isotope means ‘same place
(i.e., in Periodic Table)

QUESTIONS 30 to 33

‘Radioisotopes’ in the Reader Particles,
imaging, and nuclei

QUESTION 34

QUESTION 35

DEMONSTRATION F9
lonization by electron colfision

THE NUCLEUS
Proton number, nucleon number, and the Periodic Table

Alpha-particle scattering experiments by Geiger and Marsden es-
tablished Rutherford’s model for the atom: a small, massive, positively-
charged nucleus, surrounded by negative electrons. The amount of
scattering depends, among other things, on the nuclear charge, that is,
on the number of protons in the nucleus. In the Periodic Table the
elements are arranged in order of increasing proton number, Z. The
nucleon number of an atom, A, is usually about twice its proton
number. This means that the mass of the nucleus is about twice the mass
of the protons it contains. The extra mass is due to the uncharged
neutrons, each of which has a mass approximately equal to the mass of
a proton. Because neutrons are uncharged they do not cause ionization
and can penetrate matter easily. This makes them difficult to detect.
Although their existence was suggested by Rutherford in 1914, neutrons
were not shown to exist until 1932. Then it was possible to propose a
model for the nucleus containing A4 particles, Z of them protons and
(A4 —Z) neutrons. In the atom there are also Z electrons. All atoms with
the same value of Z are chemically the same.

Isotopes

Atoms with the same Z but different A are isotopes: they are chemically
the same, but have different masses. For example, seven isotopes of
carbon have been identified. Most are radioactive. Some 98.9 per cent
of naturally-occurring carbon is *2C, which is stable. On the other
hand, *¢C is a naturally-occurring radioactive isotope with a half-life of
about 5000 years, and is the basis of radiocarbon dating. Radioactive
isotopes can also be manufactured, often by neutron irradiation in a
nuclear reactor (for example 2*Na+ 'n— ?#Na). Radioisotopes have
many uses in science, medicine, and industry.

Electrons and ionization energy

Alpha particles can be detected by a Geiger-Miiller (GM) tube because
they ionize the gas inside the tube. The ions created by an alpha particle
also act as condensation centres in a cloud chamber. Alpha particles
have energies of about 5 MeV.

Beta particles (high-energy electrons) also cause ionization and can
be detected with a GM tube. Experiments with electrons show that
when they are accelerated through a low-pressure gas, energies of only
10-20¢eV are sufficient to cause ionization. The energy of the bombard-
ing electron is transferred to the gas atom which gains enough energy
for one of its outer electrons to break free from the electric force which
binds it to the nucleus. Since the bound system (the atom) has less
energy than the ion plus free electron which results, the energy binding
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QUESTIONS 36 to 38

the electron to the atom is taken to be negative, in the same way that the
energy of a bound system such as the Earth and the Moon is taken to be
negative.

Energy must be added to a neutral atom to free an electron, and
ionization energy is conventionally taken as a positive quantity; it is
equal in magnitude to the electron’s binding energy.

Ionization energy varies from element to element, in a way which
reflects the element’s position in the Periodic Table (figure F9).
Elements in the same column of -the Periodic Table have similar
ionization energies. The addition of one more proton can change the
ionization energy drastically: inert gases such as helium bind their
electrons firmly, whereas an alkali metal such as lithium has an outer
electron which is weakly bound and has a low ionization energy. Using
our knowledge of ionization energies we can confirm that an atom’s
outer electrons are about 1071 m from the nucleus.
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Proton number, Z
Figure F9

Tonization energies of the elements.

If the atom is bombarded by electrons with energies less than the
binding energy, inelastic collisions may still occur. Some of the energy
of the bombarding electron is absorbed by the atom but it is not enough
to free an atomic electron. This process is called excitation. The excited
atom loses this extra energy — usually very quickly — by emitting light. If
the electron does not have enough energy to cause excitation then the
collision will be elastic: the bombarding electron loses no energy, the
atom gains none.

Transformation rules

An alpha particle is a helium nucleus emitted from the nucleus of a
decaying atom. A beta particle is an electron liberated when a neutron
in the nucleus decays into a proton plus an electron (plus a massless
neutral particle, the neutrino). The changes in Z and A which accom-
pany these decays are shown in table F3. - ‘
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QUESTIONS 39 to 41

Unit L, ‘Waves, particles, and atoms’

QUESTION 42

‘The particles and forces of nature’ in the
Reader Particles, imaging, and nuclei

‘Lasers probe the atomic nucleus’ in the
Reader Particles, imaging, and nuclei

Figure F10

change in proton change in nucleon

number Z number 4
o decay —2 —4
Bdecay +1 0
Table F3

When a nucleus emits gamma radiation, neither Z nor 4 change.
Gamma radiation is not a stream of particles, but is very short-
wavelength electromagnetic radiation — shorter than X-rays. Atoms
emit light when their electron energy levels change, and we can learn
about these energy levels from the wavelength of light emitted. Gamma
radiation is emitted when nuclear energy levels change, and analysis of
the radiation gives information about nuclear energy levels.

What holds the nucleus together?

A simple calculation shows that gravity is not nearly strong enough to
hold the protons in a nucleus together against the electric repulsion
between them. A new force, which acts on neutrons as well as protons, is
at work. This force is evidently restricted to very small distances — its
influence is not felt outside the nucleus.

Nuclear binding energy

This attractive force gives rise to a nuclear binding energy. Because a
collection of neutrons and protons has less energy than the same
particles have when far apart, the nuclear binding energy is negative.
The larger the number of particles in the nucleus, the more negative the
binding energy is. For each nucleon added the total binding energy
decreases approximately by a further 8 MeV. Nuclear binding energies
are much larger in magnitude than ionization energies.

However, the graph of nuclear binding energy (BE) against nucleon
number A4 is not quite a straight line (figure F10), and a graph of BE/A
(average binding energy per nucleon) against 4 shows some interesting
features (figure F11).
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—500%
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250

Average binding energy per nucleon/MeV

Figure F11
Average binding energy per nucleon as a function of number of nucleons.
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QUESTION 43

Unit H, ‘Magnetic fields and a.c.’

1u=1.66x10"2"kg

QUESTION 29

QUESTIONS 44 to 46

c=3x108ms™! (speed of light)

“fission’ means splitting

The most stable nuclei are those with the most negative binding
energies. The iron nucleus, *Fe, is the most stable. *He, *2C, and 190
are each more stable than their immediate neighbours. 23U is
considerably less stable than lighter nuciei. This suggests that if the 235
nucleons in ?**U could be rearranged into two or more lighter and
more stable nuclei, energy would be released.

Calculation of nuclear binding energies

The masses of atoms can be measured very precisely using a mass
spectrometer. The masses of the elementary particles (proton, neutron,
and electron) are also known with considerable precision. These very
small masses are often expressed in unified atomic mass units (u). 1 u is
one-twelfth of the mass of an atom of *2C. It is a surprising fact that the
mass of an atom — any atom — always turns out to be less than the value
found by adding the masses of its constituent parts. The difference is
biggest in the case of 3Fe, less for 233U, and considerably less for °Li.
This mass loss (or mass defect) is a measure of the binding energy.

Einstein’s theory of relativity linked the concepts of mass and
energy. He showed that energy has mass. Experiments demonstrate that
a very fast-moving electron is accelerated less by a given force than a
slow-moving one: its mass is greater. The mass of a clock spring is
greater when it is wound, and storing energy, than when it has run
down; the mass of a beaker of hot water is greater than the mass of the
same water molecules when cold. For these everyday examples the mass
change is far too small to be detected. But the mass of an atom of “He is
about 0.03 u (0.75 per cent) less than the mass of two protons plus two
neutrons plus two electrons.

This loss of mass means that the atom has less energy than its parts.
Mass change and energy change are related by

AE=c?Am
The energy loss corresponding to 0.03 u is 28.3 MeV, so the average

binding energy per nucleon for “He is —28.3/4 MeV = —7.1 MeV, as
shown in figure F11.

Fission

It is possible to cause certain heavy atoms (high nucleon number) to
split into two roughly equal parts. A few free neutrons will also be
produced. Although this can happen spontaneously, it is a very rare
event. We can trigger this process by adding an extra neutron to the
nucleus. A typical example is

235U +3n - 14¢Ba+32Kr+2in

The nucleus of 233U ‘captures’ a low-energy neutron (slow neutron); the
resulting nucleus is unstable and splits. (Note that the reaction shown is
just one example of many possibilities.) The neutrons produced in the
reaction can in turn be captured by other 233U nuclei, and so the
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chain reaction ~ reaction continues, perhaps at an increasing rate. Since the total
binding energy of the products is less (more negative) than the binding
Unit G, ‘Energy sources’  energy of 22°U, energy is released in this reaction — about 200 MeV per
nucleus. Most of this energy appears as kinetic energy of the fission
fragments. 200 MeV per atom is equivalent to about 80 x 106 MJ per
kilogram — very much more than the energy available in a chemical
reaction, for example, when one kilogram of oil or coal is burned (about
30 MJ per kg).

Fusion

‘fusion’ means joining, uniting (or melting) The ‘energy well’ shown in figure F11 slopes very steeply near the
origin. If it were possible to move deeper into the ‘well’ by combining
two light nuclei on this part of the curve to form a single more massive
nucleus, the energy released per nucleon would be much greater than in
fission.

Unit G, ‘Energy sources’ Fusion is a difficult process to achieve because of the strong
electrical repulsion between the nuclei when they are close to each
other. At extremely high temperatures (about 100 million K) the nuclei
have enough kinetic energy to overcome this repulsion. A possible
fusion reaction involving deuterium (heavy hydrogen) is

H+2H > 3He+4n

This reaction releases 3.3 MeV, but the energy per kilogram is greater
than in fission.
‘Our nuclear history’ in the Reader The Sun’s energy source is a sequence of fusion reactions of this kind
Particles, imaging, and nuclei  in which hydrogen is converted into helium.
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READING

RADIOACTIVITY AND THE NUCLEAR ATOM: A BRIEF HISTORY

Our modern nuclear model of the atom derived, after a lapse of twenty
years, from two remarkable discoveries. The first, by H. Becquerel in
1896, was of the effect we know as radioactivity; the second was the
discovery by J.J. Thomson in 1897 that all atoms of all elements
contained the same light, negatively-charged particles we now call
electrons.

Becquerel’s discovery

In 1896, Henri Becquerel was trying to see whether phosphorescent
materials that glowed when light had shone on them emitted any
penetrating rays like the X-rays that Rontgen had recently discovered.
He reported in the journal of the French Academy of Sciences:*

‘One of Lumiére’s gelatine bromide photographic plates is wrapped in
two sheets of very heavy black paper so that the plate does not fog on a
day’s exposure to sunlight.

‘A plate of the phosphorescent substance (uranium potassium suiphate)
is laid above the paper on the outside and the whole exposed to the Sun
for several hours. When later the photographic plate is developed, the
silhouette of the phosphorescent substance is discovered, appearing in
black on the negative.’

A little later, in the same volume, he wrote:

‘Among the preceding experiments some were prepared on Wednesday
the 26th and Thursday the 27th of February, and, as on those days the
Sun only appeared intermittently, I held back the experiments that had
been prepared and returned the plate holders to darkness in a drawer,
leaving the thin layers of the uranium salt in place. As the Sun still did
not appear during the following days, I developed the photographic
plates on the first of March, expecting to find very weak images. To the
contrary, the silhouettes appeared with great intensity. I thought at
once that the action had been going on in darkness...’

Repeated tests soon identified the uranium as the cause of the effect.

J. J. Thomson and the electron

In 1897 Thomson published his classic papert on his experiments with
cathode rays which led him to propose that these rays consisted of

*ROMER, A. (ed. and trans.) The discovery of radioactivity and transmutation. Dover, 1964.
From Comptes rendus de I’ Académie des sciences. Volume 122, 742.

FTHOMSON, 1. 1. ‘Cathode rays’. Philosophical Magazine. Volume 44 (5), October 1897,
p- 293. (Reprinted in WRIGHT, s. (ed.) Classical scientific papers — physics.)
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streams of negatively-charged particles of very small mass. These later

became known as ‘electrons’. The properties of these particles were just

the same whatever gas was used in the tube and whatever metal was
- used for the cathode. -

Naturally Thomson tried to relate his discovery of the electron as a
universal ingredient of atoms to what was then known about atoms;
and, in particular, to the perplexing problem of the periodicities
recognized in the Periodic Table. Of these, the most important was the
arrangement of the elements in groups containing 2-8—8- etc., elements,
with properties repeating from group to group. Thomson wrote:}

‘We have seen that corpuscles§ are always of the same kind whatever
may be the nature of the substance from which they originate; this, in
conjunction with the fact that their mass is much smaller than that of
any known atom, suggests that they are a constituent of all atoms; that,
in short, corpuscles are an essential part of the structure of the atoms of
the different elements. This consideration makes it important to
consider the ways in which groups of corpuscles can arrange themselves
so as to be in equilibrium. Since the corpuscles are all negatively-
electrified, they repel each other, and thus, unless there is some force
tending to hold them together, no group in which the distances between
the corpuscles is finite can be in equilibrium. As the atoms of the
elements in their normal states are electrically neutral, the negative
electricity on the corpuscles they contain must be balanced by an
equivalent amount of positive electricity; the atoms must, along with
the corpuscles, contain positive electricity. The form in which this
positive electricity occurs in the atom is at present a matter about which
we have very little information. No positively-electrified body has been
found having a mass less than that of an atom of hydrogen. All the
positively-electrified systems in gases at low pressures seem to be atoms
which, neutral in their normal state, have become positively-charged by
losing a corpuscle. In default of exact knowledge of the nature of the
way in which positive electricity occurs in the atom, we shall consider a
case in which the positive electricity is distributed in the way most
amenable to mathematical calculation, i.e., when it occurs as a sphere of
uniform density, throughout which the corpuscles are distributed. The
positive electricity attracts the corpuscles to the centre of the sphere,
while their mutual repulsion drives them away from it; when in
equilibrium they will be distributed in such a way that the attraction of
the positive electrification is balanced by the repulsion of the other
corpuscles.’

Thomson went on to consider how these corpuscles (electrons)
might be arranged within the sphere of positive charge and he was able
to suggest a whole series of arrangements which, as one proceeded
through the Periodic Table, broke up into sets of concentric rings.

This is the Thomson model of the atom, which is often referred to as
a ‘plum-pudding’ model. It accounted for the way in which the

{THOMSON, 1. 3. The corpuscular theory of matter. Constable, 1907,

§‘corpuscle’ = electron.
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radiations from radioactive substances passed so readily through atoms
in their path, for nowhere did they encounter anything either massive
enough or with a big enough charge to deflect them much.

In spite of weaknesses, Thomson’s model proved to be a very useful
one in the early days, but by 1910 it was clear that something else was
needed.

Rutherford and alpha particles

We now return to the other side of the story — radioactivity. Soon after
Becquerel’s discovery, it was found that there were three different kinds
of radiation from radioactive substances — and these were named the
alpha, beta, and gamma radiations.

It was the alpha particles that happened to be the tool which, almost
by accident, gave Rutherford the clue which led him to propose the
nuclear model for the atom. Before this could happen Rutherford had
found out a great deal about alpha particles. Some of his reports are
reprinted in Classical scientific papers — physics. In 1902 he discussed
the causes of radioactivity. In 1903, he reported the deflection of alpha
particles by electric and magnetic fields. In 1909, Rutherford and Royds
collected the gas formed when alpha particles were trapped in a tube
and showed that it was helium. This indicated that alpha particles were
charged helium atoms. But Rutherford had thought that alpha particles
and helium were connected long before his experiment in 1909. In a
general review of the state of knowledge about radioactivity which
Rutherford and Soddy published in 1903, they made a number of rough
(but quite good) estimates of the charge, mass, energy, and speed of
alpha particles. Without such estimates, the behaviour of alpha part-
icles would have been much harder to understand and the alpha
particle scattering experiment which gave the clue to the nucleus would
have been unintelligible.

Rutherford proposed the nuclear model of the atom to account for
the surprising results obtained by Geiger and Marsden in which they
bombarded metal foils with alpha particles (1909). If most of the mass of
the atom is concentrated in a very small positively-charged nucleus
surrounded at a distance by a distribution of negative electrons, then
most of the alpha particles would be expected to pass through the foil
target unaffected. Those few that came close enough to the nucleus
would be deflected, the angle of deflection or scattering depending on
how close the alpha particle passed. He assumed that the force between
nucleus and alpha particle obeyed an inverse-square law and calculated
how the fraction of incident particles that are scattered through an
angle ¢ should depend on ¢. Geiger and Marsden’s paper describing
their tests of Rutherford’s nuclear model was published in 1913.
(Philosophical Magazine. Volume 27 (6), 1913, p. 604. (Reprinted in
WRIGHT, S. (ed.) Classical scientific papers — physics.)
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Questions
a In 1904,]. J. Thomson, the discoverer of the electron, suggested a
model for the atom which is frequently called the ‘plum-pudding
- model’. Describe this model and indicate how it incorporated the facts
known at the time.

b How was radioactivity discovered and how were the radiations sorted
out into the three different types?

€ What is the evidence for the identification of
i an alpha particle with a helium ion, and
ii abeta particle with an electron?

d (Additional question) How does a Geiger-Miiller (GM) tube work
and what are its limitations?
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LABORATORY NOTES

Handling radioactive substances

Radioactive substances should be handled with the same care and
treated with the same respect as concentrated acids. You may find
yourself using naturally-occurring radioactive substances, such as
compounds of uranium or thorium, or specially prepared ‘sealed
sources’ (americium-241, strontium-90, or cobalt-60). Such sources
must always be handled with tongs or a special source holder and never
with the fingers. They should be pointed away from the body and,
indeed, held well away from it. When not in use, even temporarily, they
should be returned to their lead-lined storage boxes. Under no
circumstances should you probe inside such sources or allow them to
come into contact with any substance that might attack or dissolve the
source or its container.

When handling the salts of uranium or thorium, you must ensure
that they cannot be taken into the body, nor be dispersed around the
laboratory. They should be handled above a suitable spill tray, lined
with absorbent paper; you should wash your hands both before and
after the experiment and, if necessary, cover any cuts or scratches, and
wear protective clothing. Keep any object which may have been
contaminated away from the mouth; and keep your papers and books
out of the way.

Used properly, these radioactive sources, which are approved for
use in schools by the Department of Education and Science, will cause
no harm.

The use of Geiger—Miiller tubes
The thin end-window tube is very easily damaged, take great care not to
allow any solid object to come into contact with the end-window. This
is normally covered with a plastic mesh cap. Some of these tubes
contain ferromagnetic material and, if you use one in conjunction with
a magnet, take great care not to allow the tube to be attracted so that it
moves towards the magnet.

Geiger-Miiller (GM) tubes work over a limited range of voltages.
You should ask what voltage to use. Too high a voltage can damage the
tube; at too low a voltage it will work ineffectively or not at all.

EXPERIMENT
The deflection of beta radiation in a magnetic field

scaler

GM tube holder

thin window GM tube

beta particle source

source holder

mild steel yoke

2 Magnadur magnets

2 retort stand bases, rods, bosses, and clamps
2 lead blocks

plotting compass
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e.h.t. supply
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Figure F13
Measuring ionization current with a
picoammeter.
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\

lead block—f* \
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lead block— /
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Figure F12
Arrangement of apparatus for the magnetic deflection of beta particles (seen from
above).

Adjust the scaler to record beta particles arriving at the GM tube. Then
arrange the apparatus so that you can examine the effect of allowing
beta particles to pass through a magnetic field. Hence determine the
sign of the charge on the beta particles.

EXPERIMENT

Measuring the ionization current to find the number of ion pairs
produced by an alpha particle and an estimation of the energy
of the alpha particles emitted

picoammeter, 107% or 107 A
or
electrometer with 10°Q or 10!! Q input resistance, and output meter

alpha particle source
ionization chamber
e.h.t. power supply
source holder

leads

DO NOT connect the e.h.t. supply directly across the meter! The range
required (10 % A or 10~ 1! A) depends on the source provided.

The ions resulting from the passage of alpha particles through the
air in the ionization chamber move in the electric field between the
source and the walls of the ionization chamber. This current can be
measured and it is then possible to estimate the number of ions present.

The ionization current is very small — perhaps 1072 A or 10711 A, Tt
can be found from the p.d. across a very large resistance through which
it flows. An electrometer will probably be used for this measurement.
Why would a standard moving-coil meter not be suitable?

Apply a small p.d. between the source and the chamber and
carefully increase this until all the ions which are being produced are
being collected. (How will you know when this is happening?)

Measure (or calculate) the ionization current.

Assuming the charge on a single ion to be the same as that on an
electron, use your value of the ionization current to calculate the
number of ion pairs produced per second.

Each ionizing event creates a pair of charged particles — say an

electron and an ion with a single positive charge — which move in
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——t+—1T—source
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e.h.t. supply

‘ ‘ 10" Q
electrometer

Figure F14
Measuring ionization current by
measuring p.d. across a resistance.

F3

e O o o

F3a

opposite directions in the electric field. Why is the charge transferred by
such a pair equivalent to one single charge moving right across the
ionization chamber?

From the known activity of the source, find the number of
disintegrations per second and hence find the number of ion pairs
produced per alpha particle.

To find the energy of the alpha particle you will need to know the
average energy required to produce each ion pair. The ionization
energy of nitrogen (air) is 14 eV. The collision between an alpha particle
and a molecule is a complex process and the average energy lost by the
particle cannot be less than 14eV per ionization. Experiments suggest
an average of about 30eV. The energy of the alpha particle is the
product of the energy needed to produce one ion pair and the number
of pairs produced. Calculate the energy of an alpha particle produced
by the source (1eV=1.6 x 10719 ]).

EXPERIMENT
The penetrating power of alpha, beta, and gamma rays

alpha, beta, and gamma sources

source holder

GM tube and holder

scaler

stopwatch or clock

2 retort stand bases, rods, bosses, and clamps
metre rule

set of absorbers

Vernier callipers or micrometer screw gauge

This experiment offers a number of possibilities:
Range of alpha particles in air.

Range of beta particles in aluminium.
‘Half-thickness’ of lead for gamma radiation.

The relation between the thickness of the absorber and the radiation
transmitted for gamma and beta radiation.

The relation between intensity and distance for gamma radiation.

In all cases, a count will be detected even in the absence of a source.
You must make a correction for this background count.

Range of alpha particles in air

Alpha particles are readily absorbed and it is necessary to use a very
thin end-window GM tube or an ionization chamber. In the former case
you will have to make an allowance for the effect of the end-window (the
window of the MX 168/01 tube is equivalent to about 17 mm of air, and
that of the MX 168 tube to about 30 mm).

Determine the range in air of the alpha particles from the source
provided. Figure F15 shows the range in air of alpha particles with
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different energies. Use this graph to find the energy of the alpha
particles emitted by the source used.

What thicknesses of different materials will just absorb the
particles?

-
o
1

Energy/MeV
[=¢]

Figure K15 / l e (B gy By i 5 st
The mean range in air of alpha particles of 00 10 20 30 40 50 60 70 80 90
different energies. Mean range in air/mm

F3b Range of beta particles in aluminium

bet\a source ﬁ GM tube :

Figure F16
Range of beta particles in aluminium. aluminium
It does not follow that beta particles have more energy than alpha
particles even though they may travel further in air.
Find the maximum energy of the beta particles from the source
provided. Keep the distance from the source to the detector fixed
(between 1 and 2 cm), and interpose varying thicknesses of aluminium
to determine the range of the radiation in aluminium (figure F16).
Then use figure F17 to find the maximum energy of the beta particles
from the source. Remember that the beta particles have travelled
through air and the end-window of the GM tube as well as through the
aluminium.
>
[
s
3 28|
@
=4
® 24|
E
=
£ 20F
3
s
1.6
Figure F17 1.2}
The range—energy curve for beta particles
in aluminium. 0.8f
From KATZ, L. and PENFOLD, A. S.
‘Range—energy relations for electrons and 0.4
the determination of beta-ray end-point : i
energies by absorption’. Rev. Mod. Phys. 00 7 2 é ; é
24, 28, 1952.

Range/mm
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F3d

F3e

"Half-thickness’ of lead for gamma radiation

Find the energy of the gamma radiation from the source provided.
Keep the distance from the source to the detector fixed at about 2 cm,
and by interposing varying thicknesses of lead find the thickness which
will reduce the count-rate to one-half of its original value (‘half-
thickness’). Use figure F18 to determine the energy of the gamma
radiation used.

1.6

Photon energy/MeV

1.0

0.8

0.6

0.4

0.2

gliaunpishicg Nl Rt gl Al et S T M e
0 1 2 3 4 5 6 7 8 9 10

Absorption half-thickness/mm

Figure F18

The half thickness—energy curve for gamma radiation in lead.

From DAVISSON, C. M. and EVANS, R. D. ‘Gamma-ray absorption coefficients’. Rev. Mod.
Phys. 24, 79, 1952. '

The relation between the thickness of the abserber and the radiation
transmitted for gamma and beta radiation

Plot a graph of count-rate against the thickness of absorber introduced
between the detector and the source, keeping the distance from detector
to source fixed. Try both gamma and beta radiation. Suggest a
relationship between count-rate and absorber thickness in both cases.

The relation between intensity and distance for gamma radiation

Try to determine how the gamma ray count-rate varies with distance
from the source. Plot graphs to determine whether the relationship is
inverse, or inverse-square, or exponential, or...

1t is difficult to measure the distance without involving a zero error
so think carefully about what might be the best graph to plot. For
example, when testing for an inverse-square law, is it better to plot
count-rate against 1/(distance)?, or distance against 1/,/(count-rate)? If
you choose correctly you will be able to estimate the zero error from
your graph.
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EXPERIMENT
F4 Photographic detection of radiation

. radium source

either

dental X-ray film

or

bromide paper with developer and fixer

X-ray film or photographic printing paper is sensitive to the ionizing
radiation emitted by radioactive sources.

With dental X-ray film you do not need to use a darkroom. Place
the source face down on the unopened film pack for 20 to 30 minutes.
One type of film comes in a pod which contains its own developer and
fixer: follow the manufacturer’s instructions. Another type is protected
by a built-in filter and can be processed in subdued light (but avoid
fluorescent lighting).

The same exposure time should be sufficient for bromide paper; but
the source must be held directly over the sensitive surface, so this
exposure must be made in a darkroom. To work in the light you can
wrap the sheet of bromide paper in black paper, but a much longer time
will be needed — hours or even days.

Which radiations are responsible for affecting
i the unwrapped bromide paper, and
ii the wrapped paper or film?

DEMONSTRATION
F5 Qualitative test of the gravitational hill model

alpha particle scattering analogue
drawing board

ball hill path of bali

Figure F19 -
P . path an alpha particie would
Gravitational analogue of alpha particle take under an inverse-square
scattering. law repulsive force

Where must the ball be aimed for it to be turned through the largest
angle?

How does the ‘scattering angle’ for the ball vary with the aiming error
(‘impact parameter’)?

How does the scattering angle for a given aiming error depend on the
ball’s speed?

List similarities and differences between this situation and an experi-
ment in which alpha particles are scattered by a thin metal foil.
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organic layer

GM tube
O e

aqueous Iayer' 'Iined tray

Figure F20
The decay of protactinium.

EXPERIMENT
Decay and recovery of protactinium

scaler

GM tube holder

thin end-window GM tube

small polythene bottle, 50 cm?, containing prepared solution of uranyl(vi) nitrate
retort stand base, rod, boss, and clamp

stopwatch or clock

tray lined with absorbent paper

The decay chain involved is:

B

uranium—238—a——>thorium-234 ——B—> protactinium-234 ———

234Pa decays quickly enough for its decay to be observed in a short
experiment. It has, however, to be separated from its parent thorium by
an organic solvent. The solutions necessary are contained in a small
polythene bottle. You should perform the experiment in a spill tray.

Under no circumstances should the end-window of the GM tube be
allowed to touch the bottle. This ensures that the GM tube does not
become contaminated with the radioactive solutions.

First measure the background count-rate in the absence of the
bottle. Shake the bottle for 10 to 15s. The organic solvent containing
the protactinium will float to the top. Position the bottle beside the GM
tube so that the end-window is opposite the organic layer. Once the
layers have separated, the beta particles can be counted. Take a ten-
second count each half minute.

Having made allowance for the background count-rate, plot a
graph of the count-rate against time and determine the half-life of
protactinium from the graph. Do this by starting at several points and
measure how long it takes for the count-rate to fall to one-half of the
initial value chosen. The half-life is the mean of these times.

Also plot a graph of In (activity) against time. If this should prove to
be a straight line, you have added confirmation that the decay is obeying
an exponential law.

Estimates of half-life based on low values of the count-rate may be
unreliable. Why is this?

The thorium from which the protactinium has been removed
remains in the aqueous layer in the lower half of the bottle. Protact-
inium will immediately start to reappear there as the thorium decays
and the growth curve of protactinium can be plotted. To observe this
recovery, repeat the experiment with the GM tube window opposite the
lower (aqueous) layer. Plot a graph of count-rate against time.
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Figure F21

The decay of radon.

F8

EXPERIMENT
The decay of radon and the determination of its half-life

. picoammeter, 10~ !! A (e.g., electrometer with 10'! Q input resistance and output meter)

ionization chamber

radon generator

2 cell holders with four cells
leads

The decay chain involved in this experiment is
thorium-232 — radium-228 — actinium-228 — thorium-228 — radium-224 — radon-220—

Radon-220 is a gas and an alpha particle emitter. The materials which
give rise to it must be kept in a closed container. It is convenient to store
them in a plastic bottle fitted with two tubes and valves. These tubes fit
on to tubules attached to an ionization chamber, the whole forming a
closed circuit with no risk of the radon leaking into the atmosphere.

Report any accidental spills to your teacher.

As in experiment F2, the alpha particles emitted by the radon cause
some ionization in the chamber, which gives rise to an ionization
current when a p.d. is applied across the chamber. The ionization
current is very small: it can be calculated from the p.d. set up when it
flows through a very high resistance, say 10** Q. An electrometer will
probably be used for this measurement. Why could a standard moving-
coil meter not be used?

Apply a p.d. of 12V d.c. across the ionization chamber, and select an
appropriate current range (that is, an appropriate input resistance for
the electrometer).

Pass ?°Rn into the chamber by gently squeezing the plastic bottle
until a full-scale reading is obtained. Record the ionization current
every ten seconds and plot a graph of meter readings against time. Use
your graph to determine the half-life of radon.

EXPERIMENT
A radioactive decay analogue

100 dice
graph paper
tray

This experiment is about events which happen by chance. If each
member of a collection of objects has a fixed chance of ‘decay’ in a given
time interval, then the number remaining will decrease with time. The
question concerns the pattern of this decay; does it have the same form
as the decay of the radioactive substances?

In radioactive decay we do not know when any particular atom is
going to decay. But, given enough atoms, we can say what proportion
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of them will decay in a given time interval. This fraction will vary from
substance to substance.

If you throw an ordinary die, you have one chance in six of
throwing, say, a five. If you threw one die many times (or many dice just
once) what fraction of the throws (or of the dice) would result in, say, a
five?

Given enough throws (or enough dice) you can predict that fraction
with reasonable certainty. So throwing dice is analogous to radioactive
decay in the sense that both processes lead to a fraction which is fixed
for specific dice or for specific atoms. In neither case can we predict
which of the atoms will decay or which of the dice will show a five next.

If we remove this fraction (that is, the ‘“fives’) as if they have decayed,
and then throw the remaining dice, and so on, the process imitates
radioactive decay to some extent.

Throw the dice and count those that fall with a five upwards.
Remove these dice. Throw the remaining dice, count and remove the
fives, and so on. Continue for some ten throws. Plot graphs of the
number ‘decaying’ and of the number remaining against the number of
the throw. The shapes of the two graphs will be familiar but may look
rather ‘bumpier’ than other examples you have met. Why is this? How
could you improve the shape of the curves?

The graphs are typical of situations in which the rate at which
something decays depends on the quantity or the number present.
What tests can you apply to check whether or not the graph for the dice
is exponential in form? Try one at least of these. Estimate the ‘half-life’
of a die.

OPTIONAL DEMONSTRATION
lonization by electron collision

Experiments in which electrons are accelerated in a gas at low pressure
gave information about the structure of atoms. For each gas there is a
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