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This experiment will get you thinking about atoms and
radioactivity — which is the random decay of atomic nuclei into smaller parts.

Radioactivity is a high energy process (about a million times more energetic than
chemical reactions), so to keep things safe we will use dice instead!
This is an example of a physical model of what we are trying to understand.

« We’ll hand out lots of dice (over 200)

* An atomic decay shall be modelled by a rolling of a six

« We'll all roll the dice together and I'll collect in the sixes each time.

* For each round I'll record in Excel the total number of dice held by each person.

» We'll then plot the total number of dice left vs roll number.
» We should obtain an exponential decay curve, from which we can determine

the half-life for the radioactive dice
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But first .... What are
atoms? How big are
they? How do we
know they exist If we
can't see them?
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The size of an atom

nucleus

neutron

=

electron

Earth diameter
= 12,756km

Marble diameter =

3.6cm
3 Atomic diameter is
1.2756 x10’ about 1 Angstrom
) ~ 4'4X1025 + 10719 m -
3.6x10
2
Volume of Earth in marbles 3.6x10

4.7 %107

22

1x107%

There are as many Number of atoms in a marble

atoms in a marble as an
Earth made of marbles!
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The Atomic model

electron

proton

. neutron

> nucleus:

Electrons and protons have the
same amount of charge, but
opposite signs

A charged atom with electrons
removed (or added) is called an
ion

Charge on the electron is 1.6 x 10-1° coulombs
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‘Seeing’ atoms

a) macroscopic scale: b) atomic scale:
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Periodic Table of the Elements
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* Based on Carbon-12. (###) represents most
stable or most stable expected isotope.

** Some electron configurations are based on
theoretical expected arrangements.
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The Russian chemist, Dmitri Mendeleyev, was the first to observe that if elements were listed in
order of atomic mass, they showed regular (periodicall repeating properties. He formulated his
discovery in a periodic table of elements, now regarded as the backbone of modern chemistry.

OTHER METALS

|

The crowning achievement of Mendeleyev's periodic table lay in his prophecy of then, undiscovered / - Neon 10
elements. In 1869, the year he published his periodic classification, the elements gallium, 20.18

germanium and scandium were unknown. Mendeleyev left spaces for them in his table and even
- predicted their atomic masses and other chemical properties. Six years later, gallium was
TS| discovered and his predictions were found to be accurate. Other discoveries followed and
At room temperature the elementis:  SYmbol their chemical behaviour matched that predicted by Mendeleyev.

Gas Element
name
. This remarkable man, the youngest in a family of 17 children, has left the scientific
quid Romc. community with a classification system so powerful that it became the cornerstone
W atwral solid Momic N chemistry teaching and the prediction of new elements ever since.
I wan-made solid [synthetic] mass In 1955, element 101 was named after him: Md, Mendelevium.
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Each different type of ‘
atom is called a Carbon 12 has: Carbon 6
nuclide 12.01

* 6 protons

* 6 electrons
Atomic number (Z) | 6 neutrons
= number of
protons. This
defines an element

The number of
neutrons defines an
iIsotope of an

'Symbol element
Element _
name The atomic mass
Atomic (A) is approximately | Iron 56 has:
number the number of
Atomic | Protons + the * 26 protons
mass number of neutrons » 26 electrons
but not exactly.... « 30 neutrons

Binding energy/



Antoine Henri
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1852-1908
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Radloactive
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) ) radium-226 nucleus radon-222 nucleus helium-4 nucleus
Marie Curie (parent nucleus) (daughter nucleus) (alpha particle)
1867-1934
Theory of radioactivity p = proton decay products

Isolation of isotopes n = neutron (




Alpha, beta, and gamma radiation

There are three main types of nuclear radiation: alpha particles, beta
particles, and gamma rays. Gamma rays are the most penetrating and alpha
particles the least, as shown below:

invisible
nuclear
radiation

alpha 3
i &
beta /\ lead
%
gamma
é aluminium strong
magnetic

field

Alpha particle H ez

+

. Beta partilce e'

Gamma ray

s Very high frequency radiation




Alpha decay

—

radium-226 nucleus
(parent nucleus)

p = proton
n = neutron ( )

N

Beta decay

iodine-131 nucleus

decay
radon-222 nucleus helium-4 nucleus
(daughter nucleus) (alpha particle)
decay products
antineutrino
.
decay _ ==
\\\ —
®
xenon-131 nucleus electron
(beta particle)

decay products



Alpha Z+N Z+N 4

o 2Th - ZRa+a

Atomic number (2) reduces by 2
Mass number reduces by 4

decay

radium-226 nucleus radon-222 nucleus helium-4 nucleus
(parent nucleus) (daughter nucleus) (alpha particle)

p = proton decay products

n = neutron C




Beta Z+N Z+N
decay ZX — Z+1Y+ﬁ

es.  “C—o>UN+}

Atomic number (Z) increases by 1
Mass number stays the same

antineutrino

decay

nucleus xenon-131 nucleus electron
(beta particle)

decay products
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log : O(half life /s) for isotopes

Relative decay rate of Carbon 14

180 ] 15 |
Time taken for ; Zo | half lives
160 I halfa Sample to o] § \\ <>
decay i £
140 i 10§M \
g N
120} [

L 5 0 1 2 3 4 5 6
time /years x 10*
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The decay of atomic nuclei
IS a random process

0
o

Pt - The decay rate is
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40! F ] of radioactive elements in a
e ey _5 Sam p|e
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Detecting radiation

Geiger-Mdiller tube
K.

+
. : 450 V
thin mica DC
'window'
metal central gas supply
tube wire (mainly -
argon)




o : . Isotope Half life Ci /gram
Quantifying radioactivity = — -
Th  [1.405 x10"% years 1.1 x10
Z8y 4471 x10% years |34 =107
0K 125 x10% years 7.1 x107®
“°u 7038 x10°years 21x107°
%% 157 x10°years |0.00018
®Tc 211 x10°years  |0.017

“Bpy 2411 x10° years |0.063

2Upy 6563 years 0.24
“%®pa 1601 years 0.99
“am (4326 years 3.49
e 5730 years 45
“®py a8 years 18.5
Antoine Henri Becquerel Marie Curie ¥fcs 130.17 years 83
1852-1908 1867-1934 “Usr  |28.8 years 139
#py |14 years 121.2
1 Becqueral (BQ) 1 Curie (Ci) = ®co 1925 days 1132
is 1 radioactive 37GBq 210|138 days 4484
decay per second “H 12.32 years 9708

1Ci =3.7x10" BOI ¥ 8.02 days 125000

125, 13 hours 2000000



@ 1 million undecayed nuclei: iodine-131

1 million daughter nuclei: xenon-131

40 million
undecayed nuclei

20 million
undecayed nuclei

10 million

undecayed nuclei

5 million
undecayed nuclei
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activity/ Bq
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N
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half-life
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5
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0 8 16
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half-life half-life

24 time/ days
J

s
half-life

boron-12
radon-220

, ,iodinej-1 28

radon-222
strontium-90

radium-226

_ carbon~14 :

plutonium-239
uranium-235

uranium-238

0.02 seconds

52,77,siec'onds~

25 minutes
3.8 days

28 years
1602 years -

5730 years
124400 years
7.1%108 years

4.5 x10° years



Uses of radioactivity

&QK brain—

lungs

«/ heart ——

g‘\ liver —» &é %

kldneys

Smoker
Reduced Enzyme Level

Non-smoker
Normal Enzyme Level

How old 1s this religious artifact?

Carbon dating tells us about 500 years.

A Barium meal before an X ray gives a much
better picture

Positron Emission Tomography is a fantastic new
imaging technique

0 Wi3g s )

LR uyuv""‘

Geologists use radioactive tracers to
look at underground water flow

Smoke alarms contain an alpha source.

Gamma radiation 1s used to kill cancerous cells

http://www.stokesleyscience.org/A level Physics/Radioactivity/uses_of radioactivity.htm
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RADIOACTIVE (6 sided) DICE

t N
0 22
1 18
2 12
3 9
4 9
5 6
6 5
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8 5
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N N N N
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1 1 2 1

Roll number (this is our
model of time passing)
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We expect an exponential decay . \

of dice left with roll number. 200 \

Why? We expect a constant g N \

probability (chance) of decay at (SR

any point in time for a given atom. .

Therefore the rate of decay is proportional

to the number of atoms left. 0 ‘ t

0 2 4 6 8 10 12 14

Roll number

Let’s explore this for our dice. The chance of a six is 1/6 for each roll.
Therefore we expect 5/6 of the dice to remain each roll. If we started with 216 dice:

Expected number of dice left Roll number

216

216 x 5/6 = 180

216 x5/6 x 5/6 = 150

216 x5/6 x5/6 x 5/6 = 125
216 x5/6 x5/6 x 5/6 = 104.17

216 x5/6 x5/6 x5/6 x .... N(n) =216 x %j n

~ W N = O




RADIOACTIVE DICE MODEL N = 1296 x (5/6)*n

Roll number = 0,
Roll number = 1,
Roll number = 2,
Roll number = 3,
Roll number = 4,
Roll number = 5,
Roll number = 6,
Roll number = 7,
Roll number = 8,
Roll number = 9,
Roll number = 10,
Roll number = 11,
Roll number = 12,
Roll number = 13,
Roll number = 14,
Roll number = 15,
Roll number = 16,
Roll number = 17,
Roll number = 18,
Roll number = 19,
Roll number = 20,
Roll number = 21,
Roll number = 22,
Roll number = 23,
Roll number = 24,

Dice left N = 1296
Dice left N = 1080
Dice left N = 900
Dice left N = 750
Dice left N = 625
Dice left N = 521
Dice left N = 434
Dice left N = 362
Dice left N = 301
Dice left N = 251
Dice left N = 209
Dice left N =174
Dice left N = 145
Dice left N = 121
Dice left N = 101
Dice left N = 84
Dice left N = 70
Dice left N = 58
Dice left N = 49
Dice left N = 41
Dice left N = 34
Dice left N = 28
Dice left N = 23
Dice left N = 20
Dice left N = 16

Dice left N

1400

12003-
1000+
800+~
600+~
400+~

200+~

n

N (n) = 1296 x g

Exponential decay of radioactive dice

Number of dice left
halve every 3.8 rolls

5 10 15 20
roll number n



Half Life

For radioactive decay this is the amount of time it takes for the activity to halve.
Since the decay curve is exponential, this is a fixed time regardless of the starting

activity*.

To explain this we can express the number of dice left as a power of two instead of 5/6.

5 " 1296 i.e. when roll number is a multiple
N (n) — 1296 X| — e of 3.8, we divide the number of dice
6 N left by a whole number power of 2

N2
.
5 1 oz _ O

. 7 n 5
a1 5 1296
6 - N(n)=1296x| = | *=——| L j542_10ge
2 6 Zﬁ Ny,
-.n,, =3.8 log2 _
|Og% 1/2
3.80=n,,

*As long as the activity is a large number! The exponential curve is not such a good model when we get down to
a handful of atoms, since we can only have a whole number of decays per second.



Dice left N

Exponential decay of radioactive dice

1400 I I I I
A 5 n
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1000 i
800 .
600 ____________________________ Number Of d|ce|eft _______________________________________ i
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400+ ]
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Isotope Half life

Radioactive — .
isotopes have a log, O(half life /s) for isotopes Th 1405 =10 " years
238 O
huge range of 180 | 15 u 4.471 =107 years
half lives (i s 1.25 x10° years
1601 | . 25 |7.038 x108 years
129 15.7 x10° years
140+ A 1 10 1 211 x10° years
2‘ 2Epy 2411 x10% years
\w/ 120+ “Upy 6563 years
CC> - 15 “Ra 1601 years
= 100 R i _ i
8 i Am |432.6 years
C 14
HC_) 80+ | 2,,;: 5730 years
— - 10 “Pu |88 years
© =
O i i ¥Tcs 130,17 years
e 60 B
- -1y 28.6 years
< i i 741
40 5 Pu |14 years
*co 1925 days
20 . 20pp 138 days
*H 12.32 years
OO" 5|0 1 60 -100 1 8.02 days

123|

Atomic number Z 13 hours



