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Radioactive Decay

» Radioactivedecayis defined as:

The spontaneous disintegration of a nucleus to forma more stable nucleus,
resultingin the emission of an alpha, beta orgamma particle

s Radioactive decayis arandom process, this means that:
o Thereis an equal probability of any nucleus decaying
It cannot be known which particular nucleus will decay next
It cannot be known at what time a particular nucleus will decay
Therate of decay is unaffected by the surrounding conditions
Itis only possible to estimate the proportion of nuclei decayingin a given time period

o]

o]

[e]

o]

» Therandom nature of radioactive decay can be demonstrated by observing the countrate
of a Geiger-Muller (GM) tube
o Whena GM tubeis placed near a radioactive source, the counts are found to be
irregularand cannot be predicted
o Eachcountrepresents a decay of an unstable nucleus
o Thesefluctuationsin countrate on the GM tube provide evidence for the
randomness of radioactive decay

N

COUNT RATE/C

~
0 =
TIME 7/t

The variation of count rate over time of a sampleradioactivegas. The fluctuations show the
randomness of radioactive decay
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Activity & The Decay Constant

* Sinceradioactive decay is spontaneous and random, itis useful to considerthe average
number of nucleithat are expected to decay perunittime
o Thisis known as the average decayrate

* Asaresult, eachradioactive element can be assigned a decay constant
* Thedecayconstantiis definedas:

The probability that anindividual nucleus will decay per unit of time

* When a sampleis highly radioactive, this means the number of decays per unit timeis very
high
o This suggests it has a high level of activity

s Activity, orthe number of decays perunit time can be calculated using:

AN
A=-—=MN

* Where:

A = activity of the sample (Bq)

AN =number of decayed nuclei
At=timeinterval(s)

o L=decayconstant (s

o N =numberof nucleiremainingina sample

s}

(o]

Q

* Theactivity of asampleis measured in Becquerels (Bq)
o Anactivity of 1Bqis equaltoone decay per second, or1s™!

* This equation shows:
o Thegreaterthedecay constant, the greater the activity of the sample
o Theactivity depends on the number of undecayed nuclei remaining in the sample
o Theminus signindicates that the number of nucleiremaining decreases with time

*9 Worked Example

®
Radium s a radioactive element first discovered by Marie and Pierre Curie. They

usedtheradiation emitted fromradium-226 to define a unit called the Curie (Ci)
which they defined as the activity of 1gram of radium.It was found thatinalg
sample of radium, 2.22 x 10'2atoms decayed in 1 minute.Another sample
containing 3.2 x 102 radium-226 atoms had an activity of 12 Ci.

a) Determine the value of 1 Curie

b) Determine the decay constant forradium-226

Part a)

Step 1: Write down the known quantities
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o Numberofatoms decayed, AN =2.22 x 1012
o Time, At=1minutes=60s

Step 2: Write down the activity equation

AN
At

Step 3: Calculate the value of 1Ci

2.9% & 10~
A=

= 3.7 x 1019 decays s!
60 y

Part b)

Step 1: Write down the known quantities

o Numberofatoms, N = 3.2 x 1022
o Activity,A=12Ci=12x(3.7x10'0) =4.44 10" Bq

Step 2: Write down the activity equation
A=)\N
Step 3: Calculate the decay constant of radium

Ay 104

N el
o Therefore, the decay constant of radium-226is1.4 x 10~

= 138318182

1 3—1
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Exponential Decay

* Inradioactive decay, the number of undecayed nucleifalls very rapidly, without ever
reaching zero
o Suchamodelis known as exponential decay

* The graph of number of undecayednucleiagainst time has a very distinctive shape:

o
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Radioactive decay follows an exponential pattern. The graph shows three different isotopes
eachwith a different rate of decay

« Thekey features of this graphare:
o Thesteepertheslope, thelargerthe decay constant(andvice versa)
o Thedecay curves always start on the y-axis at the initial number of undecayed nuclei
(No)

Equations for Radioactive Decay
» Thenumberof undecayed nucleiN can berepresentedin exponential form by the equation:
N = Noe-lt

¢ Where:
o Np=theinitialnumber of undecayed nuclei(when t = 0)
o N=numberof undecayednucleiat acertaintimet
o L=decayconstant(s™)
o t=timeinterval(s)

« Thenumber of nuclei canbe substituted for other quantities.
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* Forexample, theactivity Ais directly proportionalto N, soit can also be representedin
exponential form by the equation:

A=Age™

* Where:
o A=activity atacertaintime t(Bq)
e Ap=initial activity (Bq)

» Thereceived countrate Cisrelatedto the activity of the sample, henceit canalsobe
represented in exponential form by the equation:

C=Coe™

* Where:
o C=countrate atacertaintime t (counts per minute orcpm)
o Cg=initial countrate (counts perminute orcpm)

The exponential function e

» Thesymbolerepresents the exponential constant
o |tis approximately equaltoe=2.718

» Onacalculatoritis shown by the button e*
» Theinverse function of e*is In(y), known as the naturallogarithmic function
o Thisis because,ife*=y, thenx=In(y)

*> Worked Example

°
Strontium-90 decays with the emission of a -particle to form Yttrium-90.The

decay constant of Strontium-90 is 0.025 year ~'.Determine the activity A of the
sample after 5.0 years, expressing the answer as a fraction of the initial activity Ag.

Step 1: Write out the known quantities

o Decayconstant,,=0.025year"!
o Timeinterval, t=5.0 years
o Both quantities have the sameunit, so thereis no need forconversion

Step 2: Write the equation for activity in exponential form
A=Age™
Step 3: Rearrange the equation for theratiobetween Aand Ay

A _ oM

A,

Step 4: CalculatetheratioA/Ap

. e(0025x5) _ o gg

A,

Therefore, the activity of Strontium-90 decreases by a factorof 0.88, or12%, after 5 years
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Using Molar Mass & The Avogadro Constant

Molar Mass

* The molarmass, ormolecular mass, of a substanceis the mass of a substance, ingrams, in
one mole

o Itsunitis gmol™!
s The numberof moles from this can be calculated using the equation:

mass (g)

Number of moles = =
! ® " molar mass (g mol™")

Avogadro’s Constant
s Avogadro’s constant(N,)is defined as:

The number of atoms in one mole of a substance; equal t0 6.02 x 102 mol-’

+ Forexample, 1mole of sodium (Na) contains 6.02 x 1023 atoms of sodium
* The numberof atoms, N, can be determinedusing the equation:

mass X N "
molecular mass

Number of nuclei =

‘, Worked Example
]
Americium-241is an artificially producedradioactive element that emits o-

particles.In a smoke detector, a sample of americium-241of mass 5.1 ugis foundto
have an activity of 5.9 x 10° Bq. The supplier's website says the americium-241in
their smoke detectors initially has an activity level of 6.1 x 10° Bq.

a) Determine the number of nucleiin the sample of americium-241
b) Determine the decay constant of americium-241

c) Determine the age of the smoke detectorin years

Part (a)

Step 1: Write down the known quantities

o Mass=5.1ug=5.1x10"%g
o Molecularmass of americium =241

Step 2: Write down the equationrelating number of nuclei, mass and molecular mass

mass X N I
number of nuclei, N = ————
molar mass
o where N, is the Avogadro constant

Step 3: Calculate the number of nuclei
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(5.1 x 107°%) x (6.02 x 107)
Number of nuclei = 241 =1.27 x 10"®

Part (b)
Step 1: Write down the known quantities

o Activity, A=5.9x10°Bq
o Numberofnuclei, N=1.27 x10

Step 2: Write the equation for activity
Activity, A=iN

Step 3: Rearrange for decay constantAand calculatetheanswer

Part (c)
Step 1: Write down the known quantities

o Activity,A=5.9 x105Bq
o Initial activity, Ag =6.1x 10° Bq
o Decayconstant,A=4.65x10""1g"]

Step 2: Write the equation for activity in exponential form

A=Ap g ™M
Step 3: Rearrange fortime t
g
Ag

() - i
nA0 = -

t=-3(%)
-ﬂ.no

Step 4: Calculate the age of the smoke detector and convert to years

1 5.9 x 10° .
465 %10 6.1 x 10

(o 1:169x 10°
24 x 60 x 60 x 365

o Therefore, the smoke detectoris 22.7 years old

= 22.7 years
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Half-Life
* Half-lifeis defined as:
The time taken for the initial number of nuclei to halve for a particularisotope

¢ This means when a time equal to the half-life has passed, the activity of the sample will also
half
* This is becausethe activityis proportionalto the number of undecayednuclei, A « N

ACTIVITY / A N\
AD

ACTIVITY HAS
DROPPED BY

HALF OF ITS N\ A,
2

ORIGINAL VALUE

a A
ACTIVITY HAS =
DROPPED BY A | 4

QUARTER OF ITS'| \/ "
ORIGINAL VALUE >
A 0 ta2 2t 3tz
[1 HauF=LIFES” TIME / ¢
|2 HALF-LIVES

When a time equal to the half-life passes, the activity falls by half, when two half-lives
pass, the activity falls by another half (whichis a quarter of theinitial value)

« Tofind an expression forhalf-life, start with the equation forexponential decay:
N= Noe‘“

*« Where:
o N =number of huclei remaining in a sample
Ng =theinitialnumber of undecayed nuclei(when t = 0)
L =decay constant (s
o t=timeinterval(s)

o

o

When time tis equalto the half-life t.,, the activity N of the sample will be half of its original
value,soN=%Ngp

% N, = Ne™M%

The formula can then be derived as follows:

Divide both sides by N,:
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Take the natural log of both sides:  In (%) = —At,,

Apply properties of logarithms: At, =In(2)

» Therefore, half-life t, can be calculated using the equation:
¢ = In2 ~ 0693
i A
» This equation shows that half-life ty, and theradioactive decayrate constant Lareinversely
proportional

o Therefore, the shorter the half-life, the largerthe decay constantand the faster the
decay

9 Worked Example

o
Strontium-90 is a radioactive isotope with a half-life of 28.0 years.A sample of

Strontium-90 has an activity of 6.4 x 10 Bq.Calculate the decay constant ,ins™,
of Strontium-90.

Step 1: Convert the half-life into seconds
o t,=28years=28x365x24x60x60=8.83x108s
Step 2: Write the equation for half-life

In

2
A

Step 3: Rearrange for A and calculate

_n2 ___in2 _ -10 g1
=1, - Rl - AT

¢) ExamTip
“ Although you may not be expected to derive the half-life equation, make sureyou're
comfortable with how to useitin calculations such as that in the worked example.
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Half-Life fromDecay Curves

* The half-life of a radioactive substance can be determined from decay curves andlog
graphs
* Since half-lifeis the time taken for the initial number of nuclei, or activity, toreduce by
half, it can be found by
o Drawinga linetothe curve atthe point where the activity has droppedto half of its
original value
o Drawinga line from the curve to the time axis, this is the half-life

Log Graphs

e Straight-line graphs tend to be more usefulthan curves forinterpreting data
o Nucleidecay exponentially, therefore, to achieve a straight line plot, logarithms can be
used

e Takethe exponential decay equation for the number of nuclei
N=Nge™
» Takingthe naturallogs of both sides
InN =In(Ng) - At
* |nthis form, this equation can be compared to the equation of a straightline
y=mx+c

* Where:
o In(N)is plotted on the y-axis
o tisplottedon thex-axis
o gradient=-x
o y-intercept=In(Np)

» Half-lives can befoundin a similarway to the decay curve but theintervals will be regular as
shown below:
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LINEAR DECAY CURVE

1002

502

25%

12.52
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3.1252
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LOG GRAPH
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‘, Worked Example
o

Theradioisotope technetiumis used extensively in medicine. The graph below

shows how the activity of a sample varies with time.
8

ACTIVITY /10" Bq
I

3
2
1
0 2 4 6 8 10 12 14 16 13 20 22 24
TIME/HOURS
Determine:

a) The decay constant for technetium

b) The number of technetium atoms remainingin the sample after 24 hours

Part(a)

Step 1: Draw lines on the graph to determine the timeit takes for technetiumtodrop to
half of its original activity
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ACTIVITY/10'Bq  »
9)] ~ (v e]

o

.1"2 AQ 4

O 2 4 6 8 10 12 14 16 18 20 22 24
T, TIME/HOURS

Step 2: Read the half-life fromthe graph and convert toseconds
o ty,=6hours=6x60x60=21600s

Step 3: Write out the half life equation

Y s
A
Step 4: Calculate the decay constant
A=t o M 35,1056
t1,2o 21600

Part (b)

Step 1: Draw lines on the graph to determine the activity after 24 hours
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ACTIVITY /10 Bq
(8)]

1
A WHEN

t =24 HPDURS

0 2 4 6 3 10 T2 14 16 18 20 22 24
TIME/HOURS

o Att=24hours,A=0.5x10"Bq
Step 2: Write out the activity equation
A=AN

Step 3: Calculate the number of atoms remaining in the sample

N===——— =1.56 x T0%
A 32x107 g
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Radioactive Dating

¢ Theisotopecarbon-14is commonly usedin radioactive dating
» |tforms as aresult of cosmicrays knocking out neutrons from nuclei, which then collide
with nitrogen nucleiin the air:

1n+]4N_)14C+1p

* Plants takein carbon dioxide from the atmosphere for photosynthesis, including the
radioactive isotope carbon-14
¢ Animals andhumans take in carbon-14 by eating the plants
o Therefore, allliving organisms absorb carbon-14, but after they die they do not absorb
any more

* The proportion of carbon-14is constant in living organisms as carbon is constantly being
replaced during the period they are alive

* When they die, the activity of carbon-14 in the organic matter starts to fall, with a half-life of
around 5730 years

« Samples of living material can be tested by comparing the current amount of carbon-14in
them and comparedto theinitial amount (which is based on the currentratio of carbon-14
to carbon-12), and hence they can be dated

Reliability of Carbon Dating
« Carbondatingis a highly reliable ageing method for samples ranging from around 1000
years oldup to a limit of around 40 000 years old
o Therefore, forvery young, orvery old samples, carbon datingis not the mostreliable
methodtouse

» This can beexplainedby looking atthe decay curve of carbon-14:
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RADIOCARBON DECAY

10.0

AMOUNT OF C14 REMAINING

\ TIME
(YEARS)

AFTER ONE HALF
LIFE (5730 YEARS),
ONLY HALF OF THE
ORIGINAL AMOUNT
REMAINS

0 5,000,.10,000 15,000 20,000 25,000

30,000 35,000 40,000

AFTER THREE HALF
LIVES (17 190 YEARS),
ONLY AN EIGHTH
REMAINS

AFTER 57 000 YEARS,
LESS THAN 0.12 OF
THE ORIGINAL AMOUNT
REMAINS

Carbon-14 decay curve used for carbon dating

If the sampleis less than1000 years old:

o Theactivity of the sample willbe too high
o So,itis difficult to accurately measure the smallchangein activity
o Therefore, the ratio of carbon-14 to carbon-12 will be too high to determine an

accurateage

« Ifthe sampleis morethan 40 000 years old:
o Theactivity willbe too smallandhave a count rate similar to that of background

radiation

o S0, therewillbe very few carbon-14 atoms remaining, hence very few decays will occur
o Therefore, the ratio of carbon-14 to carbon-12 will be too small to determine an

accurateage

» Carbondatinguses the currently known ratio of carbon-14 to carbon-12, however,
scientists cannot know the level of carbon-14 in the biosphere thousands of years ago
» Therefore, this makes it difficult to age samples which are very old

Potassium-Argon Dating

* Ancientrocks contain trapped argon gas as a result of the decay of theradioactive isotope

of potassium-40

» This happens when a potassium nucleus captures aninner shell electron, also known as

electron capture
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40K e~ > %OAr + v,

The potassium isotope can also decay by i~ emission to form calcium-40

40K 540Ca 4+ B~ + V=

The half-life of the potassium-40 is 1.25 billion years

The age of the rock (when it solidified) can be calculated by measuring the proportion of
argon-40 to potassium-40

This method s accurate fordatingrocks up to 100 million years old

Uranium-Lead Dating

* While the potassium-argon method is best forageingyoungerrocks, the uranium-lead
method has been critical in dating geologic events more than 100 million years old

«DAUGH ER» LEAD |

GRANITE ROCK GRANITE ROCK

NUMBER OF T | ‘ | ‘ ‘
ATOMS /10% _ S !

TIME /10° YEARS

Uranium atoms decay whilst the number of lead atoms increases

e [nitially, thereis only uraniumin therock, but over time, the uranium decays via a decay
chain which ends with lead-206, which is a stableisotope
e Uranium has a half-life of 4.5 billion years and over time, theratio oflead-206 atoms to
uranium-238 atoms increases
o This ratio may be usedto determine the age of a sample of rock

e Uranium is sowell studied that its decay constantis much betterknown than other
isotopes, such as potassium, making the uranium-lead dating technique the most
accurateavailable
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URANIUM-238 DECAY CHAIN
— NUCLIDE HALF-LIFE
URANIUM-238 4.5x10° years
234 THORIUM-234 24.5 days
< 2304 y () PROTACTINIUM-234 144 minutes
& 226 ¢ , URANIUM-234 2.33#10° years
o z . @ THORIUM-230 8.3x10* years
5 2227 2 RADIUM-226 1590 years
@ 218 - é : , RADON-222 3.825 days
Z i E 4 Q POLONIUM-218 3.05 minutes
o LEAD-214 26.8 minutes
a0 g P @ BISMUTH-214 19.7 minutes
208 ——— P , POLONIUM—214 1.5x10™* seconds
82 B3 B84 B85 86 B7 88 89 90 91 92 LEAD-210 22 years
Pb Bi Po At Rn Fr Ra Ac Th Pa U © BISMUTH-210 Shis
NUMBER OF "FROTONS, 2 POLONIUM—210 140 days
@ LEAD-206 STABLE

Uranium-238 decay chain

Storage of Radioactive Waste

» Radioactive substances can be dangerous and some substances have verylong half-lives

(even billions of years)

o This means that they will be emitting harmfulradiation well above background

radiation foraverylongtime

» Waste products fromnuclear power stations need to be appropriately stored for the
remaining time that they are radioactive

« Common methods are water tanks or sealed underground
o Thisis to preventdamage to people andthe environment now and formany years into

thefuture

o Sealingthemundergroundmeans they areless likely to be dislodged orreleased due

tonatural disasters
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