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Isotopes & Radioactive Decay

Isotopes

= Elements are defined by a fixed number of protons in theiratoms
= Forexample, allhydrogen atoms have 1 proton, and all carbon atoms have 6 protons
However, atoms of an element can have different numbers of neutrons

= These different versions of elements are called isotopes
= Anisotopeis defined as:

Nuclei that have the same number of protons but different numbers of neutrons

Forexample, hydrogen has two isotopes, deuterium and tritium
= Allthreeisotopes contain1proton, but different numbers of neutrons

) (=) s
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'H - H
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Protium Deuterium Tritium

The three atoms shown above are all forms of hydrogen, but they each have different numbers of

neutrons

| |
have

= Afixed protonnumber, Z
= Adifferent nucleon number, A

= Someisotopes have animbalance of neutrons and protons which makes them unstable
= This means they constantly decay and emit radiation to achieve a more stable form

= This canhappen from anywhere between a few nanoseconds to 100,000 years

Since nucleon number A includes the number of protons and neutrons, anisotope of an element will
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Isotopic Data

Isotopic datais defined as:
The relative amounts of different isotopes of an element present within a substance

The mass of an elementis displayed on the periodic table as relative atomic mass
This takes the masses and abundances of all the naturally occurring isotopes of an element into
account

The relative atomic mass of an element can be calculated using the relative abundance values
The percentage abundance of differentisotopesin a sample can be obtained using a mass
spectrometer

Forexample, a sample of oxygen may contain three isotopes: 120, 1;0 and IZO

The relative atomic mass of this sample of oxygen can be calculated using:
(16 x 0.9976) + (17 x 0.0004) + (18 x 0.002) =16.0044

To two decimal places, the relative atomic mass of the sample of oxygenis16.00
A common use of isotopic datais carbon dating of archaeological artefacts
= Thisinvolves using the ratio of the amount of stable isotope carbon-12, to the amount of unstable
isotope, carbon-14
= The age of asample of dead tissue can be determined by comparing the ratio of these isotopes to
theratioin a sample of living tissue
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@ Worked example

Which of the following rows shows a pair of nuclei that are isotopes of one another?

nucleon number number of neutrons

nucleus| 39 19
A. nucleus 2 35 22

nucleus 37 20
B.

nucleus 2 35 18

nucleus 37 18
c. nucleus 2 35 20

nucleus 35 20
D. nucleus 2 35 18

Answer: B

= InNucleusT:
= Nucleonnumber: 37
= Neutrons: 20
= Protons=37-20=17
= InNucleus 2:
= Nucleonnumber: 35
= Neutrons: 18
= Protons=35-18=17
= They have the same number of protons but different numbers of neutrons hence, they are
isotopes of each other
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Radioactive Decay

= Radioactive decayis defined as:
The spontaneous disintegration of a nucleus to form a more stable nucleus, resulting in the
emission of an alpha, beta or gamma particle

= Therandom nature of radioactive decay can be demonstrated by observing the countrate of a
Geiger-Muller (GM) tube
= WhenaGMtubeis placed neararadioactive source, the counts are found to be irregular and
cannot be predicted
= Eachcountrepresents adecay of anunstable nucleus
= These fluctuationsin count rate onthe GM tube provide evidence for the randomness of radioactive
decay

Characteristics of Radioactive Decay

= Radioactive decay is both spontaneous and random
= Aspontaneous processis defined as:
A process which cannot be influenced by environmental factors

= This meansradioactive decay cannot be affected by environmental factors such as:
= Temperature
= Pressure
= Chemical conditions

= Arandom processis defined as:
A process in which the exact time of decay of a nucleus cannot be predicted

= |nstead, the nucleus has a constant probability, ie. the same chance, of decayingin a giventime
= Therefore, withlarge numbers of nuclei, itis possible to statistically predict the behavior of the entire

group
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Background Radiation

Background Radiation

= Backgroundradiationis defined as:
The ionising radiation present in the environment

= The sources of background radiation can be separatedinto:
= Natural sources
= Artificial sources

Natural Sources of Background Radiation
Radon gas fromrocks and buildings

= Airborne radon gas comes fromrocks in the ground, as well as building materials e.g. stone and brick
= Thisis due to the presence of radioactive elements, such as uranium, which occur naturally in small
amountsinallrocks and soils
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F

XAM PAPERS PRACTICE

= Uraniumdecaysintoradon gas, whichis an alpha emitter
= Thisis particularly dangerous if inhaled into the lungs inlarge quantities
= Radongasistasteless, colourless and odourless so it can only be detected using a Geiger counter
= Levels of radon gas are generally very low and are not a health concern, but they can vary significantly
fromplace toplace
= Forexample,inthe UK, some areas may containrocks and soil which emit higher concentrations of
radon gas

Radon Concentration Map of the UK

Radon gas occurs naturally in all rocks and soils. The concentration of radon gas varies from region to
region in the UK. The darker red regions show where higher radon concentrations are more likely to
occur

For more help, please visit www.exampaperspractice.co.uk
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Cosmic rays from space

= The Sun emits an enormous number of subatomic particles (predominantly protons and alpha
particles) every second
= Some of these enter the Earth’s atmosphere at high speeds
= Whenthey collide with molecules in the air, this leads to the production of gamma radiation
= QOthersources of cosmic rays are supernovae and other high-energy cosmic events
Carbon-14 in biological material

= Allorganic matter contains a tiny amount of carbon-14
= Living plants and animals constantly replace the supply of carbonin their systems hence the amount of
carbon-14in the system stays almost constant
Radioactive materialin food and drink

= Naturally occurring radioactive elements can getinto food and water since they are in contact with
rocks and soil containing these elements

= Some foods contain higheramounts such as potassium-40 in bananas

= However, the amount of radioactive material is minuscule andis not a cause for concern

Artificial Sources of Background Radiation
Nuclear medicine

= |Inmedical settings, nuclearradiationis utilised all the time
= Forexample, X-rays, CT scans, radioactive tracers, and radiation therapy all use radiation
Nuclear waste

= While nuclear waste itself does not contribute much to backgroundradiation, it can be dangerous for
the people handlingit
Nuclear fallout from nuclear weapons

= Falloutistheresidue radioactive material that is thrown into the air after a nuclear explosion, such as the
bomb that exploded at Hiroshima
= While the amount of fallout in the environment is presently very low, it would increase significantly in
areas where nuclear weapons are tested
Nuclear accidents

= Nuclearaccidents, such as theincident at Chernobyl, contribute alarge dose of radiation to the
environment

= While these accidents are now extremely rare, they can be catastrophic and render areas devastated
forcenturies

Accounting for Background Radiation

= Backgroundradiation must be accounted for when taking readingsin alaboratory
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= This canbe done by taking readings with no radioactive source present and then subtracting this from
readings with the source present
= Thisisknown as the corrected countrate
Measuring Background Count Rate

Geiger-Muller tube

The background count rate can be measured using a Geiger-Miiller (GM) tube with no source present

= Forexample, if a Geiger counterrecords 24 counts in T minute when no source is present, the
background radiation countrate would be:
= 24 counts perminute (cpm)
= 24/60 = 0.4 counts persecond (cps)

= Then, if the Geiger counterrecords, forexample, 285 countsin1minute when a source is present, the
corrected count rate would be:
= 285-24=261counts perminute (cpm)
= 261/60 =4.35 counts persecond (cps)
= When measuring countrates, the accuracy of results can be improved by:
= Repeatingreadings and taking averages
= Takingreadings overalong period of time
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Alpha, Beta & Gamma Particles

Alpha, Beta & Gamma Decay

= Someisotopes of elements are unstable

= Thiscanhappenwhen anucleus has animbalance of protons and neutrons ortoo much energy
= Tobecome more stable, anucleus can emit particles or radiation by the process of radioactive decay
= The three main types of radioactive particle orradiation are:

= Alphaparticles

= Betaparticles

= Gammaradiation

Alpha Particles

= Analpha(a) particle is a high-energy helium nucleus
= |tcontains 2 protons and 2 neutrons
= |thasamassof 4uand acharge of +2e

= The nuclearnotation foranalpha particleis:

4 4
X o ,He

Nuclear notation for an alpha particle (a helium nucleus)

= Alpha particles are usually emitted by large, unstable nuclei with too many nucleons (protons and
neutrons)
= Whenanunstable nucleus decays, its composition changes
= \Whenan alpha particle is emitted from a nucleus:
= Thenucleusloses 2 protons: proton number decreases by 2
= Thenucleusloses 4 nucleons: nucleon number decreases by 4
= Asthereisachangeinproton number, the parent nucleusis a different element to the daughter
nucleus
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Beta-Minus Decay

= Abeta-minus (B7) particle is a high-energy electron
= |thasamassof 0.0005uand acharge of -1e
= The nuclearnotation forabeta-minus particle is:

Beta Particle

YB

= Beta-minus particles are usually emitted by unstable nuclei with too many neutrons
= Beta-minus decay is when a neutron turns into a proton and emits an electron and an anti-electron
neutrino
= Electrons have a proton number of -1, so overall:
= The proton numberincreasesby 1
= The nucleon number remains the same
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Beta-Plus Decay

= Abeta-plus (B8*) particle is a high-energy positron
= [tisthe antimatter particle of the electron
= |[thasamassof 0.0005uand acharge of +1e
= The nuclearnotation forabeta-minus particle is:

0
+1

BETA PLUS

= Beta-plus particles are usually emitted by unstable nuclei with too many protons
= Beta-plus decay is when a proton turns into a neutron and emits a positron and an electron neutrino
= Positrons have a proton number of +1, so overall:

= The proton number decreasesby 1

= The nucleon number remains the same

Gamma Radiation

= Gamma (y)rays are a type of high-energy electromagnetic radiation
= They are emitted by nuclei that need to lose some energy
= Thenuclearnotation forgammaradiationis:

E}/ # | Gamma Ray Symbol

Nuclear notation forgammarays

= Gamma particles are photons, so they have a proton number of O, so overall:
= The proton number remains the same
= The nucleon number remains the same


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

Properties of Alpha, Beta & Gamma

= Alpha, betaand gammaradiation can be characterised by
= Jonising ability - a measure of the amount of ionisation caused when nuclear radiation passes
through a material
= Penetrating power - a measure of the distance nuclearradiation will travel before losing all its
energy
= The greater the ionising ability of a type of radiation, the lowerits penetrating power, and vice versa

lonising ability

= |f any type of radiation collides with an atom, it can knock out electrons, ionising the atom

= This can cause chemical changes in materials and damage to living cells

= Theionising ability of radiation can be quantified by the number of ion pairs it produces per cm of air
= Highly ionising radiation may produce 104 ion pairs per cm of air
= Weakly ionising radiation may produce Tion pair per cm of air

Penetrating power

= Thedistanceradiation cantravel before losing most, orall, of its energy, is described by its penetrating
power
= Thelower the penetrating power of a type of radiation, the shorterits range in air

= Highlyionising radiation has alow penetrating power
= Weaklyionising radiation has a high penetrating power
Deflectionin Electric and Magnetic Fields

= Whenacharged particle enters an electric field it willundergo a deflection
= Alpha particles are deflected towards the negative plate
= Betaparticles are deflected towards the positive plate
= Gammaradiationis not deflected and travels straight through between the plates
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= Whenacharged particle movesinamagnetic field, it will also undergo a deflection
= Faster-moving particles move inlarger circular paths according to the equation:

By = mv?
qv = P

=

= Thelargerthe circular path, the greater the deflection
= The amount of deflection of a particle depends on:

= The speed of the particle, V

= The mass of the particle, m

= Thecharge onthe particle,

Comparing Alpha, Beta & Gamma

mv

I’=

Bq

= Theionising abilities and penetrating powers of alpha, beta and gamma can be investigated by
= Measuring the countrate of aradioactive source using a Geiger counter
= Placing different materials between the source and the detector
= Measuring the count rate again to see if the material causes a significant reduction

= Alpha particles canbe stopped by a single sheet of paper
= Betaparticles can be stopped by a few millimetres of aluminium foil
= Theintensity of gammaradiation can be reduced by several metres of concrete or several

centimetres of lead

= The properties of the different types of radiation are summarised in the table below:
Comparison of alpha, beta and gamma radiation

Type of | Nuclear Nature of the Mass Charge [onizine power
radiation | symbol radiation (amu) & Ep
A helium nucleus Very high ionizing power, Low
Alpha 3He of 2 protons and 2 4 +2 g ZINg p '
penetration
neutrons
Moderate ionizing power,
Beta % High kinetic energy 1/1850 By moderate penetration with a
electrons smaller mass and charge than
the alpha particle
High frequency Low ionizing power, hl.ghly
Gamma o electromaenetic 0 0 penetrating, interact dominantly
and X-rays | o7 magn with the electron shell of the
radiation
atom
The lowest ionizing power of
Neutron o Very high 0 0 the .fou“rT very hlgh_ly .
frequency penetrating, interact primarily
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Properties of Alpha Radiation

= Alphaisthe mostionising type of radiation
= Thisisduetoit having the highest charge of +2e
= Thismeansit produces the greatest number of ion pairs percmin air
= Thisalso meansit can do more damage to cells than the other types of radiation
= Alphaistheleast penetrating type of radiation
= Thismeansit travels the shortest distance in airbefore being absorbed
= Alpha particles have arange of around 3-7 cmin air
= Alpha particles can be deflected slightly in strong electric and magnetic fields
= Alpha particles have the highest charge, but also the greatest mass, so their highmomentum
means they deflectless than a beta particle (in a given field)
Properties of Beta Radiation

= Betaisamoderatelyionising type of radiation
= Thisisduetoithaving acharge of tle
= Thismeansit can do some slight damage to cells (less than alpha but more than gamma)

= Betaisamoderately penetrating type of radiation
= Betaparticles have arange of around 20 cm - 3 min air, depending on their energy

= Beta particles canbe deflected through large angles by electric and magnetic fields
= Betaparticles typically travel at much greater speeds than alpha particles, but have much less

mass, so they deflect significantly more than an alpha particle (in a given field)
Properties of Gamma Radiation

= Gammaiis the leastionising type of radiation
= Thisisbecauseitis anelectromagnetic wave with no charge
= This means it produces the least number of ion pairs percmin air
= |tcanstill cause damage to cells, but notas much as alpha or beta radiation. Thisis why itis used for
cancerradiotherapy
= Gammais the most penetrating type of radiation
= This meansit travels the furthest distance in air before being absorbed
= Gammaradiation has aninfinite range and follows an inverse square law
= Gammarays are not deflected in magnetic and electric fields as they are electrically neutral
= However, they cantransfer their energy to atomic electrons which can be deflected
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@ Worked example

Three successive radioactive decays are shown in the diagram below. Each decay results in a particle
being emitted.

o o At

2 W > X > Y > 7

The first decay results in the emission of a beta-minus particle.
The second decay results in the emission of an alpha particle.
The third decay results in the emission of a beta-plus particle.

Whatis nuclide Z?
237 233 237 233
A. 90Z B. 922 C. 892 D. 90Z

Answer: D
Step 1: Write the equation for the B- decay

= AB-particleisanelectron

= The nucleon number stays the same

= The protonnumberincreasesby 1
237W - 237X + 0
92 93 1B

Step 2: Write the equation for the a decay

= Anaparticleis aheliumnucleus

= Thenucleonnumberreduces by 4

= The protonnumberreduces by 2
237X = 233y 4 4qg
93 91 2

Step 3: Write the equation for the B+ decay

= AB+ particleis apositron
= Thenucleonnumber stays the same
= The protonnumberreduces by 1

233y - 2337 4+ O
91Y 9OZ +1

Step 4: Determine the final nucleonZ

= The final nucleon, Zwill be:

2337
90
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Radioactive Decay Equations

Radioactive Decay Equations

= There are fourreasons why a nucleus might become unstable, and these determine which decay mode
willoccur
1.Too many neutrons = beta-minus emission
2.Too many protons = beta-plus emission or electron capture
3.Too many nucleons = alpha emission
4. Too much energy = gamma emission
If there are too many neutrons...

= Beta-minus (3°) emission occurs
= One of the neutronsin the nucleus changesinto a proton and a 3~ particle (an electron) and
antineutrinoisreleased
= The nucleonnumberis constant
= Theneutron number (N) decreases by 1
= The protonnumber(Z)increases by 1
= The general decay equation for 3~ emissionis:

AX > 08 + AY + v
ZX —B Z+1Y Ve
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If there are too many protons...

Beta-plus (3*) emission or electron capture occurs

In beta-plus decay:
= Aprotonchangesinto aneutronand a 3* particle (a positron) and neutrino are released

In electron capture:
= Anorbiting electronis takenin by the nucleus and combined with a proton causing the formation
of aneutron and neutrino
In both types of decay, the nucleon number stays constant
= Theneutronnumber (N)increases by 1
= The protonnumber(Z) decreases by 1
The general decay equation for B* emissioniis:

AX » OB+ AY +
z +1B Z-1 Ve

= The decay equation forelectron captureis:

AX + %¢ » AY + vy
z +1 Z-1 e

If there are too many nucleons...

= Alpha(a) emission occurs

= Anaparticleis aheliumnucleus

= Thenucleonnumberdecreases by 4 and the proton number decreases by 2
= The neutron number (N) decreases by 2
= The protonnumber(Z) decreases by 2

= The general decay equation for a emissionis:

AX - 4g + A-4Y
Z 2 Z-2

If there is too much energy...

Gamma (y) emission occurs

= Agamma particleis a high-energy electromagnetic radiation

This usually occurs after a different type of decay, such as alpha or beta decay
This is because the nucleus becomes excited and has excess energy

Representing Nuclear Processes Graphically

= |nsummary, alpha decay, beta decay and electron capture can be represented onanN-Zgraph as
follows:
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@ Worked example

Plutonium-239is aradioactive isotope that contains 94 protons and emits a particles to forma
radioactive isotope of uranium. This isotope of uranium emits a particles to form anisotope of thorium
whichis also radioactive.

Write two equations to represent the decay of plutonium-239 and the subsequent decay of uranium.
Answer:

Step 1: Write down the general equation of alpha decay

AX - A-4Y 4 4g
Z 7Z-2 2
Step 2: Write down the decay equation of plutonium into uranium

239py — 2357] + 4
94Pu 92U %

Step 3: Write down the decay equation of uraniuminto thorium

23517 - 231Th + 4
92U 90Th %

Neutrinos & Antineutrinos

= Anelectronneutrinois a type of subatomic particle with no charge and negligible mass whichis also
emitted from the nucleus
= Theanti-neutrinois the antiparticle of a neutrino
= Electron anti-neutrinos are produced during B- decay
= Electronneutrinos are produced during f+ decay
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Activity & Half-Life

Activity & Half-Life

= The activity of aradioactive sample is defined as:

The number of nuclei which decay in a given time

Activity is measured in becquerels (Bq)
= Onebecquerelis equivalent to a nucleus decaying every second
Itisimpossible to know when a particular unstable nucleus will decay
But the rate at which the activity of a sample decreases can be predicted
= Thisisknown as the half-life
Half-life is defined as:
The time taken for half the undecayed nuclei to decay or the activity of a source to decay
by half

In otherwords, the time it takes for the activity of a sample to fall to half its original level
Differentisotopes have different half-lives and these can vary from a fraction of a second to billions of
yearsinlength

Using Half-life

Scientists can measure the half-lives of different isotopes accurately:
Uranium-235 has a half-life of 704 million years
= This meansitwould take 704 million years for the activity of auranium-235 sample to decrease to
half its original amount

Carbon-14 has a half-life of 5700 years
= Soafter5700 years, there would be 50% of the original amount of carbon-14 remaining
= Aftertwo half-lives, or11400 years, there would be just 25% of the carbon-14 remaining

With each half-life, the amount remaining decreases by half

The time it takes for the activity of the sample to decrease from 100 % to 50 % is the half-life

Itis the same length of time as it would take to decrease from 50 % activity to 25 % activity

The half-life is constant for a particularisotope

The following table shows that as the number of half-life increases, the proportion of the isotope
remaining halves


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

@ Worked example

Aradioactive sample has a half-life of 3 years. What is the ratio of decayed nuclei to original nuclei,
after15years?

Answer:
Step 1: Calculate the number of half-lives

= Thetime periodis15years
= The half-lifeis 3years
half-life=15/3=5

= There have been 5 half-lives
Step 2: Raise 1/2 to the number of half-lives

= The proportion of nucleiremaining is
(1/2)°=1/32

= So01/32 of the original nuclei are remaining
Step 3: Write the ratio correctly

= |f1/32 of the original nuclei are remaining, then 31/32 must have decayed
= Therefore, theratiois 31decayed : 32 original, or 31:32

@ Worked example

Aparticularradioactive sample contains 2 million un-decayed atoms. After a year, there are only 500
000 atoms leftun-decayed.

Determine the half-life of the material.
Answer:
Step 1: Calculate how many times the number of un-decayed atoms has halved

= Therewere2 000 000 atoms to start with
= 1000 000 atoms would remain after 1half-life
= 500 000 atoms would remain after 2 half-lives
= Therefore, the sample has undergone 2 half-lives
Step 2: Divide the time period by the number of half-lives

= Thetime periodisayear

= The number of half-livesis 2

= lyeardivided by 4(22)is a quarter of ayear or 3 months
= Therefore, the half-life of the sample is 3 months
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Decay Curves

= To calculate the half-life of a sample, the procedureis:
= Measure theinitial activity, Ao, of the sample
= Measure how the activity changes with time
= Determine the half-life of this original activity

= Thetime taken for the activity to decrease to half its original value is the half-life
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Decay Constant & Half-Life (HL)

Decay Constant & Half-Life

= Sinceradioactive decayis spontaneous and random, itis useful to consider the average number of
nucleithat are expected to decay perunit time
= Thisis known as the average decay rate
= Asaresult,eachradioactive element can be assigned a decay constant
= Thedecay constantAis defined as:
The probability that an individual nucleus will decay per unit of time

= Whenasampleis highly radioactive, this means the number of decays perunit timeis very high
= Thissuggestsit has a high level of activity
= Activity, orthe number of decays per unit time can be calculated using:

A Ax AN
At

= Where:

= A=activity of the sample (Bq)

= AN =number of decayed nuclei

= At=timeinterval(s)

= A=decayconstant(s™)

= N=numberof nucleiremaining in a sample
= The activity of asample is measured in becquerels (Bq)

= Anactivity of 1Bqis equal to one decay persecond, or1s™
= This equation shows:

= The greater the decay constant, the greater the activity of the sample

= The activity depends on the number of undecayed nuclei remaining in the sample

= The minus signindicates that the number of nuclei remaining decreases with time
= Half-life and decay constant can be linked, using an equation called the exponential decay equation

e} _}«
N NOe t

= This equation shows how the number of undecayed nuclei, N, changes over time, t, where Ny is the
initial number of nucleiin the sample
= Whentime tis equal to the half-life t,,, the number of undecayed nucleiin the sample, N, will fall to half

1
of its original value (N = ENO)

1 —at
— = /
2N0 Noe 172

= The formula linking half-life and decay constant can then be derived as follows:
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1 ~Aty,
divide both sides by No: E =e¢

1

take the naturallog of both sides: In (5) = - ﬂ,tl /2

apply properties of logarithms: /11‘1 /2 =In2

Therefore, half-life t, can be calculated using the equation:
In2
L = 2

This equation shows that half-life t, and the radioactive decay rate constant A are inversely
proportional

= Therefore, the shorter the half-life, the larger the decay constant and the faster the decay
The half-life of aradioactive substance can be determined from decay curves and log graphs
Since half-life is the time taken for the initial number of nuclei, or activity, to reduce by half, it can be
found by

= Drawingaline to the curve at the point where the activity has dropped to half of its original value

= Drawing aline from the curve to the time axis, this is the half-life
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Straight-line graphs tend to be more useful than curves forinterpreting data
= Due to the exponential nature of radioactive decay, logarithms can be used to achieve a straight-
line graph
Take the exponential decay equation for the number of nuclei

fr _A«
N Noe ¢

Taking the natural logs of both sides

InN = 1nNO - At
InN=—-At + lnN0

In this form, this equation can be compared to the equation of a straightline
y=mx +c

Where:

= |InNisplotted onthey-axis

= tisplottedonthe x-axis

= gradient=-A

= y-intercept=InNp

Half-lives can be foundin a similar way to the decay curve but the intervals will be regular as shown
below:
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@ Worked example
Radiumis aradioactive element first discovered by Marie and Pierre Curie.

They used the radiation emitted fromradium-226 to define a unit called the Curie (Ci) which they
defined as the activity of 1gram of radium.

It was found thatin a1g sample of radium, 2.22 x 10'2 atoms decayed in 1 minute.
Another sample containing 3.2 x 1022 radium-226 atoms had an activity of 12 Ci.
(a) Determine the value of 1 Curie

(b) Determine the decay constant forradium-226

Answer:
(a)
Step 1: Write down the known quantities

= Number of atoms decayed, AN =2.22 x 1012
= Time,At=Tminutes=60s

Step 2: Write down the activity equation

AN
T At

Step 3: Calculate the value of 1Ci

2.22 x 1012
As————

- 10 L
50 = 3.7 x 10*° decays s

(b)
Step 1: Write down the known quantities

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

Step 2: Write down the activity equation
A=AN

Step 3: Calculate the decay constant of radium
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= Therefore, the decay constant of radium-226is1.4 x 10" s
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@ Worked example

Strontium-90 is aradioactive isotope with a half-life of 28.0 years. A sample of Strontium-90 has an
activity of 6.4 x 109 Bq.

(a) Calculate the decay constant A, inyear™!, of Strontium-90.
(b) Determine the fraction of the sample remaining after 50 years.

Answer:

(a)
Step 1: List the known quantities

= Half-life, ti, = 28 years
Step 2: Write the equation for half-life

Step 3: Rearrange for A and calculate

A— 1n_2 —_ ln_2 1
= tl/z = 78 =0.025year

(b)
Step 1: List the known quantities

= Decayconstant,A=0.025year"!
= Time passed, t=50years
Step 2: Write the equation for exponential decay

- -1
N NOe !

N

Step 3: Rearrange for ——— and calculate

Ny

N_
NO

N

Ny

= Therefore, 28.7% of the sample willremain after 50 years

- e—(0025) X 50 -0.287
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The Law of Radioactive Decay (HL)

The Law of Radioactive Decay

= |nradioactive decay, the number of undecayed nucleifalls very rapidly, without ever reaching zero
= Suchamodelis known as exponential decay

Equations for Radioactive Decay

= The number of undecayed nuclei N can be represented in exponential form by the equation:

el _2,
N Noe t

= Where:
= Np=theinitialnumber of undecayed nuclei (whent=0)
= N=numberofundecayednucleiatacertaintime t

= A=decayconstant(s™)
= t=timeinterval(s)
= The number of nuclei can be substituted for other quantities.
= Forexample, the activity Ais directly proportional to N, so it can also be represented in exponential
form by the equation:

— _2,
A Aoe t

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

= Thereceived countrate Cisrelated to the activity of the sample, henceit can also be representedin
exponential form by the equation:

C=C, e

= Where:
= C=countrate atacertaintime t (counts per minute orcpm)
= Cp=initial count rate (counts per minute or cpm)
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@ Worked example

Strontium-90 decays with the emission of a B-particle to form Yttrium-90. The decay constant of
strontium-90is 0.025 year .

Determine the activity A of the sample after 5.0 years, expressing the answer as a fraction of the initial
activity Ao.

Answer:
Step 1: Write out the known quantities

= Decayconstant,A=0.025year !

= Timeinterval, t=5.0 years

= Both quantities have the same unit, so there is no need for conversion
Step 2: Write the equation for activity in exponential form

el _1
A Aoe t

Step 3: Rearrange the equation for the ratio between Aand Ag

Step 4: Calculate theratio A/Ag

i = (0.025x5) = ().88

0

= Therefore, the activity of strontium-90 decreases by a factor of 0.88, or12%, after 5 years
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@ Worked example

A space probe uses a source containing 4.0 kg of plutonium-238.

Plutonium-238is an alpha-emitter with a half-life of 87.7 years. Each alpha decay releases 5.5 MeV per
emission. The space probe converts this into electrical energy with an efficiency of 32%.

The space probe can continue to operate as long as the power output is maintained at 0.4 kW or
above.

Estimate the time, inyears, the source is expected to supply power to the space probe.
Answer:
Step 1: List the known quantities

= Massof Pu-238=4.0kg=4000g
= Molarmass of Pu-238 = 238 gmol-!

= Avogadro's constant,NA =6.02x1023mol"!

= Half-life of Pu-238 = 87.7 years
= Energyreleased peralphadecay =5.5MeV
= Jelectronvolt(eV)=1.6x10-17)
= Efficiency=32%=0.32
= Final poweroutput,P=0.4kW=400W
Step 2: Calculate the initial number of nuclei present in the source

= 238 g of plutonium-238 contains 6.02 x 1023 atoms (Avogadro's number), so in 4 kg:
mass X N 1

Numberof nucleii N = ——————
molar mass

4000 x (6.02x 1023)

Initial number of nuclei:NO = 738 = 1.012 X% 1025 nuclei

Step 3: Calculate the initial activity of the source

In2
Decay constant: A=—
1/2
Activity:A = AN
= Combining these gives:
N0 In2

Initial act|V|ty:A0 = "
1/2
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~ (1.012x10%5) x In2
0 87.7 x (24 x 60X 60X365)

A = 2.54%x 101 Bq

Step 4: Calculate the initial power output of the source

AE
At

Power output: P=

Energy released perdecay: E = (5.5 X 106) X (1.6X 10_19) = 8.8x 10713

= Activity represents the decays persecond, so:
Initialpoweroutput:P0 = AOE

P = (2.5%1015) x (8.8x10713) = 2200w

= Theelectrical powertransferred to the probeis:

P, = 2200 x 0.32 = 704 w

Step 5: Use the exponential decay equation to calculate the time of operation

= The poweravailable is proportional to the activity of the isotope, so:

Exponential decay of power: P = PO e M

87.7 n{400\

L= " Tn2 ™ 704 )

= 71.5 years

= Therefore, the source is expected to supply power to the space probe for71.5 years
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Applications of Radioactivity

Applications of Radioactivity

= Whenselecting aradioactive isotope foruse inindustry, agriculture or medicine, the key factors to
considerare
= The penetrating power of the decay particle
= The half-life of the decay particle
= Some key examples which require the use of radioactive isotopes are:
= Nuclearpower
= |nmedicine e.g.radiotherapy, tracers and sterilising equipment
= Carbondating
= Uranium-lead dating forageingrocks
= Detectingleaksinunderground pipes
= Controlling the thickness of materials
= Smoke detectors

Carbon Dating

= Theisotope carbon-14is commonly used in radioactive dating
= |tformsasaresult of cosmic rays knocking out neutrons from nuclei, which then collide with nitrogen
nucleiin the air:

In + 4N - 14C + Ip

= Allliving organisms absorb carbon-14, but after they die they do not absorb any more

= The proportion of carbon-14 is constantin living organisms as carbonis constantly being replaced
during the period they are alive

= Whenthey die, the activity of carbon-14in 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-14 in them and
compared to the initialamount (whichis based on the current ratio of carbon-14 to carbon-12), and
hence they can be dated
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Uranium-Lead Dating

= Formany years, scientists could not agree on the age of the Earth

= Untilrecently, the Earth was believed to be only millions of years old

= Qverthelast century, radiometric dating methods have enabled scientists to discover the age of the
Earthis many billions of years old

= The most critical of these methods is uranium-lead dating

= |nitially, there is only uraniumin the rock, but over time, the uranium decays via a decay chain which
endswithlead-206, whichis a stable isotope

= Uranium-238 has a half-life of 4.5 billion years

= Overtime, theratio of lead-206 atoms to uranium-238 atoms increases

= Theratio of uraniumto lead in a sample of rock can then be used to determine its age
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Detecting Leaks in Underground Pipes

Leaksinunderground pipes can be detected by introducing a gamma emitter to the fluid supply in the
pipe
By moving a detector along the ground above the pipe, the location of the leak can be identified at the
point where anincreased countrate is detected
Gammaradiationis required as it is the most penetrating type of radiation
= |tisthe only type of radiation that would be detectable after passing through several metres of
ground
= Betaradiation could be usedif the pipeis not too thick and is near the surface
The half-life of the isotope must be
= |Longenough forthe activity of the source to remain at detectable levels
= Short enough that the isotope does not stay presentin the supply any longer than required
The isotope sodium-24is often used in leak detection
= |temitsbothbetaand gammaradiation and has a half-life of about 15 hours

Controlling the Thickness of Materials

Betaradiation can be used to determine the thickness of aluminium foil, paper, plastic, and steel
The thickness can be controlled by measuring how much beta radiation passes through the material to
a Geiger counter
Betaradiation must be used, because:
= Alpha particles would be absorbed by all the materials
= Gammaradiation would pass through undetected through the materials
The Geiger counter controls the pressure of the rollers to maintain the correct thickness
A source with along half-life must be chosen so that it does not need to be replaced often
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Smoke Detectors

= Smoke detectors contain a small amount of americium-241, an alpha emitter

= Within the detector, alpha particles are emitted and cause the ionisation of nitrogen and oxygen
moleculesin the air

= Theseionised molecules enable the air to conduct electricity by allowing a small current can flow

= |f smoke enters the alarm, it absorbs the alpha particles, hence reducing the current which causes the
alarm to sound

= Americium-24Thas a half-life of 460 years, so throughout the lifetime of a smoke detector, the activity
of the source will not decrease significantly and it will not have to be replaced
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@ Worked example

Below are listed four radionuclides, together with the type of radiation they emit

Se

~ =~
gegoe

(a)

(b)

(c)

(d)

radionuclide type of radiation emitted
A americium-241 alpha(a)
B strontium-90 beta-minus (B7)
C cobalt-60 beta-minus (B7) and gamma(y)
D fluorine-18 beta-plus (B*)
lectthe most suitable radionuclide in the following applications

Sterilising hospital equipment sealed inside plastic bags

Discharging static electricity that has built up in the manufacture of polyethene
Monitoring the thickness of a thin metal being producedin a factory

A smoke detector

ANSWER: C

Alpha andlow energy beta radiation would most likely be absorbed by the bag
Therefore, gamma radiation, or very high energy beta particles, would be needed to penetrate the
bag
This would be best suited to Cobalt-60
ANSWER: D

Static electricity is animbalance of electric charges on the surface of the polythene andis
generally composed of negatively charged electrons
In orderto getrid of the static charge, it will need to be neutralised
Beta-plus particles, or positrons, are the antimatter counterpart of the electron, and hence, are
oppositely charged
When the positrons are directed at the surface of the polythene, the electrons will be attracted to
them and become neutralised as the particles annihilate as they collide
Therefore, the beta-plus emitter, Fluorine-18, would be best suited to this job

ANSWER: B

Alpha particles would not be suitable for measuring the thickness of metal as they can be stopped
by a thin sheet of paper
Gammarrays are the most penetrating of the radiations and hence would not be suitable where
thickness monitoringis up to a few millimetres as they would all pass through
Beta particles are ideally suited as they have enough energy to pass through thin sheets of metal
and any changesin thickness would be easily detected
Therefore, the beta-minus emitter Strontium-90 would be the most suitable isotope

ANSWER: A
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Since smoke detectors are present inside homes and other buildings, they must pose no hazard
toresidents

This means the smoke detector must contain a very small amount of the radioactive material
Also, the radiation should not be too penetrating and should only be able to travel a few
centimetres

Therefore, an alpha source should be selected - this means Americium-241would be the most
suitableisotope
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Radiationin Medicine

= Radionuclides are widely used in medical applications, such as
= Radiotherapy
= Radioactive tracers
= Sterilising equipment

Radiotherapy

= Gammaradiation can be used to destroy cancerous tumours
= The gammarays are concentrated on the tumour to protect the surrounding tissue
= | esspenetrating betaradiation can be used to treat skin cancer by direct application to the affected
area

For more help, please visit www.exampaperspractice.co.uk
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Radioactive Tracers

= Radioisotopes canbe used as ‘tracers’ to monitor the processes occurring in different parts of the
body

= Radioactive tracers with a short half-life are preferred because:

Initially, the activity is very high, so only a small sample needed

The shorter the half-life, the faster the isotope decays

= |sotopes with ashorter half-life pose a muchlowerrisk to the patient

= The medicaltest doesn‘tlastlong so a half-life of afew hoursis enough

= Oneexampleislodine-131
= Thisisotopeis known to be specifically taken up by the thyroid gland making it useful for
monitoring and treating thyroid conditions
= |temits beta particles which means it will stay concentrated on the thyroid area and nowhere else
inthe body
= |thasashort half-life of 8 days meaning it willnot be around too long to cause prolonged exposure

= Anotherisotope commonly used as a traceris Technetium-99m

= |tisagammaemitter with an energy of about 140 keV whichisideal for detection

= |thasahalf-life of 6 hours soitisideal foruse as a tracer, but will not remain active fortoo long and
canbe tolerated by the body

= Gammaradiationisideal asitis the most penetrating soit can be detected outside the body

= Also,gammaiis the weakestioniser and causes minimal damage

= Aswellas this, technetium-99m may be prepared easily at the hospital when required making it a
cost-effective treatment

Sterilising Medical Equipment

= Gammaradiationis widely used to sterilise medical equipment
= Gammais most suited to this because:
= |tisthe most penetrating out of all the types of radiation
= |tispenetrating enough toirradiate all sides of the instruments
= |nstruments can be sterilised without removing the packaging
= The general public might be worried that using gamma radiation in this way might cause the equipment
itself to become radioactive, however, this is not the case because:
= |norderforasubstance to become radioactive, the nuclei have to be affected
= |onising radiation only affects the outer electrons and not the nucleus
= Theradioactive material is kept securely sealed away from the packaged equipment so there is no
chance of contamination
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Mass Defect & Nuclear Binding Energy

Mass Defect & Nuclear Binding Energy

= Experimentsinto nuclear structure have found that the total mass of a nucleusis less than the sum of
the masses of its constituent nucleons

= |notherwords, the combined mass of 6 separate protons and 6 separate neutrons is more than the
mass of a carbon-12 nucleus
= Thisdifferencein massis known as the mass defect
= Massdefectis defined as:

The difference between the measured mass of a nucleus and the sum total of the masses
of its constituents

= The mass defect Am of anucleus canbe calculated using:
Am = Zm +(A—Z)m —m
p n total
= Where:
= Z=protonnumber
= A=nucleonnumber
" mg=mass of aproton (kg)
= m,=mass of aneutron (kg)
" Mot = Measured mass of the nucleus (kg)

= Duetomass-energy equivalence, a decrease in massinfers that energy must be released

= Energy and mass are proportional, so, the total energy of a nucleus is less than the sum of the energies
of its constituent nucleons

= Binding energy is defined as:
The energy required to break a nucleus into its constituent protons and neutrons

= Theformation of anucleus from a system of isolated protons and neutrons releases energy
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@ Worked example
The binding energy per nucleonis 7.98 MeV for an atom of Oxygen-16 (1¢0).

Determine an approximate value for the energy required, in MeV, to completely separate the nucleons
of this atom.

Answer:
Step 1: List the known quantities

= Binding energy pernucleon, E=7.98 MeV
Step 2: State the number of nucleons

= The numberof nucleonsis 8 protons and 8 neutrons, therefore 16 nucleonsin total
Step 3: Find the total binding energy

= Thebinding energy for oxygen-16is:
7.98 x16 =127.7 MeV

Step 4: State the final answer

= The approximate total energy needed to completely separate this nucleusis 127.7 MeV
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Mass-Energy Equivalence

= Einstein showed in his Theory of Relativity that matter can be considered a form of energy and hence,
he proposed:
= Masscanbe convertedinto energy
= Energy canbe convertedinto mass
= Thisis known as mass-energy equivalence, and can be summarised by the equation:

AE = Amc?

= Where:
= E=energy())
= m=mass (kg)
= c=thespeedoflight (ms™)
= Some examples of mass-energy equivalence are:
= The fusion of hydrogeninto heliumin the centre of the sun
= The fission of uranium in nuclear power plants
= Nuclear weapons
= High-energy particle collisions in particle accelerators

Atomic Mass Unit

= The atomic mass unitis commonly usedin nuclear physics to express the mass of subatomic particles

Itis defined as:

1

Exactly one twelfth (—) the mass of a neutral atom of carbon-12

12

= Atomic mass unit uis roughly equal to the mass of one proton or neutron:

= 1u=1.661x10"%kg
= Using more precise values for well-known constants, a useful conversion factor can be determined
= Aparticle withamass of 1uhas an equivalent energy of

E = mc? = (1.66053907 X 10727) x (2.99792458 x 108)2 = 1.49241809x 10710 ]

= Converting to eV by using the precise value of elementary charge gives

o Laoaaigooxioo
T 1.60217663x 10-10 O ©

= Therefore, the unified atomic mass unit can be used to quickly convert between nuclear mass and
energy using:
= Tu=1.661x10"%"kg=931.5MeV c2
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@ Worked example

Calculate the binding energy per nucleon, in MeV, for the radioactive isotope potassium-40 (

You may use the following data:

= Nuclear mass of potassium-40 =39.953548 u
= Massof oneneutron=1.008 665u
= Massofoneproton=1.007276u

Answer:
Step 1: Identify the number of protons and neutrons in potassium-40

= Protonnumber, Z=19
= Neutronnumber, N=40-19 =21
Step 2: Calculate the mass defect, Am

= Protonmass, mp=1.007276u
= Neutronmass, m,=1.008 665u
= Mass of potassium-40, Miota = 39.953 548 u
Am =Zmp + Nmp - Miotal

Am=(19 x1.007276) + (21 x 1.008665) - 39.953 548
Am=0.36666u
Step 3: Convert mass units fromu to kg

» Tu=1.661x10"%kg
Am =0.36666 x (1.661x107%/) = 6.090 x 10-28 kg

Step 4: Write down the equation for mass-energy equivalence
E=Amc?

= Wherec=3.0x108ms"!
Step 5: Calculate the binding energy, E

E=6.090x10"28 x (3.0 x108)2=5.5x 101"}
Step 6: Determine the binding energy per nucleon and convert J to MeV

= Take the binding energy and divide it by the number of nucleons
= TMeV=16x10"1

5.5x 10711

Binding energy pernucleon = 4—0 = 1.375x 10712,

40
19
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1.375x 10712

Binding energy pernucleon = — =8.594 MeV
1.6x 10713
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Binding Energy per Nucleon Curve

Binding Energy per Nucleon Curve

= |nordertocompare nuclear stability, itis useful to look at the binding energy per nucleon
= The binding energy pernucleonis defined as:
The binding energy of a nucleus divided by the number of nucleons in the nucleus

= Ahigherbinding energy pernucleonindicates a higher stability
= |notherwords, more energy isrequired to separate the nucleons contained within a nucleus

Key Features of the Graph

= Atlowvalues of A:

= Nucleihave lower binding energies pernucleon than at large values of A, but they tend to be stable
whenN=Z7

= This meanslight nuclei have weaker electrostatic forces and will undergo fusion
= The gradientis much steeper compared to the gradient atlarge values of A
= This means that fusionreactionsrelease a greater binding energy than fission reactions
= Athighvalues of A:
= Nuclei have generally higher binding energies pernucleon, but this gradually decreases with A
= This means the heaviest elements are the most unstable and will undergo fission
= The gradientisless steep compared to the gradient atlow values of A
= This means that fissionreactions release less binding energy than fission reactions
= |ron (A =56)hasthe highest binding energy per nucleon, which makes it the most stable of all the
elements
= Helium (*He), carbon ('2C) and oxygen (*0) do not fit the trend
= Helium-4is a particularly stable nucleus hence it has a high binding energy pernucleon
= Carbon-12 and oxygen-16 can be considered to be three and four helium nuclei, respectively,
boundtogether
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Comparing Fusion & Fission
Similarities
= Inboth fusion and fission, the total mass of the productsis slightly less than the total mass of the
reactants
= The mass defectis equivalent to the binding energy that is released

= Asaresult, both fusion and fissionreactionsrelease energy
Differences

= |nfusion, two smaller nucleicombine into a larger nucleus

= [nfission, anunstable nucleus splits into two smaller nuclei

= Fusion occurs betweenlight nuclei (A < 56)

= Fissionoccursinheavy nuclei (A > 56)

= |nlight nuclei, attractive nuclear forces dominate overrepulsive electrostatic forces between protons,
and this contributes to nuclear stability

= Inheavy nuclei, repulsive electrostatic forces between protons begin to dominate over attractive
nuclear forces, and this contributes to nuclearinstability

= Fusionreleases much more energy per kg than fission

= Fusionrequires a greaterinitial input of energy than fission
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Strong Nuclear Force

= |nanucleus,thereare
= Repulsive electric forces between protons due to their positive charge
= Attractive gravitational forces due to the mass of the nucleons
= Gravity is the weakest of the fundamental forces, so it has a negligible effect compared to electric
repulsion between protons
= |fthese were the only forces acting, the nucleus would not hold together
= Therefore, there must be an attractive force acting between all nucleons which is stronger than the
electric repulsive force
= Thisisknown as the strong nuclear force
= Thestrongnuclear force acts between particles called quarks
= Protons and neutrons are made up of quarks, so the interaction between the quarksin the nucleons
keeps them bound within a nucleus

Properties of the Strong Nuclear Force

= The strength of the strong nuclear force between two nucleons varies with the separation between
them
= This canbe plotted on a graph which shows how the force changes with separation

Comparison of Electrostatic and Strong Forces

= The graph below shows how the strength of the electrostatic and strong forces between two nucleons
vary with the separation between them
= Thered curve represents the strong nuclear force between nucleons
= The blue curve represents the electrostatic repulsion between protons

= Therepulsive electrostatic force between protons has a much larger range than the strong nuclear
force
= However, it only becomes significant when the proton separation is more than around 2.5 fm
= The electrostatic forceisinfluenced by charge, whereas the strong nuclear force is not
= This means the strength of the strong nuclear force isroughly the same between all types of nucleon
(i.e. proton-proton, neutron-neutron and proton-neutron)
= Thisonly applies for separations between 0.5 and 3.0 fm (where the electrostatic force between
protonsisinsignificant)
= The equilibrium position for protons, where the electrostatic repulsive and strong attractive forces are
equal, occurs at a separation of around 0.7 fm
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Nuclear Stability (HL)

Nuclear Stability

The most common elementsin the universe all tend to have values of N and Z less than 20 (plusiron
whichhasZ=26,N=30)
Where:

= N =numberof neutrons

= Z=number of protons/atomic number

Thisis because lighter elements (with fewer protons) tend to be much more stable than heavier ones
(with many protons)
Nuclear stability becomes vastly clearer when viewed on a graph of N against Z

The line of stability shows N and Z values that produce stable nuclei
= [fanucleuson thisline were to have more neutrons, for example, it would move above the line and
become anunstable B emitter
Anucleus will be unstable if it has:
= Too many neutrons
= Too many protons
= Toomany nucleonsie.too heavy
= Toomuchenergy

Anunstable atom wants to become stable
Forlightisotopes, Z < 20:
= Allthese nucleitend to be very stable
= They follow the straight-lineN=27

Forheavyisotopes, Z> 20:
= The neutron-protonratio increases
= Stable nuclei must have more neutrons than protons

Evidence for the Strong Nuclear Force

The imbalance in the neutron-protonratio is very significant to the stability of nuclei
Atashortrange (around 1-3 fm), nucleons are bound by the strong nuclear force

Below 1fm, the strong nuclear force is repulsive in order to prevent the nucleus from collapsing
Atlongerranges, the electromagnetic force acts between protons, so more protons cause more
instability

Therefore, as more protons are added to the nucleus, more neutrons are needed to add distance
between protons to reduce the electrostatic repulsion

Also, the extra neutronsincrease the amount of binding force which helps to bind the nucleons
together
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Nuclear Energy Levels (HL)

Nuclear Energy Levels

Anucleus can exist in an excited state in the same way as an electron
Once anunstable nucleus has decayed, it may emit any remaining energy in the form of agamma
photon (y)

= The emission of ay photon does not change the number of protons or neutrons in the nucleus, it

only allows the nucleus to lose energy

This happens when a daughter nucleusisin an excited state after a decay
This excited state is usually very short-lived, and the nucleus quickly moves to its ground state, either
directly orvia one or more lower-energy excited states

One common application of thisis the use of technetium-99m as ay source in medical diagnosis

= The‘'m’stands for metastable which means the nucleus exists in a particularly stable excited state
Technetium-99mis the decay product of molybdenum-99, which can be found as a product in nuclear
reactors
The decay of molybdenum-99 is shown below:

99 > 9mTe + OB + v
42M0 43TC PR,

9mTe - 9Tc +
plc > plety

Nuclear energy levels are similar to electron energy levels
The nuclear energy level diagram of molybdenum-99 can be represented as follows:

Adiagonalline represents the decay mode (usually alpha or beta)
The excited state, or states, are generally stacked in descending energy order to the right of the decay
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Evidence for the Neutrino (HL)

Evidence for the Neutrino

= Anelectronneutrinois a type of subatomic particle with no charge and negligible mass whichis also
emitted from the nucleus
= The anti-neutrinois the antiparticle of a neutrino
= Electron anti-neutrinos are produced during 3- decay
= Electron neutrinos are produced during 3+ decay

= Although the neutrino has no charge and negligible mass, its existence was hypothesised to account
forthe conservation of energy in beta decay

= Whenthe number of a particlesis plotted against kinetic energy, there are clear spikes that appearon
the graph
= Thisdemonstrates that a-particles have discrete energies (only certain values)

= Whenthe number of 3 particlesis plotted against kinetic energy, the graph shows a curve

= Thisdemonstrates that beta particles (electrons or positrons) have a continuous range of energies

= Thisisbecause the energyreleasedin beta decayis shared between the beta particles (electrons or
positrons) and neutrinos (or anti-neutrinos)

= Thiswas one of the first clues of the neutrino’s existence

= The principle of conservation of momentum and energy applies in both alpha and beta emission
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