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Nuclear Stability Graph

* The most common elements in the universe alltend to have values of Nand Z less than 20
(plus iron whichhas Z =26, N = 30)
¢ Where:
o N=numberof neutrons
o Z=numberof protons / atomic number

+ This is because lighter elements (with fewer protons) tend to be much more stable than
heavier ones (with many protons)
* Nuclear stability becomes vastly clearerwhen viewed on a graph of Nagainst Z
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This nuclear stability curve shows the line of stable isotopes and which unstableisotopes
will emit alpha or beta particles

¢ Anucleuswillbeunstableifithas:
o Too many neutrons
o Too many protons
o Too manynucleons ie.tooheavy
o Too much energy

* Anunstable atomwants to become neutralto become stable

¢ Forlightisotopes,Z<20:
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Allthese nucleitend to be very stable
They follow the straight-lineN =2

* Forheavyisotopes,Z> 20:

(o]

=]

Theneutron-protonratioincreases
Stable nuclei must have more neutrons than protons

* This imbalance in the neutron-proton ratio is very significant to the stability of nuclei

(o]

=]

Atashortrange(around1-4 fm), nucleons are bound by the strong nuclear force
Below 1fm, the strong nuclearforceis 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
adddistance between protons to reduce the electrostatic repulsion

Also, the extra neutrons increase the amount of binding force which helps to bind the
nucleons together
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Alpha, Beta & Electron Capture

The graph of N against Zis usefulin determining which isotopes willdecay via
Alpha emission

Beta-minus (B~) emission

Beta-plus (B*) emission

Electron capture

(5]

[s]

[+]

(]

Alpha-emitters:
o Qccurbeneath theline of stability when Z > 60 where there are too many nucleons in
thenucleus
o Thesenucleihave more protons than neutrons, but they are toolarge to be stable
o Thisis because the strongnuclear force between the nucleons is unable to overcome
the electrostatic force of repulsion between the protons

Beta-minus (p~) emitters:
o Qccurtothe left of the stability line where the isotopes are neutron-rich compared to
stableisotopes
o Aneutronis convertedto a proton and emits a§~ particle (and an anti-electron
neutrino)

Beta-plus (B*) emitters:
o QOccurto theright of the stability line where the isotopes are proton-rich comparedto
stableisotopes
o Aprotonis converted to a neutron and emits a * particle (and an electron neutrino)

Electron capture:
o When a nucleus captures one of its own orbiting electrons
o Aswithi* decay, a proton in the nucleus is convertedinto a neutron, releasinga
gamma-ray (and an electron neutrino)
o Hence, this also occurs to theright of the stability linewhere theisotopes are proton-
richcomparedto stable isotopes

¢) ExamTip
- Torememberwhere the 3~ and * emitters are on the graph:
* Beta-minusis anegative particle where a neutronturns into a proton. Unstable
atoms always want to go towards a roughly equalnumber of protons and

neutrons
o Therefore these emitters are on the neutron-rich side of isotopes

» Beta-plusis a positive particle where a proton turns into a neutron
o Therefore these emitters are on the proton-rich side of isotopes

The best way toremember the nuclearstability graph is to try to draw it from memory
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ChangesinN andZ by Radioactive Decay

* There arefourreasons why a nucleus might become unstable, and these determine which
decay mode will occur

* Toomany neutrons
o Decays through beta-minus (B~) emission
o One of the neutrons in the nucleus changes into a protonand a - particle (an
electron) and antineutrinois released
o Thenucleon numberis constant
= Theneutron number(N)decreases by 1
= Theproton number(Z)increases by1

o Thegeneral decay equation for i~ emissionis:

A 0 A ——
ZX — _1B + z+1Y+Ve

7

S

+ Toomany protons
o Decays throughbeta-plus (B*) emission orelectroncapture
o Inbeta-plus decay, a proton changes into a neutronand a p* particle (a positron) and
neutrino arereleased
o Inelectron capture, an orbiting electronis taken inby the nucleus and combined with a
proton causing the formation of a neutron and neutrino
o Inboth types of decay, the nucleon number stays constant
= Theneutron number(N)increases by 1
s Theprotonnumber(Z) decreases by

o Thegeneral decay equation forf*emissionis:
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A 0 A
X — B+z1Y+V,

o The equation for electron captureis:

‘;X + _ge — z_?Y"'Ve

N+1

n——

* Toomany nucleons
o Decays through alpha (a) emission
o Anaparticleis a helium nucleus
o Thenucleon number decreases by 4 and the proton number decreases by 2
s Theneutronnumber(N)decreases by 2
= The protonnumber(Z) decreases by 2

o The general decay equation fora« emissionis:

-4
X = Sa+ 53y

N =
ch
=7
L —
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* Toomuch energy

o Decays through gamma (y) emission

o Agamma particleis a high-energy electromagnetic radiation
This usually occurs after a different type of decay, such as alpha orbeta decay
This is because the nucleus becomes excitedand has excess energy

[e]

]

* Insummary, alpha decay, beta decay and electron capture can berepresented onanN-Z
graph as follows:

N-1 Z+1

N+1 =1

prd

*9 Worked Example

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

a) Write two equations to represent the decay of plutonium-239 and the
subsequent decay of uranium

b) Predict the decay mode of the thorium isotope

c) Draw the decay chain from plutonium-239 to the daughter product of
thorium decay onanN-Z graph

Part(a)Step 1: Write down the general equation of alpha decay
X — e+ 43y
Step 2: Write down the decay equation of plutoniuminto uranium

?34Pu— Sa+ 235U

Step 3: Write down the decay equation of uraniuminto thorium
‘92U — Sa+%50Th

Part(b)
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Plutonium, 23°Pu

Number of neutrons: 239 - 94 =145
Neutron-nucleonratio: 145 /239 =0.607

235U

Number of neutrons: 235 -92=143
Neutron-nucleonratio: 143/235=0.609

Thorium, 2Th

Number of neutrons: 231 - 90 =141
Neutron-nucleonratio: 141/231=0.610

Thorium-231is neutron-rich compared to uranium-235 and plutonium-239
Therefore, it mustbeap~ emitter

146
145 259p,
N 144

143

142

144

140

90 o1 82 83 94 95
I———>

e ThekeyfeaturestodrawonanN-Z graphare:

o]
o
Q
2]

e

Q

Values for neutron number (N) on the vertical axis
Values for proton number(Z) on the horizontal axis
Labels for theisotopes eg. 237Pu, 235U, 231Th
Arrows showingthe direction of the decay

Labels forthe type of emissioneg.u, p~

Exam Tip

Watch out forthe vertical axis forthe N-Z graph. Instead of N fornumber of neutrons
this is sometimes labelled as N for nucleon number (total protons and neutrons)
which means the decays will be represented slightly differently.
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Nuclear Excited States

* |Inthe samewaythatelectrons can existin excited states, nucleican also exist in excited
states
» Afteranunstable nucleus emits an alpha particle, beta particle orundergoes electron
capture, it may emit any remaining energy in the form of a gamma photon (y)
o Emission of ay photon does not change the numberof protons orneutronsin the
nucleus, it only allows the nucleus tolose energy

* This happens when a daughternucleusis in an excited state after a decay
¢ This excited stateis usually very short-lived, and the nucleus quickly moves toits ground
state, eitherdirectly orvia one or more lower-energy excited states

235 9 Mo SOR T
URANIUM =235 MOLYBDENUM-99 TECHNETIUM—99m

%OTHER FISSION PRODUCT

* Onecommon application of this is the use of technetium-99m as a y source in medical
diagnosis
o The'm’ stands for metastable which means the nucleus exists in a particularly stable
excited state

e Technetium-99mis the decay product of molybdenum-99, which can be foundas a
productin nuclear reactors
* Thedecay of molybdenum-99 is shown below:

Mo — “BTcs 2+ v,

WTc— BTc+y
= The half-life of molybdenum-99 is 66 hours
o Thisislongenough forthe sample to be transported to hospitals
o Subsequently, the technetium-99m can be separated at the hospital

¢ Technetium-99m has a short half-life of 6 hours
o Thisis an adequate timeframe forexamining a patient
o Plus,itis short enoughtominimise damage tothe patient
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Nuclear Energy Level Diagrams

* Nuclearenergy levels are similar to electron energy levels
* Thenuclearenergy leveldiagram of molybdenum-99 can be represented as follows:

ENERGY g
/\ MO

T, =66h
/2
99m TC-
T, = 6.0h T >
72 99 TC

* Thedecay mode (usually alpha orbeta) is represented by adiagonalline
« Theexcited state, or states, are generally stacked in descending energy order to the right of
the decay
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9 Worked Example

Anucleus of iron Fe-59 decays into a stable nucleus of cobalt Co-59. It decays by
[~ emission followed by the emission of y-radiation as the Co-59 nucleus de-
excites intoits ground state.The total energy releasedwhen the Fe-59 nucleus
decaysis 2.52 x 10713 ).The Fe-59 nucleus can decay to one of three excited states
of the cobalt-59 nucleus as shown below. The energies of the excited states are

shownrelative tothe ground state.
Fe—59

% o 2.29 x 107"

K, E 2.06 x10™%

4 1.76 x10™%)

0}
Co-59 GROUND STATE
Following the production of excited states of Co-59, y-radiation of discrete
wavelengths is emitted.

(a) Calculate the maximum possible kinetic energy of the - particle emittedin
MeV

(b) State the maximum number of discrete wavelengths that could be emitted

(c) Calculate thelongest wavelength of the emitted y-radiation

Part (a)

Step 1: Identify the beta emission with the largest energy gap
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Fe—59
252 » 0™
2.29 x 107"
2.06 x107™%)
1.76 x107")
0
Co—58 GROUND STATE
Step 2: Calculate the energy difference
AE=(2.52-176)x10713=7.6 x10714}
Step 3: Convert fromJto MeV
7.6 x10~*
=————33=0.475 = 0.48 MeV
1.6 x10
o 1MeV=1.6x10"13)
Part (b)
Fe—59
N gl 7
NN 2.20 x10™)
Fo%s T 2.06 x 107
3 1.76 x10™")
\4 \/ \4 o
Co-59 GROUND STATE

o There are é possible transitions, hence 6 discrete wavelengths could be emitted
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Part(c)

Step 1: Identify the emission with the longest wavelength / smallest energy gap

Fe—59

2.29 x107%J

2.06 x107%)

1.76 x10™%)

Co-59

o Longestwavelength = lowest frequency = smallest energy

Step 2: Calculate the energy difference

AE=(2.29-2.06)x10"15=2.3x10714)

Step 3: Writedown de Broglie’s wavelength equation

. _he
B

Where:

o h=Planck’s constant
o ¢ =speedoflight

Step 4: Calculate the wavelength associated with the energy change

(6.63 x 10‘34) x (3.0 x 108)

" hc
T E 0 e TS
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Estimating Nuclear Radius

Closest Approach Method

* |Inthe Rutherford scattering experiment, alpha particles are fired at a thin gold foll

* Some of the alpha particles are found to come straight back from the gold foil

» This indicates that thereis electrostatic repulsion between the alpha particles and the
goldnucleus

Ek=eV=5mv2

s Atthepointofclosestapproach, r,therepulsive force reduces the speed of the alpha
particles to zero momentarily

= At this point, theinitial kinetic energy of an alpha particle, Ek, is equal to electric potential
energy, Ep

» Theradius of the closest approach can be found be equating the initial kinetic energy to the
electric potential energy

£ = Qg
p=
dnegr
» Equating the twoequations gives:
1 Qq
- =] 2
2 E- - 2 e 4megr
MAXIMUM
POTENTIAL
______>____ PATH OF ALPHA PARTICLE ENERGY

MAXIMUM

KINETIC :
ENERGY .‘ﬁ:
KEY REPULSION MEANS THAT IT
= b —PARTICLE (2e) WILL NOT GET ANY CLOSER

Pros & Cons of Closest Approach Method
Advantages

* Alphascattering gives a good estimate of the upperlimit for a nuclearradius

* Themathematics behindthis approach are very simple

e Thealpha particles are scattered only by the protons and not all the nucleons that make up
the nucleus
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Disadvantages

This method does not give an accurate value for nuclear radius as it will always be an
overestimate
o Thisis becauseitmeasures the nearest distance the alpha particle can get tothe gold
nucleus, nottheradius of it

Alpha particles are hadrons, therefore, when they get close to the nucleus they are affected
by the strong nuclear force and the mathematics do not account for this
The gold nucleus will recoil as the alpha particle approaches
Alpha particles have a finite size whereas electrons can be treated as a point mass
Itis difficult to obtain alpha particles which rebound at exactly 180°
o Inordertodo this, a smallcollisionregionis required

The alpha particles in the beam must all have the exact same initial kinetic energy
The sample must be extremely thin to prevent multiple scattering

Electron Diffraction Method

Electrons accelerated to close to the speed of light have wave-like properties such as the
ability to diffract and have a de Broglie wavelength equal to:

h
A=—
mv

Where:
o h=Planck's constant
o m=mass of an electron (kg)
o v=speed of theelectrons (ms™')

The diffraction pattern forms a central bright spot with dimmer concentric circles aroundit

From this pattern, a graph of intensity against diffraction angle can be used to find the

diffraction angle of the first minimum

Using this, the size of the atomic nucleus, R, can be determined from:

ol
sin = >R

Where:

o 0 =angle of the first minimum (degrees)
o ) =deBroglie wavelength (m)
o R=radius of the nucleus (m)
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DETECTOR%\ FIRST MINIMUM
INTENSITY

ELECTRON BEAM% """""""""""
6
_______________________ . __

>~
=

VERY THIN
FOIL

sin® =1.22 A/2R ELECTRON DIFFRACTION PATTERN

Pros & Cons of Electron Diffraction Method

Advantages

¢ Electron diffraction is much more accurate than the closest approach method
» This method gives a direct measurement of the radius of a nucleus
* Electrons are leptons; therefore, they will not interact with nucleons in the nucleus through

the strong nuclearforce as an alpha particle would

Disadvantages

* Electrons mustbe acceleratedto very high speeds to minimise the de Broglie wavelength

andincreaseresolution
o This is because significant diffraction takes place when the electron wavelengthis

similarin size to the nucleardiameter

e Electrons can be scattered by both protons and neutrons
o Ifthereis anexcessive amount of scattering, then the first minimum of the electron

diffraction can be difficult to determine
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Electron Diffraction by a Nucleus
« The graph of intensity against angle obtained through electron diffractionis as follows:

INTENSITY AN

FIRST MlNlMUMﬂj\

ANGLE

* Worked Example

]
The graph shows how the relative intensity of the scattered electrons varies with

angle dueto diffraction by the oxygen-1é6 nuclei. The angle is measured from the
original direction of the beam.

107

10—

Relatve 107
intensity
of scattered v

electrons 107+ .

107 D

10°* T T T T
10 20 30 40 50 60 70 80

Angle / degree

The de Broglie wavelength . of each electronin the beamis 3.35 x 10-'° m.Calculate
theradius of an oxygen-16 nucleus using information from the graph.
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Step 1: Identify the first minimum from the graph

107
107° - L
RELATIVE 106 .
INTENSITY i
OF SCATTERED
ELECTRONS 1077 .
10 .
107° T T T T T T —=
10 20 30 40 50 60 70 80
42° ANGLE / DEGREE

¢ Angle of firstminimum, 6 = 42°

Step 2: Write out the equationrelating the angle, wavelength, and nuclear radius

, BHO.BUL
sin 0 = ———

Step 3: Calculate the nuclearradius, R

0.61r 061x(3.35x107")

_ -15
T sin@ sin42° w3l R
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Closest Approach Estimate

+ The Coulombeqguation can be usedto give an estimate forthe radius of a nucleus

* When the alpha particlereaches its closest approach (to the nucleus), all of its kinetic
energy has been converted to electric potential energy

¢ Initially, the alpha particles have kinetic energy equal to:

Ex = eV = = mv?
2
* Theelectric potential energy between the two charges is equal to:
£ _ Qa
4 4mtegr

« Atthis point, the kinetic energy E; lost by the o particle approaching the nucleus is equal to
the potential energy gain Ep, so:

Qq

" dnepr

1 2
Ec=Ep=5my

* Where:
o m=mass of ana particle (kg)
o v=initial speed of the a particles (ms™')
o g=chargeofanaparticle (C)
o Q=chargeof the nucleus beinginvestigated (C)
o r=theradius of closest approach(m)
o gg=permittivity of free space

* Worked Example

a
The first artificially producedisotope, phosphorus-30 (35P) was formed by

bombarding an aluminium-27 isotope (13Al) with an o particle.

For thereaction totake place, the a particle must come within a distance, r, from the
centre of the aluminium nucleus.

Calculatethedistance, r, if the nuclearreaction occurs when the o particle is

acceleratedto a speed of atleast2.55 x 10’ ms™.

Step 1: List the known quantities

[+]

Mass of ana particle,m =4u =4 x (1.66 x10"%) kg

Speed of thea particle, v=2.55 x10’ ms™

Chargeofana particle,g=2e=2x(1.6x107%) C
Charge of an aluminiumnucleus, Q=13e =13x (1.6 x 10719 C
Permittivity of free space, 69 =8.85 x 10" 12F m™!

[+]

s}

(]

Q
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Step 2: Write down the equations for kinetic energy and electric potential energy

1L , Qg
= V2 =
2 4megr

Step 3: Rearrange fordistance, r

299
4tegmv2
Step 4: Calculate thedistance, r

2 X13% (1% 107 2 R(1L6% 10 17)
=
47T X (8.85 X 10712) x 4 x (1.66 X 10727) x (2.55 x 107)2

r=277x10""m

@ ExamTip

¥ Makesure you're comfortable with the calculations involved with the alpha particle
closest approach method, as this is acommon exam question.You willbe expected
to remember that the charge of an « is the charge of 2 protons (2 x the charge of an
electron)
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Nuclear Radius Values

* Theradius of somenucleiare shown in the table below:

Element Nuclear radius R /10 m Mass number A
Carbon £.66 i ¥
Silicon 3.43 28
Iron 4.35 56
Tin 5.49 120
Lead 6.66 208

« Ingeneral, nuclearradiiare of the order 107° mor1fm
» Thenuclearradius, R, varies with nucleon number, A as follows:

NUCLEAR A\
RADIUS, R

/

=
NUCLEON NUMBER, A

» Thekey features of this graphare:
o The graph starts with a steep gradient at the origin
o Thenthe gradient gradually decreases to almost horizontal

= This means that
o Asmore nucleons are added to a nucleus, the nucleus gets bigger
o However, the number of nucleons Ais not proportional toits sizer

Page 20 of 26
For more help, please visit www.exampaperspractice.co.uk




=

EXAM PAPERS PRACTICE

Radius v Nucleon Number

* Theradius of nuclei depends on the nucleon number, A of theatom

* This makes sense because as more nucleons are added to a nucleus, more spaceis
occupied by the nucleus, hence giving it alargerradius

¢ Theexactrelationship between theradius and nucleon number can be determined from
experimental data

* Bydoingthis, physicists were able to deduce the following relationship:

R = RyA3
* Where:
o R=nuclearradius (m)
o A=nucleon/mass number
o Rp=constantof proportionality =1.05fm

* Plottingagraph of Ragainst A'/3 gives a straight line through the origin with the gradient
equaltoRg

RN

_—— = — ]

GRADIENT = R,

\
—

il
A3

e [tisalsopossibletoplot alogarithmic graph of therelationship which can be derived as
follows:

InR=In(RoA'/3)
InR=InRg +In(A/3)
INnR=InRp+1/3InA

¢ Therefore, a graph of In R againstIn A yields a straightline
e Comparing this to the straight-line equation:y =mx+c
o y=InR
o x=InA
o m(thegradient)=1/3
o c(y-intercept)=InRp
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l.nFl/]

InR,t” GRADIENT =3

\
—

In A

InR = LnR, + 3lnA
y =c+ mx

9 Worked Example

Verify the experimentalrelationship between R and Ausing the data from the table
above andestimate a value of Rg.

Step 1: Add a column to the table to determine the values forAl/3

Nuclear radius R / Mass number
Element 10 ®m Mass number A A"
Carbon 2.66 g 2.29
Silicon 3.43 28 3.04
Iron 4.35 56 3.83
Tin 5.49 120 4.93
Lead 6.66 208 2.92
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Step 2: Plota graph of Ragainst A'/3 and drawa line of best fit

E

=
I

R/10®

W
6.5
6
2.0
5
4.5
4
35
3
2
2
1.5
1
0.5

0.5
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Step 3: Calculate the gradient
E 7

! 6.5
6

5.5

5

4.5

4

3.5

3

2.5

R/10°®

6.66:-+ 2.5

ot P
2

1.5
1
0.5

0] 0.5 1 et 2 29 3 s gt 4 4.5 5 23

-15
Ay (6.66 = 2.5) x 10 .
e 592 - 2.2 =1.118 x 10*° m
R0=1.12fm
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Constant Density of Nuclear Material

Assuming that the nucleus is spherical, its volume is equalto:

4
= — 7R3
3T[R

Where Ris the nuclearradius, which is related to mass number, A, by the equation:
1
R = R0A3
Where Rpis a constant of proportionality

Combining these equations gives:

i (R AL)B 2 R3A

==t 1) S=m

c e R

Therefore, the nuclearvolume, V, is proportional to the mass of the nucleus, A
Mass (m), volume (V), and density (p) are related by the equation:

_m
=

Themass, m, of a nucleusis equalto:
m=Au

Where:
o A=themass number
o U =atomic mass unit

Using the equations formass and volume, nuclear densityis equal to:

Au _ 3u
STRA 4nR3

Since themass number A cancels out, the remaining quantities in the equation are all
constant

Therefore, this shows the density of the nucleus is:
o Constant
o Independent of theradius

Thefactthat nucleardensity is constant shows that nucleons are evenly separated
throughout the nucleus regardless of their size
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Nuclear Density

Using the equation derived above, the density of the nucleus can be calculated:

_ 3u
B 43‘[Rg

e

Where:
o Atomicmassunit,u=1.661x10"% kg
o Constant of proportionality, Rp=1.05 x10"®m

Substituting the values gives a density of:

3 x(1.661 x 10~%/
| 3x(ase1107)

£ = 3.4 x 10'” kg m™?
4:1(1.05 " 10‘15)

The accuracy of nuclear density depends on the accuracy of the constantRp, as a guide

nuclear density should always be of the order 10" kg m=3

Nuclear density is significantly larger than atomic density, this suggests:
o Themajority of the atom’s mass is contained in the nucleus
o Thenucleusis very small comparedto the atom
o Atoms must be predominantly empty space
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