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OCR B Physics – H557 

Module 6: Field and Particle Physics 
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Progress and 

understanding: 

1 2 3 4 

6.2: Fundamental Particles 

Alpha Particle Scattering: Setup – A radium source encased in a lead source 
to select a narrow alpha particle beam directed at a thin sheet of gold foil. 
This equipment is placed in a chamber with a zinc sulphide screen all round. 
Tiny dots of light are seen where the screen is struck by alpha particles. A 
microscope is used to view the zinc sulphide screen from the outside of the 
chamber to allow the dots to be counted 

    

Alpha Particle Scattering: Findings – It was expected alpha particles would 
travel through the gold foil with barely any deflection, however some were 
deflected through angles > 90 degrees, inferences can be made; 

-Nuclei are massive (atomically speaking) as they deflected the alpha 
particles through large angles 
-Nuclei are very small, only 1 in 10000 bounced back 
-The nuclei are positively charged, as the alpha particles were deflected due 
to electrical repulsion (since we know alpha particles are positive, nuclei 
must be too) 
-Alpha particles with less energy (slower) are deflected more, since the 
nucleus should now more easily deflect them through greater angles 
-Nuclei of smaller electric charge scatter alpha particles less strongly 
-The pattern of numbers of alpha particles scattered at different angles fits 
the pattern expected from an inverse square law for electrical repulsion 

    

Estimating the Size of a Nucleus: At the point of closest approach of the 
alpha particles it has zero kinetic energy and maximum potential energy. 
This maximum potential energy is equal to the initial kinetic energy of 
5.5MeV of the alpha particle. Similar to a ball rolling up a hill, as the alpha 
particle climbs an electrical potential hill as it approaches the nucleus. 

Recall that    
   

 
 so as the only unknown is r we can solve for it. Note 

that this value of r is the maximum size of the nucleus, not the actual value 
of r  
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X-Ray Machines: 

1)Cathode has lots of electrons. It is heated, and electrons leave the cathode 
in thermionic emission 
2)The loss of electrical potential energy of the electrons in moving from the 
cathode to the anode equals the kinetic energy gain 
3)The electrons hit a tungsten target and slow down (lose kinetic energy), 
energy has to be conserved so photons are emitted. At a certain applied 
voltage between the cathode and anode, the photons released are x-ray 
photons 
4)For step 2 to be correct, we assume that the electrons started with zero 
kinetic energy so; 

   
 

 
             

   

 
                             

    

Relativistic Momentum: The classical interpretation of momentum and 
kinetic energy are not true at high speeds. Relativity needs to be used to 
reach the expression for relativistic momentum. The issue is that time 
depends on relative motion due to time dilation. Einstein replaces Δt by Δt0, 
proper time which doesn’t depend on relative motion where Δt = γΔt0;                

          
  

   
                        

  

  
           3)        

When v<<c, γ ≈ 1, so Newton’s p = mv still works well for low velocities. 
Note: γ is never less than 1 
 

    

Rest Energy: The minimum energy a particle can have 

          

    

Total Energy of a Particle:  

                                      
            

-When the particle is at rest γ = 1 so                 

    

Alternative Way to Find the Lorentz Factor:  

  
    

     
 

          

     
 

  

     
   

    

Relativistic Momentum Approximation: For high speeds, v ≈ c, so γ >> 1; 

hence           which gives us the approximation for high 
velocities; 
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The Linear Accelerator: Bunches of charged particles (e.g. electrons) are 
accelerated between a pair of electrodes. They travel onto another pair 
where they are accelerated further and so on. The energy gained by the 
particles is limited by the length of the accelerator. To increase the energy 
gained, the p.d. between each pair of electrodes changes exactly as the 
electrons arrive at the gap (so the p.d. is in the correct direction to 
accelerate them). As the electrons go faster, they have to be allowed to 
travel further between electrodes so the time between each is constant. 
This means the electrodes have to be made progressively longer. When 
electrons reach near the speed of light the spacings need to be made equal 
as the particles can’t accelerate any more 

    

Electron Scattering: Electrons can be scattered by nuclei in a similar manner 
to alpha particles. The force in this case however is attractive. The electrons 
must be of high energy, as produced by particle accelerators. Electrons 
scattered by a small spherical nucleus behave like photons diffracted by a 
small disc. The diffraction pattern is a series of concentric rings around a 
strong central maximum. The size of the nucleus can be found from the size 
of the rings.  

    

Calculations for Electron Scattering: On the scattering curve for electron 
scattering, the first diffraction minimum occurs at an angle θ, where    

     
     

 
 where d = nucleus diameter. 

To achieve a small enough λ for diffraction and hence to measure the 
nucleus, the electrons must be accelerated to several 100MeV (compared to 

the rest energy of an electron, 0.5MeV). Recall that for v ≈ c,   
    

 
. So to 

a good approximation the wavelength of the electrons scattered (  
 

 
) is; 

  
  

    
                         

    

Proton: Positively charged particle inside the nucleus, quark configuration 
uud, similar mass to neutron 

    

Neutron: Uncharged particle inside the nucleus, quark configuration udd, 
similar mass to proton 

    

Nucleon: Collective name for particles in the nucleus (protons and neutrons)     

Nucleon Number: Number of protons and neutrons in the nucleus of an 
isotope, same as mass number, A 

    

Proton Number: Number of protons in an atom, Z     

Isotope: Atoms of the same element that have a different mass caused by a 
different number of neutrons 
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Representing Atoms: 

A, nucleon number 
Z, atomic/proton number 
Z<A for all elements except H where Z=A 

    

Fundamental Forces: 

Force: Felt by: Exchange Particle: 

Strong Nuclear Quarks Gluon 

Weak Nuclear Any particle W & Z Bosons 

Electromagnetism Any charged particle Photons 

Gravitation Any particle with mass Gravitons (theoretical) 

The weak force is responsible for the neutron-proton transition in beta 
decay 

    

Gluons: Quarks exchange gluons which is how quarks are held together so 
strongly. Hence gluons hold nucleons together and so the nucleus too. The 
gluon interaction is the strong interaction (strong nuclear force) 

    

Quarks: Fundamental particles. Not thought to be composed of any smaller 
particles. There are six flavours of quarks and antiquarks, up, down , strange, 
charm, top and bottom. They are denoted with the first letter of each 
corresponding word, to denote an antiquark a ‘bar’ is placed over the letter. 
All quarks and antiquarks have the same mass but different charges.  

 Quark Antiquark 

 Up Down Strange Up Down Strange 

Charge 
 

 

 
   

 

 
   

 

 
   

 

 
   

 

 
   

 

 
  

 

    

Hadrons: Composite particles made up of quarks. Interact through the 
strong interaction 

Mesons- Each meson and antimeson is made of one quark and one 
antiquark 
Baryon- Each baryon is made from three quarks and each antibaryon is 
made from three antiquarks. Baryons have baryon number +1, antibaryons 
have baryon number -1. Baryons are unbound nucleons 

    

Detecting Quarks: When very high energy electrons are aimed at a single 
nucleon they can probe the nucleon and map out the internal charge 
distribution. When an electron collides with a quark in the nucleon, the 
electron is scattered and a jet of particles (mainly mesons) are created that 
follow a trajectory the same as that as the quark involved in the collision. 
From the reference frame of the accelerated electron, the nucleon 
approaches at nearly the speed of light. Time dilation slows down the 
motion of the quarks, so they seem almost stationary, this allows the 
scattering pattern to be analysed and so it could be determined the charges 
on quarks are a fraction of the electronic charge, e 
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Matter and Antimatter: Matter is made up of particles and antimatter is 
made up of antiparticles. 

    

Antiparticles: An antiparticle and its particle counterpart have equal but 
opposite electric charge (or are both uncharged) and equal rest energy; they 
also have the same mass and equal & opposite sign. In some cases, neutral 
particles such as photons can be their own antiparticle 

    

Leptons: Fundamental particles that interact through the weak interaction. 
Matter leptons have a lepton number of +1. Antimatter leptons have a 
lepton number of -1. Lepton number is conserved in every interaction 

    

Conservation Laws: In any particle interaction the following properties are 
conserved; 

-Energy 
-Charge 
-Linear and Angular Momentum 
-Baryon Number 
-Strangeness 
-Lepton Number 

    

Alpha Decay: An unstable nucleus X emits an alpha particle. This leaves a 
daughter nucleus Y, which is another element (different proton number) 

  
       

      
  

    

Gamma Decay: Gamma radiation is the surplus energy after alpha or beta 
decay, given off as electromagnetic radiation. It is massless, uncharged an 
travels at the speed of light 

    

Annihilation: When a particle and antiparticle meet, annihilation occurs. 
Their mass is converted to energy in the form of two photons which travel in 
opposite directions. The minimum energy of each photon can be found 
using the law of conservation of energy. The total minimum energy must 
equal the rest energies of the particle + antiparticle. (Recall that hf is the 
energy of a photon) 

    

Pair Production: This is the creation of an elementary particle and its 
antiparticle from a neutral boson (photon, Z, W etc). The incoming boson 
must have an energy of at least     , the combined energy of two two 
created particles. The interaction can’t happen in free space for a photon of 
energy     , it must occur near a nucleus to satisfy the conservation of 
momentum. The nucleus receives some recoil so when the particle-
antiparticle pair is created, momentum is conserved (as well as energy). 
Lepton number and charge are conserved too, before and after the event 
are zero 

 

    

Bubble Chambers: A vessel filled with a superheated, transparent liquid 
(often liquid hydrogen) used to detect electrically charged particles passing 
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through it. Superheating is where a liquid is raised above its boiling point 
without boiling. It is similar to a cloud chamber, but doesn’t use a 
supersaturated vapour. 

-The less curved a particles path, the faster it is travelling. The more curved, 
the slower it is travelling. A magnetic field deflects the particles in curved 
paths. 

   Decay: When an unstable nucleus (with too many neutrons) decays by 
emitting an electron. A neutron decays into a proton in the nucleus and 
releases an electron and an antineutrino; 

  
       

     
     

  

    

   Decay: When an unstable nucleus decays by emitting a positron. A 
proton decays into a neutron in the nucleus and releases a positron and a 
neutrino; 

  
       

     
    

  

    

Neutrinos and Emission in β Decay: An uncharged lepton of insignificant 
mass. During investigations of β decay it was found that lepton number and 
energy were not conserved (before neutrinos were discovered). The 
expected energy of the β particle was the difference in energies of the X and 
Y nuclei. However, β particles are emitted with a range of energies.  

-For β decay to obey the conservation of energy, another particle with no 
charge, little mass and extremely weak interactions with matter (else it 
would have been detected) must be released. The neutrino is a lepton so 
lepton number is conserved. It also has an energy equal to the ‘lost’ energy 
in the reaction 

    

Atomic Energy Levels: 

When a photon is incident on an atomic electron, the electron will be 
promoted to a higher energy level. When an atomic electron moves down 
an energy level, a photon is emitted. Each energy gap has an energy E = hf, 
hence when an electron moves across this gap, a photon of E = hf is 
emitted/absorbed 

    

 

 

 
 

 P.T.O. 

                                                                                                                               
Franck and Hertz Experiment: This experiment gave evidence to support the 
theory that atoms have discrete energy levels. The setup is a tube filled with 
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mercury gas with a heated filament (cathode) at one end, an anode at the 
other and a grid between the cathode and anode. There is a p.d. applied 
across the tube with an ammeter in series; 

1)Filament is heated, electrons ‘boil off’ in thermionic emission 
2)The electrons are accelerated towards the wire grid, which is held at a 
positive potential 
3)The anode is held at a slightly lower positive potential than that of the 
grid, so the electrons decelerate as they pass through the grid to the anode 
4)Only the electrons with enough kinetic energy will reach the anode from 
the grid [For example, if the anode is held at 0.2V less than the grid 
potential, only electrons with kinetic energy 0.2Ev or greater will reach the 
anode. E = QV=(1.6x10-19)x0.2=0.2Ev] 

Evidence from the Franck and Hertz Experiment: A graph can be plotted of 
anode current against accelerating p.d . At low p.d. the electrons from the 
cathode make elastic collisions with the gas atoms. Increasing the p.d. 
increases the current registered because more electrons reach the anode 
each second. When the p.d. reaches a certain critical voltage, VC, collisions 
with the gas atoms become inelastic. The electrons now have sufficient 
energy to promote an electron in a gas atom to a higher level. The electron’s 
speed and hence energy is reduced due to this interaction. This energy 
reduction means the electrons cannot reach the anode so the current falls. 
Drops in current are also observed at 2VC , 3VC etc as at these voltages the 
electrons can interact twice and three times respectively inelastically with 
the gas atoms.  

-So, as the drops in current occur at specific electron energies (when the 
electrons inelastically collide with the gas atoms) showing there are discrete, 
fixed energy levels in the atom to which the electrons are limited to 

    

Electron Standing Waves: In an atom, the positive nucleus creates a 
potential energy well in which the negative electrons can be bound, unable 
to escape. The electrons have a deBroglie wavelength associated with them, 
they can from electron standing waves that fit into the well. If we assume 
that the electron energy is quite small, we can use the non-relativistic 
versions of equations; 

   
 

 
    

  

  
      

 

 
         

  

    
 

This is the kinetic energy an electron has whilst trapped around an atom. So, 
the smaller than atom, the smaller the wavelength, hence the larger the 
momentum and kinetic energy. Electrons occupy specific energy levels 
because electrons are associated with a particular deBroglie wavelength 
 
 
 
 

    

The Limit of an Atoms’ Size: An electron bound to a nucleus has a negative 
total energy as the attraction of the nucleus gives it a negative potential 
energy. As λ increases, kinetic energy decreases. Also as λ decreases, 
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potential energy (   
   

 
) becomes increasingly negative (it moves down 

the potential well). Note as    
 

   and    
 

 
 so if r is halved, kinetic 

energy will increase fourfold and potential energy will double 

-At the minimum possible atomic radius,        . If the kinetic energy 
is greater than the potential energy, the electron will escape the 
gravitational well 

Alpha: 

-Strongly ionising 
-Not very penetrating, stopped by a few sheets of paper 
-Range in air is only a few centimetres. It loses energy rapidly due to large 
amount of ionisation. Comes into contact with more air particles as it is 
larger and has a large charge 

    

Beta: 

-Weakly ionising 
-More penetrating, stopped by a few millimetres of aluminium 
-Range in air is roughly 1m, longer range. It is smaller than alpha so it loses 
energy less quickly as there are less collisions 

    

Gamma: 

-Far less ionising than charged nuclear radiations 
-Even more penetrating, stopped by thick lead 
-High range in air. Its intensity falls by an inverse square law relationship 

    

Cloud Chambers: Designed to show the tracks of passing particles. The 
chamber is filled with a super saturated vapour of alcohol. When a part of 
this vapour is ionised, the ion formed acts as a condensing point. As the 
other alcohol molecules are partially charged, they become attracted to this 
point, causing a vapour trail. Alpha tracks have a large number of ionisation 
events so are thicker; as alpha particles have a large mass they have very 
straight tracks.  

    

Half Thickness: [Consider the absorption of gamma rays in lead. There is an 
exponential decrease in the intensity of γ radiation with the thickness of the 

material] Half thickness is the thickness of the absorber needed to 
reduce the average number of photons passing by half. A constant 
increase in the thickness of the material will reduce the intensity by a 
constant fraction (indicative of an exponential relationship, similar to 
radioactive decay) 

 
P.T.O. for equation 

     
                                               

 
 

   

 
 

μ = absorption coefficient (units: m-1) 
x = thickness of the absorber 
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I = intensity with an absorber present  
I0 = intensity without an absorber present 

Effects of Ionising Radiation on Living Tissue: Ionising radiation damages 
cells and their DNA. The more energy transferred from the radiation to the 
cells, the more the damage 

    

Absorbed Dose (Units: Gy): The number of joules absorbed per kg of tissue. 
Note: 1Gy = 1Jkg-1. [Many treatments focus on a specific area of the body so 
only specific tissues can be considered during treatment] 

              
                     

               
   

                                          

    

Effective Dose/Dose Equivalent and Quality Factor: The quality factor is a 
factor that scales the absorbed dose that expressed the biological 
damage done to tissue. Some types of radiation, alpha for example, 
are more damaging to tissue that others for the same absorbed 
dose.  

Effective dose/dose equivalent (Units: Sv) accounts for the type of radiation 
absorbed and the type of tissue that absorbed it; 

                                            

    

Risk: Any amount of ionising radiation has the potential to cause damage to 
human cells. The average dose is about 2000μSv just from background 
radiations. Risk is associated with the incidences of cancer per effective dose 
of radiation per Sievert. The risk is currently 5% per Sievert for developing 
cancer 

                                           
Risk is usually given as a % 

    

Nuclear Stability: The strong nuclear force acts between nucleons and is 
strong enough to overcome the electrostatic repulsion between the 
protons. As the proton number increases, the ratio of protons (p) to 
neutrons (n) in a stable atom changes – there are more n than p. This 
effectively reduces the electrostatic repulsion between protons compared to 
the strong attraction between the nucleons. The electric potential energy 
the protons gain from their repulsion from each other is now not enough to 
cause the nucleus to split, so heavier nuclei become stable by having more n 
than p 

 
 

    

Pauli Exclusion Principle: No two identical fermions can share the same 
quantum state (hence why matter can only take up a given amount of space, 
it can’t be compressed further) 

-This is another reason why nuclei tend to have roughly equal numbers of p 
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and n; a proton and neutron can share the same quantum state but a p & p 
or n & n can’t 
-The exclusion principle does not apply to bosons, they are governed by 
Bose-Einstein statistics 

Fermions: Includes all quarks and leptons, as well as any composite particle 
made up on an odd number of these, such as all baryons and many atoms 
and nuclei 

    

Bosons: Includes all mesons, photons, gluons, gravitons and any stable 
nuclei with an even mass number 

    

Phasor Model Related to Fermions and Bosons: For fermions, the phasor 
amplitudes for two identical particles arriving at the same point in space-
time subtract (or add with opposite directions), producing a zero resultant, 
so fermions can never come together in the same state. For bosons, the 
phasor amplitudes for two identical particles (e.g. photons in a laser) at the 
same point in space-time add together with the same phase, and the 
amplitude doubles 

    

Binding Energy: The binding energy of a nucleus is the amount by which the 
rest energy of a nucleus is less than the rest energy of its constituent 
neutrons and protons; 

                                        

         is a negative value as energy is given out of the system. The more 

negative this value is, the more stable the nucleus. Energy is released from a 
system when its mass decreases. The mass of a system increases when 
energy is supplied to it 

    

The Atomic Mass Unit, u: One twelfth of the mass of a carbon-12 atom, 
where 1u = 1.661 x 10-27kg. Used to express the masses of atoms and nuclei 
as their masses are far smaller than 1kg 

    

Binding Energy per Nucleon: A measure of how strongly each individual 
nucleon is bound, it is given by the binding energy divided by the number of 
nucleons in the concerned nucleus 

    

Decay Processes: 

Alpha Decay: Loses 2p and 2n (down Coulomb slope) 
   Decay: Loses n and gains p (Down Pauli cliffs) 
   Decay: Loses p and gains n (Down Pauli cliffs) 
γ Decay: Same number of p and n (Down z-axis, the energy axis) 
 

    

Decay Chains: Formed when unstable nuclei decay to produce further 
unstable nuclei through successive decays until it forms a stable nucleus 

    

The Nuclear Valley: This is a visual plot to show how binding energy varies 
with proton and neutron number. The vertical z-axis shows binding energy. 
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The binding energy is negative everywhere in the valley 

Free Particle Plains – The energy is zero here (high above the valley), the 
nuclei have been taken apart into free neutrons and protons 
Fusion Hill – Lightest nuclei at the top of the hill. Descends steeply as more 
neutrons and protons are added and the strong force takes effect. As 
elements ‘move down’ fusion hill, they combine into heavier elements in 
nuclear fusion reactions 
Iron Lake – The lowest point, hence the strongest, most stable binding here. 
Around Fe-56 with binding energy -8.8MeV per nucleon. Nuclei tend to ‘aim’ 
for this point as it is most stable here. Nuclei near iron in the periodic table 
are strongly bound and are located here 
Coulomb Slope – Nuclei get larger, valley floor rises gently and the binding 
energy per nucleon becomes weaker. This occurs due to the reduction in the 
binding strength caused by the growing electrical repulsion of the protons 
[Nuclei can fall back down Coulomb slope towards iron again by alpha decay 
or fission] 
Pauli Cliffs – The valley has steep sides of unstable nuclei with a slight excess 
of p or n. The Pauli exclusion principle means that extra p or n must have 
states of higher energy because they cannot all occupy the lowest energy 
state, so the energy cliffs rise on each side of the valley [nuclei can fall back 
down the cliffs by beta decay] 

Nuclear Fission: Splitting of large unstable nuclei to form smaller (lighter) 
nuclei. This can happen spontaneously or it can be encouraged to happen, 
as in a nuclear reactor. In the latter case it is known as induced fission.  

    

Chain Reactions: A reaction in which the products of one reaction go on to 
start one or further reactions. The neutrons released in a fission reaction are 
known as fission neutrons. A reaction ‘goes critical’ when it becomes self-
sustaining; when each fission event triggers (on average) one other event 

    

Energy from Induced Fission: A nuclear reactor uses a controlled chain 
reaction to produce heat, which in turn produces steam for a generator. 
Apart from the source of heat, it works in the same way as a coal-fired 
power station 

1)Reactor produces heat 
2)Hot coolant from the core heats water to produce steam 
3)Steam powers the turbine generator 
4)Steam is cooled and condensed by a cooling tower 
 
 
 

    

Parts of a Nuclear Reactor:  

Fuel Rods – Contain enriched uranium. This means uranium contains an 
increased % of uranium-235 compared to the uranium ore from which it is 
extracted 
Control Rods – Made of cadmium or boron, absorbs neutrons. Can be lifted 
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in and out of the reactor to control the number of neutrons and keep the 
reaction at a steady rate. They fit between the fuel rods 
Moderator – Made of graphite or water; it surrounds the fuel rods. Slows 
down fission neutrons into ones with thermal energies (thermal neutrons). 
This increases the likelihood of absorption by uranium-235 nuclei – slower 
neutrons are more likely to be captured 
Coolant – Water flows around the core, transferring heat away from the fuel 
to be used to produce steam to drive the turbine 

Nuclear Fusion: The combining of two smaller nuclei to create a larger one. 
This can happen if the nuclei have enough energy to overcome the 
electrostatic repulsion between their protons, so that they can get close 
enough to be attracted by the strong nuclear force. As they collide, energy is 
released and they fall down the initial steep ‘fusion slope’ in the valley of 
nuclear stability 

    

Fusion in the Sun: Occurs in a three-stage process; 

1)   
    

    
       

2)   
    

     
    

3)    
     

     
     

- Once these reactions have begun, the energy released sustains the 
temperature. At the moment of fusion, one of the protons must decay into a 
neutron so they can form deuterium. This is why nuclear fusion in the Sun is 
very slow 

    

Fusion in Reactors: Occurs in a two-stage process 

1)   
    

     
    

  A hot plasma of deuterium and tritium is 
confined by a very strong magnetic field. The plasma is heated by an 
electrical discharge 

2)    
    

     
    

  To keep the plasma hot enough and compressed 
long enough for fusion to occur, the plasma is surrounded by a ‘blanket’ of 
lithium. The lithium captures neutrons from the fusion in step 1, this 
regenerates tritium and produces helium. The lithium blanket also contains 
cooling water which takes energy away to produce steam 

    

Binding Energy in terms of Fission and Fusion:  

Very small nuclei release energy by increasing in size (fusion), consider a 
hydrogen atom, it consists of one proton and one electron so has no binding 
energy. Adding nucleons and binding them to the nucleus therefore releases 
energy                                                                                                                    
P.T.O. 

-Very large nuclei release energy by decreasing in size (fission), they are 
unstable because their nuclei are too large to be held together by short 
range strong nuclear force effectively. Reducing the number of nucleons 
therefore increases the nuclei’s stability, binds them more tightly and 
releases energy  
[Note: Iron-56 cannot release energy through fission or fusion as it is the 
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most stable isotope of any element] 

Calculating How Much Fuel (e.g. uranium-235) a Reactor Uses: 

1)To find the total (input) power required, divide the output power by the 
decimal value of the efficiency 
2)To find the number of fissions per second, divide the input power by the 
energy per fission reaction (given in question) 
3)To find the mass of fuel required per second, multiply the number of 
fissions per second by the mass of one nucleus (e.g. uranium-235 nucleus) 
4)To find the mass of fuel (uranium-235) used each year multiply the mass 
of fuel per second by the number of seconds in a year (roughly 3.2 x 107s) 
5)To find the total mass of fuel (ore) required, use the fact that enriched 
uranium contains roughly 3% uranium-235. So, to find the mass of fuel (ore) 
required, divide the mass of ‘useful fuel’ from step 4) by the decimal value 
of the percentage of useful fuel (e.g. uranium-235) 

    

 

 


