	Energy Level

	Combustion
	2.46 eV

	Slow Neutron
	~0.025 eV

	Fast Neutron
	~2 MeV

	Fission
	200 MeV



Nuclear Fission is controlled by:
· adding neutron scavengers
·  keeping below critical mass
·  moderating the chain reaction
·  delayed neutrons
CANDU Reactor
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Nuclear Differential Equations
Nuclear Decay
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Sequential Decay
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Note: Death of N1 is birth of N2
Neutron Activation
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Flux Absorption 
[image: ]
[image: ]

Nuclear Reaction 
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Variation of Cross Section
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Moderators:
· A good moderator is close to the mass of a neutron
· Hydrogen is a good choice as a moderator because it is similar in mass to a neutron (less collisions)
· Hydrogen has a large cross section and absorbs a lot of neutrons this makes it a poor choice as a moderator
· Deuterium is the next closest option when comparing mass.
· Deuterium has a significantly lower cross section and absorbs very few neutrons, this makes it a good moderator
Reactors have solid discrete fuel bundles such that neutrons can slow down in the moderator then drift back at thermal energies to react with fissile material. This is compared to a homogenous mixture where neutrons would be absorbed by free floating U238 before reaching thermal energies.
Delayed Neutrons:
Increase the mean generation time of neutrons which decreases the power factor making the chain reaction manageable.

	Reactor Type
	% U235

	Fast Reactor
	>15

	Light Water Reactor
	2-4

	CANDU
	0.7



Pressure Water Reactor
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Boiled Water Reactor
[image: ]

Heavy Water Reactor
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Void Reactivity:
Void Reactivity relates to the reactivity of a reactor when a LOCA (loss of coolant accident) occurs.
Most reactors have a negative void reactivity this is suggested to be a good thing since as the coolant is lost so is the moderator and this means that the power of the reactor decreases.
Canadian reactors have coolant and moderator separate so a loss of coolant does not mean a loss of moderator. Theoretically speaking this is bad because it means that as coolant is lost the reactor does not shut down. 

Xenon-135
Has a very large thermal absorption cross- section
Xenon is burnt off by neutron capture.
When reactor is shut down and there is no neutron flux. 
Because of this Xenon builds up and causes problems with reactor restart
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Liquid control units which inject light water into the reactor are used to manage small increases and decreases in reactivity

Materials and Irradiation
Neutrons cause most damage in reactors specifically neutrons of energy 60 keV and higher
Fast neutrons knock atoms out of there crystal lattice structure causing point defects

Migration of point defects causes:
· Mass transfer
· Permanent stress due to shape change
Due to high temperatures most interstitial atoms return to vacancies
Only 10% cause permanent damage
Zirconium is a HCP

Irradiation of steel:
Increases yield
Decreases toughness
Ductile to brittle transition temperature increases
Transmutations:
Magnesium can absorb a neutron and decay to silicone which creates magnesium silicate particles in the steel
Thermal neutron absorption of iron and boron leads to the alpha decay of the products which produces helium atoms in the metal which in turn creates gas build up at the grain boundaries

Deformation modes:
· Irradiation Induced Swelling (volume change)
· Irradiation growth (no externally applied stress and no volume change)
·  Irradiation creep (under an externally applied stress and no volume change)
Swelling:
Observed in stainless steel
Not observed in Zirconium (low cross section)
Growth:
Caused by a shift in atoms causes strain in only on direction
Zirconium when irradiated expands length wise as HCP drums role over to be parallel with the length of the tube. This causes the tubes to expand length wise.
Pressure tube sags and contacts the Calandria tube this causes, blistering, inability to push new fuel through, also may contact LISS, liquid injection safety system
Irradiate zirconium pressure tube can expand and fall off bearings when it cools this causes pressure tubes to burst causing a LOCA
[bookmark: _GoBack]

Radiation Protection Basics:
Radiation other than x-rays and gamma rays are no ionizing because they do not have enough energy to ionize particles
Particles which are ionizing:
− Electrons
− Protons
− α-particles
− Neutrons
Radiation Penetration:
[image: ]


Radiation Dose Units:
· The Gray (Gy): One Gray is the absorption of one Joule of energy from ionizing radiation by one kilogram of matter.
• The Sievert (Sv): A unit of radiation exposure that takes into consideration the different sensitivity of tissues and the different properties of the ionizing radiation types.

Weighting Factors:
[image: ]

LD50/60: lethal dose kills 50% of people after 60 days

Linear Energy Transfer:
LET = ∆ Energy transferred / ∆ Distance
Committed Doses:
The effective dose absorbed over 50 years

What does radiation do to your body?
· Attacks DNA causing mutations
· Kills cells
· Damages cells to be repaired by body
· Damages cells to be repaired improperly by body
Deterministic Effects:
· Occurs only above a threshold
· Effect worsens with increase above threshold
· Effects include
– Temporary and permanent sterility
– Opacity and cataracts to lens of the eye
– Skin “burns”
– Bone Marrow Syndrome
– GI Syndrome
– Dysfunction of nervous system
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Stochastic effects:
Risk of Modified Cell Resulting in Cancer or Hereditary Effect
Occurs below the threshold 
Risk of fatal cancer increases by 4% per Sievert absorbed
Hereditary effects increase by 1% per Sievert absorbed


LNT ( Linear no threshold):
Assumes that all exposure to radiation is linearly harmful no more you absorb the worse the damage.

Regulation approach:
Set upper dose limits:
ALARA: As Low As Reasonably Achievable
Hormesis: Concept that exposure to low levels of radiation is good for you. (Taiwan incident)
Radiation Dose decrease with respect to distance
[image: ]



Shielding:
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This works out to be:


ALI (Annual Limit on Intake)
ALI= 50 years of 20 mSv
DAC (Derived Air Concentration) = concentration of radio activity in air which is inhaled would cause 1 ALI/2000 hours
1 DAC/h =1/2000 ALI




Nuclear Accidents:
NRX Power Excursion:
· Destroyed Calandria Core
· Caused coolant to pour into the basement of reactor along with many long lived fission products
· Worker shuts off valve to pressurized control rods
· Worker goes to open valve
· Calls to operator to press button, operator has to put down phone to press button, told to press wrong button. 
· Two way communication necessary, ergonomic control, idiot proof systems, fail safe design
NRU Loss of fuel cooling during refueling
· Fuel was dropped while refueling causing mass contamination
· Safety interlocks prevented fast response
Windscale UK Reactor Fuel Fire
· Improper design
· No emergency plan or division of labour
Three Mile Island
· Reactor melt down
· Poor communication about a known defect
· Melt down contained
Chernobyl
· Reactor destroyed by explosion
· Reactor type RBMK (graphite moderated)
· Everything went wrong


Accidents can be chalked up to 5 causes:
1. Dominating production imperatives.
2. Failure to allocate appropriate or adequate resources.
3. Failure to recognize deteriorating safety situation.
4. Lack of appreciation of the safety envelope.
5. Failure to define / assign safety responsibility clearly.

Nuclear Medicine
SPECT:
· Uses technetium 99m
· Comes from molybdenum-99 which  beta decays
· Created by uranium fission or neutron capture
· Molybdenum is put in alumina  solution and is milked for technetium
· Technetium produces gamma when decays
PET:
· Uses F-18 which is produced by positron bombardment of O-18
· F-18 is inserted into the body and beta positive decays producing a positron
· Positron annihilates with electron producing gamma ray which is detected for imaging
Gamma Knife
· Uses Cobalt-60 a gamma emitter to kill cancers
Cobalt-60 used for sterilization and much more
Thyroid cancer treated with I-131 which seeks out the thyroid tumors and kills them

Corrosion:
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[image: ]





image6.emf

image7.emf

image8.emf

image9.emf

image10.emf

image11.emf

image12.emf

image13.emf

image14.emf

image15.emf

image16.emf

image17.emf

image18.emf

image19.emf

image20.emf

image21.emf

image22.emf

image23.emf

image24.emf

image25.emf

image1.emf

image2.emf

image3.emf

image4.emf

image5.emf

