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Atomic Structure

Operation of a nuclear reactor depends upon various
Interactions of neutrons with atomic nuclei

- protons (p); neutrons (n); electrons (e)
- protons or neutrons = nucleons
- Atomic number Z= # of protons (H=1, He=2...U=92)
- Mass number A, # of nucleons, A=p+n=Z+n or n=A-Z
- |Isotopes — same Z but different A

e.g. U—-234, 235, 238

U (235) = 92p+143n
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Nuclear Periodic Table
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! Periodic Table of the Elements 18
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Energy/Mass Equivalence
E=mc? c=3x10"%m/s = 3x10°m/s
E (joules) = m(kg) x 9 x 10"°
E (kWh) = m(kg) x 25 x 10

1 kg = 25 Bn kWh = 5 x Armenian electric power
consumption.

Electron volt unit = 1.6 x 10" joules

1 Mev = 1.6 x 107"° joules

E (Mev) = m(kg) x 9x10'8/1.6x10""® = 5.6x102° m(kg)
E (Mev) = m(g) x 9x10'%/1.6x10""3 = 5.6x10% m(kg)
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Binding Energy (Table 2.4)

" AVOGADRO'S NUMBER »

B.E./A=931/A[Zm  + m_(A-Z) — M] Mev/nucleon

931 is equivalent to 5.6x10%° divided by
Avogadro No. = 6.02x10%*

1. Atomic Mass Unit

amu — atomic mass unit, used to describe the
mass of an atom

m,, = 1.008; m_= 1.009

1amu=1.66 x 1024 g

Example:
How many amu are in 27.0 grams of mercury?

M = in amu (atomic mass unit) e T
1 amu = 1.660 x 10°* gm

Controlled Fission and Fusion 7



Average binding energy per nucleon (MeV)

Binding Energy

Number of nucleons in nucleus

He* The binding energy per nucleon varies according to the type of atom.
Table 2.4 Binding energy for certain atoms
Atom and isotope Binding Energy Number Total binding energy
Li? MeV/nucleon of nucleons In MeV
Li6 Lithium ('Li) 5.60 7 39.2
Phosphorous (*'P) 8.48 31 262.9
Bromine (*'BR) 8.69 81 703.9
Krypton ("Kr) 8.80 90 792.0
Barium ('*Ba) 8.40 143 1201.2
Uranium (*°U) 7.60 235 1793.6
H: . | Urenium (LD 7.60 236 1801.3
Hes3 Plutonium (~Pu) 7.56 239 1806.8
Isotopes of certain atoms are unstable. This means that the materials in the nucleus will break
apart (fission) into other atomic nuclei. During this process a small amount of matter is converted into
H?2 energy and is released as radiation. The energy from some radioactive decay can be harnessed in the
form of heat.
H1
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Average Dinding energy per nucleon (MeV)

| < On average B.E.

Fusion = 7.5-8.5 Mev per g
i nucleon .
M Nucleon Binding Energy ]
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Radioactivity

Unstable elements: from Z=84-92 q

Unstable nucleus emits \ﬁ ‘3
characteristic particles , P m .
(radiation)

a - particles (2p); B - particle (e)
and gamma rays (y) > .

The fission process is one such —=>
decay or splitting of the unstable
atom such as uranium.
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The Fission Process

* Occurs only with nuclei of high Z (and mass)

* Only 3 nuclides are fissionable by neutrons of all
energies (slow/thermal; fast)

U-233, 235 and Pu-239, called fissile nuclides

« Of these only U-235 occurs in nature. The other
two are generated by neutron capture

* Fission releases large amount of energy and
creates a chain reaction.

Controlled Fission and Fusion 11



U-235 - Fission product A + Fission product B +
Energy

92p +143n - U235 + 235 x 7.6 Mev

92p + 143n - Aand B + 235 x 8.5 Mev
Subtracting the two B.E. expressions

U-235 - fission products + 210 Mev

Thus fission of one U-235 nucleus releases 200
Mev energy compared to C(12) combustion
releasing 4ev

Ergo, U-235 yields 2.5 million times more energy
than same weight of carbon

[or, 1 Ib of U-235 =1400 tons of 13,000 Btu/lb. coal]

Controlled Fission and Fusion 12



Radioactive Decay of Uranium

n+235U——>90Kr+ 143Ba+3n

 Notice that the number of nucleons on each side of the equation is equal. However, the initial and
final atoms have different binding energies. Using Table 2.4 we can calculate the differences in binding
energy of the two sides of the decay reaction (a free neutron has no binding energy).

 n+2U > ®Kr + ®Ba+3n

Qonl A 1793.6MeV - 792MeV + 12012 MeV

!.
|

— 19932 MeV
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Nuclear fission releases more neutrons which trigger more
fission reactions

*The number of neutrons released determines the success
of a chain reaction

A nuclear chain reaction
ay be triggered by a
ngle neutron.

Nuclear Chailn
* Reactions



Schematic Representation of Nuclear
Reactor System
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Specifics of Light water reactors - LWR

* Uranium oxide, enriched to 3-5% U-235

* Moderator and coolant, purified ordinary water;
heavy water; graphite.

» Control rods: neutron absorbing-Cd, Hf, Boron
« Steam generator and Containment

« PWR — water coolant at 150 atm; heated to
325C superheated water generates steam in a
second loop and operates a turbine

« BWR - boils within the core at lower pressure;
piped directly to turbine generator

* LWR are re-fueled every 12-18 months, where
25% of the fuel is replaced

Controlled Fission and Fusion 19



New NPP for Armenia

* 1000MWe: $5billion

* Metzamorenergatom,
50-50Russian-Armenian joint stock
company; will fund 40%; 60% other
iInvestors

* VVER-1000,model V-392; 60yr life
* If 60yr life, retail price of 1 KWh < 7 cents.
* Fuel type is UO:

Controlled Fission and Fusion
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PWR animation
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Three types of reactors
(for others see handout)

1. Light and Heavy Water Reactors
a. LWR/PWR
b. LWR/BWR
(Medzamor is a PWR-VVER 440 Model)
2. Propulsion Reactors (PWR family)
Naval vessels / submarines
3. Liquid metal Cooled Fast Breeder Reactors (LMFBR)
Produces more fuel than it consumes
(U-238 absorbs neutrons and converts it to PU-239)
Molten metal is the coolant liquid

Controlled Fission and Fusion 24



TABLE 13.1. PLANT PARAMETERS

Average Fuel

‘Primary Coolant Cycle Efficiency Core Power Density Exposure
Conditions Steam Conditions (Per cent) (kw/liter) Fuel Material (Mw-days/tonne)
Reactor Current Potential Current | Potential | Current | Potential | Current | Potential Current Potential | Current | Potential
Pressurized 2000 psia 2000 psia 600 psia 1000 psia 28 30 55 80 UO0: UO: 13,000 19,000
water subcooled bulk (sat.) (sat.)
boiling
Boiling 1000 psia 1400 psia 1000 psia | 1400 psia 29 30 30 50 UO: UO0: 11,000 19,000
water (sat.) (sat.) (sat.) (sat.)
dual cycle direct cycle
Superheat 1400 psia 1400 psia SQ 50 U0: 19,000
1000°F 1000°F g
Organic 120 psia 300 psia 600 psia | 1000 psia 29 34 20 44 U-31% Mo UO0: 4500 19,000
cooled §75°F 725°F 550°F 700°F
Sodium- 30 psia 30 psia 800 psia | 2400 psia 34 41 5 8 U-10% Mo UucC 11,000 19,000
graphite 900°F 950°F 850°F 1000°F
Fast 30 psia 30 psia 800 psia | 800 psia 34 34 850 850 U-10% Mo PuO; 11 w/o 50,000
breeder 900°F 900°F 850°F 850°F
Heavy 750 psia 800 psia 150 psia 750 psia 23 26 26 35 Nat U 3960 7000
water subcooled boiling (sat.) (sat.)
5 dir. cycle
Gas cooled 500 psia 24 0.75 Nat U 3000
(natural 650°F
uranium)
Gas cooled 300 psia 400 psia 950 psia | 950 psia 33 33 0.75 1.28 UO0: UO: 10,000 18,000
(enriched 1050°F 1200°F 950°F 950°F
fuel)
Controlled Fission and Fusion 25



Fusion
*Merging of nuclei =
Fusing nuclel together
® &

N

/ .

*He + 3.5 MeV
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“God’s version

Earth shown

of a fusion a
tor,, for size comparison
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165,000 TW
of sunlight
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Controlled Fusion

Deuterium & Neutron
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Tritium o-particle (‘He)
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Net Power = Efficiency *
(Fusion - Radiation LosSs -
Conduction Loss)

*Net Power is the net power for any fusion
power station.

«Efficiency how much energy is needed to
drive the device and how well it collects
power.

*Fusion is rate of energy generated by the
fusion reactions.

*Radiation is the energy lost as light, leaving
the plasma.

«Conduction is the energy lost, as
momentum leaves the plasma.
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Nuclear binding energy released
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Inertial Confinement

L3
Atmosphere
formation Compression lgnition Burn

Laser beams ropidly Fued is compressed by During the final part of the Thermonuclear bumn
heat the surface of the  the rocket-like blowoff laser pulse, the fuel core spreads ropidly through the
fesion target forming o of tha hot surface reaches 20 times the density compressed fuel, yielding
surrounding plasma materiat. af lead and ignites at many times the input energy.
envelope, 100,000,000°C,
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KEY ELEMENTS OF AN INERTIAL CONFINEMENT FUSION POWER PLANT

Laser driver Target fabrication

T » TAVGEL INJECHION  simmammarsan s s amsoam s s s e s s At s
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4 1)
—_ | Lithium

Laser light - blanket

Heat transfer

Tritium fuel cycle )

Heat exchange

¢ Electricity generated

Rapid fire. Any inertial fusion plant will need a driver, such as lasers; a large chamber to absorb the heat
from neutrons with a lithium blanket to breed tritium fuel; and a way to make targets and drop them
into place. Each component poses tec/horteliathtissigasand Fusion e






Nova Laser Bay




Magnetic confinement: Tokamak (Stellerator)




Alcator (MIT)
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Magnetic confinement




Parameter Space occupied by Inertial/Magnetic
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Confinement Concepts

Equilibrium: There must be no net forces on any part of the
plasma, otherwise it will rapidly disassemble. The exception, of
course, is inertial confinement, where the relevant physics must
occur faster than the disassembly time.

Stability: The plasma must be so constructed that small deviations
are restored to the initial state, otherwise some unavoidable
disturbance will occur and grow exponentially until the plasma is
destroyed.

Transport: The loss of particles and heat in all channels must be
sufficiently slow. The word “confinement” is often used in the
restricted sense of “energy confinement”.
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ITER

e International
Thermonuclear
Experimental
Reactor, and is also
Latin for "the way")

 Cadarache facility in
Saint-Paul-lés-Duran
e, south of France
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