Nuclear Energy

Objective: Learning about Nuclear decay,
Radioactivity and Nuclear Reactions. Also, explore
the structure and the trends of periodic table.

Key concepts:

¢ Radioactivity

¢ Nuclear Forces and Stability
¢ Nuclear decay

¢ Nuclear Reactions

¢ Half-life and Activity

¢ Fusion and Fission Reactions




Radioactivity

Radioactivity is a natural phenomenon. Certain elements emit
particular forms of radiation.

such elements are called radioactive materials
Three major forms of radiation (Alpha, Beta and Gamma)

Alpha — He nucleus designated by Greek Letter oL or 3He? i

Beta — an electron designated by Greek Letter 3 or _‘{e

Gamma — very high frequency electromagnetic wave designated
by Greek Letter y or 8y

Radioactivity naturally results from instability of the nucleus

- related to the neutron/proton ratio
- instability of the forces in the nucleus



Nuclear Forces and Stability

How does the instability of forces occur? N A
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(1) Electrical forces 50 L f‘b?’o

- attractive electrical force between unlike 20 » '
charges (electrons and protons) 110 ‘

- repulsive electrical force between like charges e '

protons and protons

/ (2) Nuclear forces

- particles in the nucleus are bound together by
these forces

- they act within extremely short distances
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- weak nuclear force converts proton to Number of protons
neutron or neutron to proton Ut

**There are stable Nucle1 with certain number of protons and neutrons known as
magic numbers.




Alpha Decay and Radioactivity

Radioactive elements Transmute to different element.
Transmutation - Changing of one element to another

Uranium-238 Decay

Alpha particle .
(helium nucleus) Mass number is

_ *"’. decreased by 4

He- 4 (no electrons)

Uranium-238 Thorium-234

7 Xy — 7 g Yy o+ }HL ) alpha (o) decay equation

234 2
23817 - *3Th + JHe'
02 / ~_
This Thorium—234 alpha (o) particle
1S not stable either




Beta Decay and Radioactivity

Neutrons in the nucleus are stable only around protons. Xy—=Yy_ 1+ +be(p decay),
An unpaired neutron 511 prefers to decay into a proton 3~ decay
+ % P by emitting electron _(1) €. There are three types Before After

of Beta decay: / /
o

* Ordinary () beta decay:
In f~ decay, the parent nucleus emits an electron and

Ve
an antineutrino. The daughter nucleus has one more pPgrent Daughter \
proton and one less neutron than its parent.

Neutrinos interact so weakly that they are almost %X N= Yy i1+ B +ve (BT decay),
never directly observed, but they play a fundamental pB+decay

* Positron (") or antielectron beta decay:
In f* decay 1s the emission of a positron that
eventually finds an electron to annihilate,
characteristically producing gammas in opposite

o v,
directions. Parent Daughter \

role in particle physics.
Before After
e° 0 )

v

e




Beta Decay and Radioactivity

* Electron Capture: Electrons cannot reside in the nucleus, but this 1s a nuclear
reaction that consumes the electron and occurs spontaneously only when the
products have less mass than the parent plus the electron. If a nuclide 4X is
known to undergo electron capture, then its electron capture equation is

%J{N +e  — Yy, | +vlelectron capture, or EC).

* v, and v, are electron’s neutrino and antineutrino. In addition to the mass
number and atomic number, the electron family number (charge) has to be
conversed too!




Balancing Nuclear Reactions

All you have to do 1s make sure that

(1) the total of the atomic numbers [lower left corner]
on the left and right are the same,

and

(2) the total of the mass numbers [upper left corner]
on the left and right are the same,

then

(3) fill in any missing element symbols. [lookup the periodic table]




Balancing Nuclear Reactions

Examples:

1. (beta decay)

234Th —> (l)e + +

2. (alpha and gamma decay)

“ooTh—> He + +07




Balancing Nuclear Reactions

Examples:

3. (d-t fusion)

fH+ fH—) §He+

4. (fission)

U+ on— s Xe + +3 o




Half-Life

Radioactive elements decay at different rates!

Example:
was 10 g,

|

thén 1 8 days (1 half-life)
only 5 g would be left.

After 16 days (2 half-lives),
2.5 g would be left;

After 24 days (3 half-lives),
1.25 g of I-131 remains.
The amount is cut in half every 8 day or ¢, ,

1000

250
125

Number of nuclides, N x 10°

750

500 f--

Half-life: time needed for half of a radioactive sample to decay, ¢;,,

The half-life for I-131 ('3') is 8 days. If the original sample of I-131

A Time N
0 1,000,000
tp 500,000
2t 250,000
3t 125,000
4t 62,500
5t 31,250
6t 15,625
Ttp 7,813
8tp 3,906
ot 1,953
....... 10t 977

tin 2t 3tip 4tip Styp 6ty 7t 8ty Oty 10t

Time in multiples of £,



Half-Life

Sample Problem:

How much of 200. mg of Carbon-11 1sotope would be left after 2 hours?
The half-life of ''C is 20 min.

Solution: 2 hours = 120 minutes,

120 min / 20 min per half-life = 6 half-lives

Half-life: 1 2 3
200 mg — 100 mg — 50 mg — 25 mg

Half-life: 4 5 6
25mg — 12.5mg — 6.25 mg — 3.13 mg

You count out half lives and divide by 2 each time.




Half-Life and Activity

We define activity R to be the rate of decay expressed in decays per unit time.

The SI unit for activity is one decay per second and 1s given the name becquerel
(Bq) 1 honor of the discoverer of radioactivity.
1 Bq =1 decay/s.

ne of the most common units for activity 1s the curie (Ci), in honor of Marie

Curie’s work with radium. The definition of curie 1s
1 Ci=3.70x10'" Bg= 3.7 x 10! decays/s

The shorter the ¢;,,, the more decays per unit time, for a given number of nuclei.
So activity R should be proportional to the number of radioactive nuclei, N and
inversely proportional to their half-life, ¢;, . Therefore, we define R as,

R — 0.693N
Iy1/2




Binding Energy

Binding energy: Work done to pull a nucleus apart into its constituent protons and neutrons
increases the mass of the system. The work to disassemble the nucleus equals its binding
energy BE. A bound system has less mass than the sum of its parts, especially noticeable in
the nuclei, where forces and energies are very large. The two are connected through
Einstein’s famous relationship E = (Am)¢? . If a nuclide Ay has Z protons and N neutrons,
then

Am = (Zmp + Nmy) — m,, s BE = (Am)c” = [(Zmp, + Nmp) — mylc”

Radiation /%
ISR @—> % 4
‘# F-d /\\/ 9 WD “

a \Q\\)
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Fission

A large nucleus breaks apart into two smaller
nuclei during fission.

Only certain 1sotopes undergo fission. U-235
(?*U) is the primary example. U-235 isotope

comprises only 0.72% of natural uranium; the
remainder 1s U-238. {
U-2335 nucleus can fission in several ways. An

example of a typical neutron-induced fission o OO0 s

U o+l S ;‘;Kr + lizBa + 3 (1)11 + ENERGY 1

Kr and Ba are “daughter nucle1”

**One %n initiates the reaction and 2-3 %n are Neutron
produced depending upon how U-235 splits. This 2 Fission fragment
can produce a CHAIN REACTION!! i DUCie

(@

! 3 235
Uses: Boiling Water Reactors and Atom Bombs | 3? o R




Schematic of a pressurized water reactor

Primary system Secondary system

Electric
Hot water generator
Steam turbine

.

Control rods

Heat
exchanger

Fuel rods

Containment —5 ™ [
vessel A
(shielding)

Condenser

Core

'.| (fuel and moderator)
) Neutrons not

~ thermalized,
reaction stops.

A pressurized water reactor is cleverly designed to control the fission of large amounts of 2> U ,
while using the heat produced in the fission reaction to create steam for generating electrical
energy.

Shielding  cooling water



Fusion

Fusion: Several small nuclei combine to form a larger nucleus
during fusion.

A typical example 1s the fusion of four hydrogen nuclei \

(protons) to form helium in the sun’s core. \ \ * / H/
e
~—
m
)

)
Il 4He+ Ye+ °v+Energy ’l\f
1 2 +1 0 ”

4 protons — helium + positron + 2 neutrinos —

* This reaction only takes place in stars like our sun. thﬁ,}
* Other reactions are used in Nuclear Weapons (the “Hydrogen
bomb”) and Future Nuclear Reactors
* Research is currently in progress to fuse
deuterium ( H ), the H-2 isotope of hydrogen,
with tritium ( *H ), the H-3 isotope of hydrogen.

‘H+3H — 3He + §n + Energy




Fusion Reactor

ADVANTAGE over Fission reactors: Minimal problem with radioactive waste.

PROBLEMS:

Tremendously high temperatures and pressures are required to do this. The energy that 1s
required to generate the magnetic fields, lasers, etc. to produce the fusion reaction 1s more
than you get out from the conversion of mass into energy via E = mc?. No net energy
output!

*Currently ITER’s Tokamak reactor is
scheduled to be completed in Dec 2025!
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