Nuclear Chemistry
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"When I was young I used to feel 5o alive, 50 dangerous! In fact, would you
believe I started life as a Uranium-2387 Then one day T acclidentally
ejected an alpha particle...now look at me, a spent old atom of Lead-206.
Seems that all my life since then has been nothing but decay, decay, decay..."




INSIDE the Nucleus:

Protons (+)
Neutrons (no charge)

99.9% of the mass of the atom (Rutherford —
central dense nucleus)

OUTSIDE the Nucleus:

Electrons (-)
Little mass
Located in electron clouds Nutleus

roton

eutron




Atomic Structure

>

e Mass number (or atomic mass) =sum of p* & n°
The number of neutrons (n°) may vary without

changing the element

e Atomic notation: Mass #
Mg

Symbol

25

Ex: Magnesium Atom: >



Atomic Structure

20 electrons -

9 electrons -



Practice

Helium-5 He 2 3

N U1
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Mass Spectrophotometer >
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Nuclear Reactions >
. SPONTANEOQUS

o
Lithium-6 De(ul_tféi)um
(Li-6)
o \ /
o

(He-4)

Alpha Particle / \ :
(He-4) Alpha Particle

Lithium-6 — Deuterium Reaction



Natural Radioactivity >

* Discovered in 1896 by Antoine Henri Becquerel, who
observed that a uranium caused a photographic

plate to fog up as if it had been exposed to light
(therefore emitting radiation)

* The term radioactivity was coined in 1898 by Marie
Curie, a Polish physicist, who was doing research
with her husband Pierre. (They eventually died of
radiation-related illnesses.) There are four noble
prizes in the Curie family!

Radioactivity: spontaneous emission of particles
and/or energy from the nucleus of an atom




Lord Ernest Rutherford
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Types of Radioactive Decay ;2

alpha A H 2+ If ingested, is
2 € harmful to lungs

Helium nucleus

gamma Causes severe

. y 0 damage to body
High energy photon tissues




Note: This is the
atomic mass, which
is the number of
protons plus
neutrons

Alpha Particles (&)

>

Radon ®
> +
222p (2

a (“He)
88 protons 86 protons 2 protons
138 neutrons 136 neutrons 2 neutrons

alpha-particle («) Helium nucleus

Helium

electrons stripped off



Two protons & two neutrons bound together
and emitted from the nucleus

Daughter nuclides

Parent nuclide \ / \

238 234 4
92U —> 90Th-l— 2He



Alpha Decay

240

o -particle =He

15


http://www.hpwt.de/Kern2e.htm
http://www.hpwt.de/Kern2e.htm

Example:




Beta Particles (8) >

Carbon Nitrogen

6 protons 7 protons electron
8 neutrons 7 neutrons (beta-particle)

We see that one of the neutrons from the C'4 nucleus
“converted” into a proton, and an electron was ejected.

The remaining nucleus contains 7p and 7n, which is a nitrogen
nucleus. In symbolic notation, the following process occurred:

n>p+e (+n)




Beta Emission: e- emitted from the nucleus as a beta par

137
55
1

Cs

beta-paricle
(electron)

>
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http://www.npp.hu/mukodes/beta-e.htm
http://www.npp.hu/mukodes/beta-e.htm

BBa — 12ICs +e-+ Vv,

Quark flavor change

© Up quark
@ Down quark




Gamma Particles (y) }

In much the same way that electrons in atoms can be i
, SO can a nucleus.

AN
/ N Neon
N
4 205e P Ve | v
N__ /]
N
10 protons 10 protons gamma
10 neutrons 10 neutrons
(in excited state) (lowest energy state)

A gamma is a high energy light particle.

It is NOT visible by your naked eye because it is not in
the visible part of the electromagnetic spectrum.




Gamma Ray Emission

camma decay

v-radiation: high-energy
electromagnetic waves
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http://www.hpwt.de/Kern2e.htm
http://www.hpwt.de/Kern2e.htm

Your turn! >
Write the balanced equation for the following nuclea

reactions:

1. Beta decay of Phosphorus-32  ¥p L0

2. Alpha decay of U-238  “J'u—'m) + He

92 o0

. . - 17
3. Decay of Oxygen-17 into Nitrogen-17 ' 0 — N +

: : . 42 _
4. Decay of Potassium-42 into Calcium-42 K — iﬁfﬁn +



Neutron-Proton Ratios >

Any element with more than L
one proton (i.e., anything

but hydrogen) will have

repulsions between the
protons in the nucleus )

A strong nuclear force helps =,  wsmous &
keep the nucleus from flying =, ‘
apart Z§ L 02 ratio)  Zr -
Neutrons play a key role 40
stabilizing the nucleus o ptnio
Therefore, the ratio of A 4

neutrons to protons is an

/mPOftant factor o: 10 20 30 40 50 60 70 80

Number of protons



Neutron-Proton Ratios >

130

120 (1.5:1 ratio) ) Hg
For smaller nuclei

100

(Atomic Number < 20) ’
stable nuclei have a :

neutron-to-proton

ratio close to 1:1

20 30 40 50 60 70 80
Number of protons



Neutron-Proton Ratios

130

120

As nuclei get
larger, it takes a .
greater number of
neutrons to
stabilize the

nucleus .

Number of neu

0 10 20 30 40 50 60 70 80
Number of protons



Stable Nuclei

The shaded region in
the figure shows
what nuclides would
be stable, the so-
called belt of stability

130

120

110

100

(1.5:1 ratio) ) Hg

10 20 30 40 50 60 70 80

Number of protons




Stable Nuclei >

130

120

e Nuclei above this
belt have too many
neutrons )

e They tend to decay
by emitting beta
particles

04
0 10 20 30 40 50 60 70 80
Number of protons



Stable Nuclei

130

120

e Nuclei below the belt
have too many protons

e They tend to become
more stable by positron
emission or electron
capture

0O 10 20 30 40 50 60 70 80
Number of protons



Stable Nuclei

e There are no stable nuclei with an
atomic number greater than 83.

e These nuclei tend to decay by alpha
emission.

Periodic Table of Elements
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Radioactive Series

238 U
236 /

234 Th+Pa~-U
232
230 Th

228 /

226 Ra

224 /

222 Rn

220 /

218 Po
216 /
214| Pb+Bi-Po
212
210/ Pb-<Bi~Po
208 /
206| Pb

204

Mass number ———

81 82 83 84 85 86 87 88 89 90 91 92 93
Tl Pb Bi Po At Rn Fr Ra Ac Th Pa U Np

Atomic number

e Large radioactive

nuclei cannot stabilize
by undergoing only
one nuclear
transformation

e They undergo a series
of decays until they
form a stable nuclide
(often a nuclide of
lead)



Radioactive Decay & Half-life

Half-life: the time required for 2 the
amount of a radioactive material to
disintegrate




Nuclide HalfLite

Uranium-238  4,500,000,000 vears
Plutonium-239 24,400 years
Carbon-14 5,730 years
Strontium-%0  28.9 years

lodine-131 8 days

Radon-222 3.82 days

Sodium-24 15.0 hours
Carbon-15 2.4 seconds

Activity of carbon-14 sample
as percent of initial activity

0 II I I I I I

0 5720 11460 17190 22020 28650 34380

Time / years




Radioactive half-life >

Every half-life,
y
Undecayed 8 half the atoms decay
nuclei O
O
Q O
Q Q
8 8 8 o

t=0 t=1 t=2 t=3
yr yr yr



Half Life >

e Phosphorus-32 radioactively decays to form
Sulfur-32

e Half life 32P = 14 days

32
16 S

...... .:3'2 i

i 5P BUUM
| | | L5
0 14 28 42

days days days days



http://www.chem.duke.edu/~jds/cruise_chem/nuclear/dating.html
http://www.chem.duke.edu/~jds/cruise_chem/nuclear/dating.html

Half-Life Calculation #1 >



Half-Life Calculation #2 >



Half-Life Calculation # 3 >



Half-Life Calculation # 4 >



Half-Life Calculation # 5 >



Half-Life Calculation # 6 >



Answers to Half-Life Calculations: >




Answers to Half-Life Calculations: >




Radioactive Decay Question >

In each half-life,
the number of radioactive nuclei,

A.

and hence the number of decays / second,
C drops by a factor of two.
Dl After 1 half life, 5000 are left undecayed.

After 2 half lives, 1/2 of these are left: 2,500
After 3 half lives there are 1,250 |eft.



count = -

120 —

Half - life
00 —

Flot of radioactive count against time
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Stable isotope

Radioactive isotope

D)
&
=
=
c
c
8
<
oo

44—  Isotopes

Neutron number




Nuclear Fission

e Fission: process in which the nucleus of a large,
radioactive atom splits into 2 or more smaller nuclei
— Caused by a collision with an energetic neutron.
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e Fission has been occurring in the universe for billions of years
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http://www.awe.co.uk/main_site/scientific_and_technical/factsheets/radiation_and_radioactivity.htm
http://www.awe.co.uk/main_site/scientific_and_technical/factsheets/radiation_and_radioactivity.htm
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http://www.cea.fr/gb/publications/Clefs45/clefs45gb/clefs4503a.html
http://www.cea.fr/gb/publications/Clefs45/clefs45gb/clefs4503a.html

*Harnessing Fission: A nuclear power plant*

e Nuclear PP utilize the energy released in a controlled
fission reaction in the core to heat water in one pipe

e The heat then vaporizes water in another pipe
e The steam drives a turbine and generates electricity

Electric

Generator
Reactor Core Steam Turbine

Pump
e The steam is in a closed circuit that is never exposed any radiation

e The speed of the fission chain reaction is regulated using carbon control rods
which can absorb extra neutrons



Nuclear Power >

e The United States currently imports over 58%
of its oil supply. There is a need to develop
alternative energy sources, such as nuclear,
wind, geothermal, solar, ...

e By 2020 it is expected to be 67%.

e At present about 20% of the electrical energy
used in the U.S. is generated from power
plants using uranium. In France the
percentage is /5% .

50



Nuclear Chemistry

G o !_,._'.%' t i' l‘ | G
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North Anna — Nuclear
Power Plant is located
In Louisa County in

Marvel Comics’ “The Incredible Hulk”

central Vlrglma/ was created in 1962 by Stan Lee and
northwest of artist Jack Kirby. The Hulk’s powers
Richmond began when nuclear scientist Dr. Bruce

Banner was accidentally bombarded
with gamma rays from a "gamma
bomb" he had invented.
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The Atomic Bomb >

e Uses an unregulated fission reaction in a very
fast chain reaction that releases a tremendous
amount of energy.

o Site of fission reaches temperatures believed to
be about 10,000,000°C.

e Produces shock waves and o, B, y, X-rays, and
UV radiation.
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The classic "mushroom cloud” is a result of dust and
debris lifted into the air as a result of the detonation

*US Army aerial photograph from 80 km away, taken about 1
hour after detonation over Nagasaki, Japan, August 9, 1945


http://www.english.uiuc.edu/maps/poets/g_l/levine/bombing.htm
http://www.english.uiuc.edu/maps/poets/g_l/levine/bombing.htm

Nuclear Fusion >

Fusion: process in which 2 nuclei of small elements are united to

form one heavier nucleus

* Requires temperatures on the order of tens of millions of
degrees for initiation.

* The mass difference between the small atoms and the
heavier product atom is liberated in the form of energy.

Responsible for the tremendous energy output of stars (like
our sun) and the devastating power of the hydrogen bomb.

—

Tritiurn (8] Helium | Hed)

» -9 o

Deuterium (HZ) Meutron



http://www.physics.auburn.edu/~plasma/fusion/fusion_lab/fusion.html
http://www.physics.auburn.edu/~plasma/fusion/fusion_lab/fusion.html

Stars & the Hydrogen Bomb

e The first thermonuclear bomb was exploded in 1952 in the
Marshall islands by the United States; the second was
exploded by Russia (then the USSR) in 1953.

e "H bombs” utilize a fission bomb to ignite a fusion reaction.
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http://www.aip.org/history/lawrence/larger-image-page/lcw-hbomb.htm
http://www.aip.org/history/lawrence/larger-image-page/lcw-hbomb.htm
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