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The Equivalence of Matter and Energy

» The connection between energy and matter is provided by Einstein’s theory of special
relativity. It predicts that the mass of any object increases with its speed.

> Letting the mass when the object is at rest be /77,, the “rest mass,” and letting /77 be the mass
when it is at speed v

m
0

I-(v/e)?

m =

Where the speed of light in a vacuum is ¢ = 3 x 10° m/s.

And the particle speed is very high, i.e., when several percent of ¢.

» The kinetic energy imparted to a particle by the application of force according to Einstein is

Ey = (m— myp) e’
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The Equivalence of Matter and Energy

(For low speeds, v<<c, this is approximately < v,’, the classical relation.)

» For an electron,

mass 9.1x 107" kg, the rest energy is

Eo = moc® = (9.1x 10°1)(3.0% 10°)> = 8.2x 107 J

82 x10-147J

E =
°© 1.60x10-13]/MeV

=051 MeV

For one unit of atomic mass. 1.66x 10”7 ke, (close to the mass of a hydrogen atom)

E =031 MeV
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The Equivalence of Matter and Energy

» The equation, is general, but it is especially important in calculating the release of energy by
nuclear means.

» The energy yield from a kilogram of nuclear fuel is more than a million times that from
chemical fuel.

» Asmall amount of mass corresponds to a large amount of energy (because the speed of light is
large).
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Atomic Theory

» Matter is composed of individual particles—atoms—that retair
their identity as elements in ordinary physical and chemical
interactions.

» Thus a collection of helium atoms that forms a gas has a ﬁag
total weight that is the sum of the weights of the individual &oﬂg
atoms. @ao

» The nucleus of an atom is composed of two types of
particles, protons and neutrons, collectively called nucleons.

~——]

» A nucleus is characterized by its atomic number and atomic
mass number, size, shape, binding energy, angular N
momentum, and stability

» Most of the mass and positive charge of an atom were
concentrated in a nucleus. T
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Sizes and Masses of Nuclei

» The radius of any nucleus can be approximated using the Fermi model.
_ 143
R=R,A
where A represents the atomic mass number, and Ry = 1.07 fm.

And the nuclear volume is 4 4
V=E.?TR3 =—3—fd€'§A=VGA

Volume per nucleon, V; is approximately the same for all nuclei.
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Sizes and Masses of Nuclei
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Nuclear Structure
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Isotopes

» Most elements are composed of particles of different weight, called isotopes.
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Radioactivity (Radioactive Decay)

» Radioactivity is the spontaneous emission of particles or energy from an
atomic nucleus as it disintegrates.

> Radioactive decay is the spontaneous disintegration of decomposition of
a nucleus.

— We can predict the stability of a nucleus by using some simple rules

« All isotopes heavier than atomic number 83 have an unstable
nucleus

* Isotopes with 2, 8, 20, 28, 50, 82, or 126 protons or neutrons in
their nucleus occur in the most stable isotopes.

* Nuclei are the most stable with pairs of protons and neutrons, so
those with all protons and all neutrons paired up are the most

stable.
* |sotopes with an atomic number less that 83 are most stable when
the ratio of protons to neutrons is 1:1.
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Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)

» Type of Radioactive Decay
— Alpha emission 4He
« This is the expulsion of an alpha particle 2
— Beta Emission
» Emission of a beta particle

 a beta particle is an electron that is ejected form the
nucleus

— Gamma emission
 This is a high energy burst of electromagnetic radiation

— Emission occurs as nuclei try to obtain a balance between
nuclear attractions, electromagnetic repulsions, and a low
quantum of nuclear shell energy.
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Radioactivity (Radioactive Decay)
 Radioactive Decay Series

— Radioactive decay produces a simpler and more
stable nucleus.

— A radioactive decay series occurs as a nucleus
disintegrates and achieves a more stable nuclei

— There are 3 naturally occurring radioactive decay
series.

e Thorium 232 ending in lead 208
« Uranium 235 ending in lead 207
e Uranium 238 ending in lead 206
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* The radioactive decay series for uranium-238. This is one of three naturally

occurring series.
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Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)

> neutrino is a very small mass, neutral particle that shares with the beta particle
the reaction’s energy release
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Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)

- proton chqun o o reudron and emits o pestven amd nentrimo

« oo bilateen w it & uld 5n Z Jao, each havivy a W‘-‘*'”’@_Mkd‘w

- Yo. trove LM oponsike divecttnr L aonildion i
10 conRRTIE MM ¥-vays 0.5 MeV

Radioactive energy results
from the collision of B+ and

B_.

+@ » // MEM |(S QMP(-@_L?LV}

conpinted [nfo emangy

3

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)
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Radioactivity (Radioactive Decay)
Units of Radoactvidsy
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The Decay Law
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the probability that a radionuclide will where N, is the starting number
decay in a unit time (amount) of nuclei, and N
« (s the same for all nuclei of a given atom represents the amount of nucler
and that did not decay after time t.

* does not depend on the age of nuclides,
l.e., it does not change with time.
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The Decay Law
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The Decay Law
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Example
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Example Cont.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888

Example Cont.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888




Example Cont.
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Example
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Example Cont.
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Radioactive Decay
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Radioactive Decay
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Example
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Example Cont.
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Power from Radioisotopes
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Source of Radioisotopes
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Source of Radioisotopes
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Source of Radioisotopes

rodon- 222 (4 = 357 day) < noble gao

. Cosame ﬂf!pprh{‘(’b)’l = l’]r% fblﬂﬁgj‘ MU‘{'Y\M!Q} 5:/)&'\)[971_,3 , HUC)EF
~produces ?%cb‘to{)_as &M grOMD LR ai'“magpkw

= (/4 (ndfoca’oen) Aea ook

- KD CHrcteum) Pantlele accfw@
fml.%-éo HQC&&}\.?@C”’,’ M&d‘bfg
5‘?{’5,4-‘-,1—*.- Co"_""' CO+\" A2 §
27 e et
’t absarked

ex cited Slette be caune v-? 'B'E'qpﬂfc PO

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

Nuclear Energy

— Albert Einstein showed us that energy and matter
are the same thing, both are inter-convertible.
e« E=mc?
— Using mass losses during nuclear reactions, one
can calculate the energy change of a system.
 AE=AmMc?
— There is a difference between the mass of the

individual nucleons that make up a nucleus and the
actual mass of the nucleus.

* This is called the mass defect of the nucleus.

* The mass defect occurs as energy is released when
nucleons join to form a nucleus.
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Binding Energy

— The energy that is released is called the binding energy.

» This is also the energy that is required to break the
nucleus into its individual protons and neutrons.

* The ratio of the binding energy to the nucleon number is a
measure of a nucleus’ stability

» Massive nuclei can gain stability by breaking into smaller
nuclei with a release of energy.

« Smaller nuclei can gain stability by joining together with
the release of energy.

o The maximum binding energy per nucleon occurs around mass
number 56, then decreases in both directions. As one result,
fission of massive nuclei and fusion of less massive nuclei both

release energy.
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Binding Energy
The curve indicates three characteristic regions A

» Region of stability : A flat region between
A equal to approximately 35 and 70.

» Region of fission reactions : the heaviest
nuclei are less stable than the nuclei near
A =60, energy can be released if heavy
nuclei split apart into smaller nuclei
having masses nearer the iron peak.

» Region of fusion reactions: The lightest
elements (like hydrogen and helium)
have nuclei that are less stable than

Binding Energy per Nucleon (MeV/amu)

1 [ ]
heavier elements up to the iron peak. ] |
D T T T T T .I T T T T T T T T T T T T T T T T T T
> If two light nuclei can form a heavier 0 50 100 150 200 250
nucleus a significant energy could be Mass Number, 4

released
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Binding Energy

o Splitting massive nuclei apart with the release of
energy is called nuclear fission.

o The joining together of less massive nuclei with the
release of energy is called nuclear fusion
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Mass Defect
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Mass Defect

» An atom contains Zpositively charged particles (protons) and NV (= A- 2) neutral particles
(neutrons),

» The total charge of a nucleus is +Z¢, where e represents the charge of one electron.

» Thus, the mass of a neutral atom, M,,,., can be expressed in terms of the mass of its nucleus,
M., and its electrons, m,

My =Moo +Zm, M, =Zm, +(A-Z)m, X

where my,, is the proton mass, m. the mass of an electron and m, the mass of a neutron. ‘E

» The atomic mass, indicated on most tables of the elements, is the sum of the nuclear mass and
the total mass of the electrons present in a neutral atom.

> For rubidium nucleus, " Rh, contains 37, protons and 50 neutrons,

M (YRb)=37x1.007277 +50x1.008665 = 87.7025amu

R
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Mass Defect

M, ("Rb)=M, ("Rb)+Zm, =87.7025+37 % 0.00055 = 87.7228amu

From the periodic table, A
M esred (BT ppy = 86.909187 amu. X

2

Fripety]

Am=M _ (YRb)— M ™ m =8 REY = 0.81361 3amu

Frice ] el

» The difference in mass corresponds to a difference in the mass of the nucleus

Am=M_ — M =
=Zm +Zm, +(A-Z)m, —Ew;j‘;_“"” + ZmJ

= Zmp + [A — Z]mn _ 11{!?&'{:.&1:&-{! — 11’.me_ . ﬂ{fmeaxn:r;d

I FIC

when using atomic mass values given by the periodic table,

M = "wm- _ frf medsred — zmp + Zme + [A _ z}mn _ 11’3’ medsred

FILC Friie o]
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Mass Defect

and Zmp +Zm, =7Zm, p{

where my; 1s a mass of the hydrogen atom. X

The mass defect
WD = Z~mf + (A-2Y W, — nudleuns o
t mu:ir%n W gD

L petonmass

A
huclear gujm\ool ' 2)(

A= Mo N umbey = ﬁjﬂmf\@m < profow trudrow
2= Prome Nuwben = 4 protons
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Binding Energy

» The actual mass of an atomic nucleus is a/ways smaller than the sum of the rest masses of all
its nucleons (protons and neutrons).

» This is because some of the mass of the nucleons is converted into the energy that is needed to
form that nucleus and hold it together.

> This converted mass, Am, is called the “mass defect”

» The corresponding energy is called the “binding energy” and is related to the stability of the
nucleus; the greater the binding energy, the more stable the nucleus.

> The nuclear force acts only when the nucleons are very close to each other, and binds them

into a compact structure.

» To disrupt a nucleus and separate it into its component nucleons, energy must be supplied
from the outside.
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Binding Energy
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» The mass defect and binding energy can be directly related
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Binding Energy
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» For tritium, the heaviest hydrogen atom ; H

m, = 1.008665. my = 1.007825. M = 3.016049.
B = 2(1.008665) + 1(1.007825) — 3.016049
B=0.009106 am. = 848 MeV.
the binding energy per nucleon, Ej
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Nuclear Fission

— As a nuclear reaction occurs, it has the ability to produce a
chain reaction

» A chain reaction is a reaction where the products are
able to produce more products in a self-sustaining
reaction series.

— In order to achieve a chain reaction there must be:
» A sufficient mass.
» A large concentration of fissionable nuclei

— The critical mass is when the mass and concentration are
high enough to sustain a chain reaction.

— A sub-critical mass is one that is too small to achieve a
chain reaction.
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Nuclear Fission
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» The fission reaction occurring when a neutron is absorbed by a uranium-235
nucleus. The deformed nucleus splits any number of ways into lighter nuclei,
releasing neutrons in the process.
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Nuclear Fission

* A schematic
representation of a
chain reaction. Each
fissioned nucleus N
releases neutrons,
which move out to
fission other nuclei.

The number of

neutrons can -
increase quickly with @ 25,
each series. =@ Nakom
D9 o
b

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan E
Tel. +962 6 535 5000 | 22888




Nuclear Fission
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Neutrons may:
1 - Cause another fission by colliding with a U23° nucleus

* Creates two smaller nuclides and free neutrons
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) ) ) . auﬂ
 The free neutrons potentially collide with nearby U2% nuclei oin
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If sufficient neutrons are present, we may achieve a chain reag
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Nuclear Fusion

— Nuclear fusion is the source of the energy from the
Sun and other stars.

— Fusion is a very desirable energy source as:

* Two isotopes of hydrogen (deuterium and tritium)
undergo fusion at a relatively low temperature.

» The supply of deuterium is unlimited with
seawater being a very large source

 Enormous amounts of energy are released with
no radioactive byproducts.
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Nuclear Fusion

— The problems with utilizing fusion as an energy source are:
 Temperature.

— The amount of energy required to bring two nuclei
together is enormous.

» Density
— The density of the reacting hydrogen nuclei must be
significantly high so that there are enough reactions
occurring in a short period of time.
e time
— These nuclei need to be confined to up to a second or

more at 10 atmospheres of pressure in order for
enough reactions to take place.
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e A fusion reaction between a tritium nucleus and a deuterium
nucleus requires a certain temperature, density, and time of

containment to take place.
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Nuclear Fusion
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Values of some physical constants

Value

Clonstant Svmbol
Speed of light (in vacuum) 5
Electron charge e
Atomic mass unit u
Electron rest mass M
Proton rest mass M
Neutron rest mass Min
Planck’s constant h
Avngaxlrcfﬂ constant Ny
Baltzmann constant k
Idesl gas constant {STP) 5
Electric constant £

200702458 x 10% m e !

160217646 x 10712 ¢
16605387 x 1047 kg
(031.494 013 MeV /c?)
01093819 x 10~*! kg
(0.510 998 90 MeV /c?)
(5.485 799 11 = 104 y)
16726216 % 1077 kg
(938.272 00 MeV jfe?)
(1007 276 4066 9 uj
16749272 % 1077 kg
(930.565 33 MeV/c?)
(1.008 6640158 u)

66260688 x 107 J s

4.1356673 < 10-1% eV s
6.022 1420 = 107% mol™?
13806503 = 1044 J K1
(8617342 % 1072 eV K1)

£.314472J mol ' K

HE54 18T RIT % 10712 F m




