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NRAL 1S CREMISTRY ¢

@ Chemistry is the study of matter
and the changes that it can
undergo

@ Matter is anything that has mass
and takes up space

@ Can be made up of pure or a

mixture of pure substances in any
state

@ The smallest unit of matter is the
atom

Lithium Atom




WhHAT 15 NUCLEAR CHEMISTIRY ¢

@ Nuclear Chemistry is the division dealing with
the atomic nucleus, radioactivity, and
nuclear reactions

@ Radioactivity - the spontaneous emission of

a stream of particles or electromagnetic rays

in nuclear decay Energy

Any atom with
84 or more
protons is

radioactive % ;— 5 Radiation

Radioactive

Atom
2

Particle




Wrea of Nuclear Chemistry

It is the chemistry of radioactive elements

Nuclear chemistry associated with equipment (such as nuclear
reactors)

And For nuclear waste storage or disposal site.

It includes the study of the chemical effects of the absorption of
radiation within living animals, plants, and other materials.

nuclear chemistry used in medical treatments (such as cancer
radiotherapy).

the use of radioactive tracers within industry, science and the
environment; and the use of radiation to modify materials such as
polymers.

Nuclear magnetic resonance (NMR) spectroscopy is commonly used
in synthetic organic chemistry and physical chemistry and for
structural analysis in macromolecular chemistry.



https://en.wikipedia.org/wiki/Radioactive
https://en.wikipedia.org/wiki/Nuclear_reactor
https://en.wikipedia.org/wiki/Nuclear_reactor
https://en.wikipedia.org/wiki/Nuclear_waste
https://en.wikipedia.org/wiki/Cancer
https://en.wikipedia.org/wiki/Radiotherapy
https://en.wikipedia.org/wiki/Radioactive_tracer
https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
https://en.wikipedia.org/wiki/Organic_chemistry
https://en.wikipedia.org/wiki/Physical_chemistry
https://en.wikipedia.org/wiki/Macromolecular_chemistry

Rutherford's
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a particle velocity ~ 1.4 x 107 m/s

(~5% speed of light)

1. atoms positive charge is concentrated in the nucleus
2. proton (p) has opposite (+) charge of electron (-)
3. mass of p is 1840 x mass of e (1.67 x 10-%* g)




Rutherford’s Mod
the Atom

atomic radius ~ 100 pm =1 x 10" m

nuclear radius ~ 5 x 10° pm =5 x 10> m
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Nuclear Reactor
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Anratoem consists of a
MUICIETIS
J(of protonsiand neutrons)
electrons in space about the nucleus.

Electron cloud

Nucleus




Nuclear This picture of an atom would need to be 10 m
in diameter if it were drawn to the same scale as

Structure [N representing the nucleus.

Nucleus

Nucleons
(protons and neutrons)

The nucleus has a fairly
sharp boundary.




The Nucleus is the (tiny) central part of an atom. The
Nucleus is made of protons and neutrons

Proton has charge:
my, = 1.67262 X 107" kg
Neutron is electrically

m, = 1.67493 X 107*' kg



A and Z are sufficient to specify a nuclide.
(EJm @‘)\AJ\ —adall J\.\.@\ SEE EJM\ '5\)39 UAIA)
Nuclides are symbolized as follows:
X
V4
X is the chemical symbol for the element; it contains

the same information as Z but in a more easily
recognizable form.

/ : number of protons

A: mass number (LSl 2a=l)



Neutrons and protons are collectively called nucleons.

The different nuclei are referred to as nuclides.

Number of protons: atomic number, Z

Number of nucleons: atomic mass number, A

Neutron number: N=A -~/
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E=mc?2 or m=E/c?
(OSall 5 Aala ALY Jygai 1 ol 4y i)
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E= mc?
2, 5 2(108 *3) x (w25) AL = (U52) 2L
1013 *9 x(pa) ALSH = (U 5a) 4Lk
1013* 2.15 x(aa) ALSH = (Lanlly) 5L
931.5 X(amu) ALl = (MeV) 43Ll)
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Masses of atoms are measured with reference to
the carbon-12 atom, which is assighed a mass of
exactly 12u. A u is a unified atomic mass unit.

lu = 1.6605 X 107* kg = 931.5 MeV/c*



From the following table, you can see that the electron is
considerably less massive than a nucleon.

Neutron

TABLE 30-1
Rest Masses in Kilograms, Unified Atomic Mass Units, and MeV/c?
Mass

Object kg u MeV/c*

Electron 9.1094 x 107! 0.00054858 0.51100

Proton 1.67262 x 1077 1.007276 938.27

'H atom 1.67353 x 10 % 1.007825 938.78
1.67493 x 10~ 1.008665 939.57

Copyright © 2005 Pearson Prentice Hall, Inc

E=mc? or m = E/c?
(USall 5 Aala ALY Jysai 1 cplidil 4y i)






SOTOPES

@ Atoms of the same element may have
different neutron numbers, thus different
mass numbers

1 2 6 electrons,
Carbon'1 2 6 protons,

6 6 neutrons

1 4 6 electrons,
‘ Carbon-14 6 protons,

6 8 neutrons



Nuclei with the same Z - so they are the same element
— but different N are called

For many elements, several different isotopes exist in
nature.

Different isotopes of the same element have the same
atomic number but different mass numbers.

-

1 i T Hi
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The Nuclear Radius

Nucleus is very small
* single nucleon ~ 1x10®* mor 1 fm

 fm: femtometer, fermion, fermi

* nucleus~1-10fm
e atom~1A=1x1019m=100,000 fm

All experiments suggest that R = R,A/3

R, = constant 1.1-1.6 fm; A-mass number

1 Fermi=1013cm=101"m



* Nuclear radius: that R = R,A/3
 Nuclear Size thatV=4/3 i R3
* Nuclear Density that Density = mass/ volume
Density = A x (mass of nucleon)/ (4/3 mt R3)
=Ax (1.7 x 1027 Kg )/ [4/3 1t (1.4 x 1027 )AL/3)3]
Density = 1.5 x 1017 Kg/m3
laa Jas adle 44 g g3l 3alall 486K ) C_mym.d\ 38 g o
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o
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Nuclear density

* NUCLEONS (neutrons and protons) are very dense.
They have similar mass so it follows that they have
similar density. Their density is approximately
1.5*1017kgm-3.

* Nuclear density is much bigger than atomic density.
This suggests:

1. Most of an atoms mass is in its nucleus
2. The nucleus is small compared to the atom
3. An atom must contain a lot of empty space.



5 110Ag, 353yl Caia ]
PN

* that R = R,Al/3

e R=1.2 x 101°%(110)/3=5.75 x 101>=5.75
Fermi

* V=4/3nR3=4/3R,*A=798.4 x 10 m?3



Properties of Nucleons and nuclei
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Nuclear Stability

It’s really not >\ dgms
that difficult =




Stable vs. Unstable

* A stable isotope does NOT
undergo radioactive (or nuclear)
decay.

* An unstable isotope undergoes
radioactive (or nuclear) decay.
Unstable isotopes are also known
as radioisotopes or radionucleides




Nuclear Stability

e [t depends on a variety of factors and no
single rule allows us to predict

* whether a nucleus is radioactive and might
decay unless we observe it.

e The are some observations that have
been made to help us make predictions




1-Even -Odd Nature of the number of
Protons& Neutrons

 Certain numbers of neutrons and protons
are stable

* Nuclel with numbers of both protons
and neutrons are more stable than those
with odd numbers of neutron and protons.

* All isotopes of the elements with atomic
numbers higher than 83 are radioactive



1-Even -Odd Nature of the number of
Protons& Neutrons

Number of Stable Isotopes with Even and Odd Numbers of
Protons and Neutrons

Protons Neutrons Number of Stable Isotopes

Odd Odd 4
Odd Even 50
Even Odd 33
Even Even 164

TABLE [ 23.2




The Magic Numbers

For nuclel to be stable, there are some
* These are the numbers of neutrons and protons in a nucleus.

* If a nucleus has that much p or n, it is found to be more stable than
the others.

*This numbers are usually even, for symmetry. (symmetry provides
strength in bounds and thus stability.)

These magic numbers are:

Do you remember "0hie Cases?

They contained the number of electrons that were completely filling an electron
shell. Since the shell was completely filled, they were not active for reacting
chemically, thus were called =1/ 11

The magic numbers for the nucleus is just like that! Nucleons at that
numbers are thought to fill a nuclear shell completely, thus, the
nucleus with filled shells are more stable.




N0l Slowl ol el tahly

A nucleus having very much protons compared
to neutrons will never be stable,

. but this does not mean that a nucleus

with many neutrons and little protons will be
stable



2- Neutron to proton Ratio

*More massive nuclei
require extra neutrons to
overcome the Coulomb
repulsion of the protons
in order to be stable.

Stable i
nuclei;

*The higher the binding
energy per nucleon, the
more stable the nucleus.

Neutron number (N=A —Z)

0 20 40 60 80
Proton number (Z)

Copynght @ 2005 Pearson Prentice Hall, Inc.
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CRART OF THE NUCLIDES
» We organize all the known isotopes of the elements
into another chart, called the Chart of the Nuclides

Chart of the Nuchdes

o

proton number

W etavie
B p/EC decay
0 F decay
[ adecay
B pemission
B spontanecus fission
[] predicted
I £2 maglc number

neutron number

Symmetrlc Equal numbers of protons and neutrons
Asymmetric: Unequal numbers of protons and neutrons




+ The band of nuclear
stability indicates neutron
and proton combinations

giving rise to observable
nuclel with measured half-

llves.

+ The island of stability

corresponds to predicted |
super heavy nuclel first o

0 10 20 30 40 5 & 70 B %W 100 110 120

observed in 1999. Number ofprotos ()




Neutron to proton ratio
and the belt of Stability

*The more protons packed together the more
neutrons are needed to bind the nucleus together.

*Nucleus with an atomic number up to twenty has
almost equal number of protons and neutrons.

*Nucleil with higher atomic numbers have more
neutrons to protons.

*The number of neutrons needed to create a stable
nucleus increase more than the number of proton



Belt of stability

These neutron rich isotopes can their
ratio and move to the belt of stability by
emitting a beta particle.



1/ U
2. Nuclel below the belt of stability These proton rich nuclel increase their
neutrons and decrease protons by positron emission (more common in lighter
nuclei) and electron capture (more common in heavier nuclel)

"0 n+’e

1/
3. Nuclel with atomic numbers greater than 84 These tend to undergo alpha
emission. This emission decreases the number of neutrons and protons by 2
moving the nucleus diagonally toward the belt of stability

HEQEU 3 EMEDTh ' 42HE




- Some nuclei undergo a
whole series of
disintegrations called a
decay series, leading to
nonradioactive species.




What holds the nucleus together?

4 Inside the nucleus, IS stronger than
the repulsive electromagnetic force.

4 Protons and neutrons both “experience” the strong force.

4 The actual binding that occurs between and
and IS the residual of the

strong interaction between the constituent quarks.



Mass Defect

The total mass of a stable nucleus is
always than the sum of the masses of
its separate protons and neutrons.



Binding Energy of a Helium Nucleus

Separate
into
components

Neutron Proton

Helium atom 2 hydrogen atoms,
2 neutrons

Mass: Mass:

4.00260 u 2 H atoms: 2.01566 u
+ 2 neutrons: 2.01732 u
Total mass: 4.03298 u

Difference in mass:
Am = 0.03038 u




Mass Defect

- Consider the formation of a helium-4 nucleus:
Total theoretical mass of 2n + 2p 4.031 88 amu
Observed mass of helium-4 nucleus 4.001 50 amu

Mass difference 0.030 38 amu

- Mass difference is called the mass defect of the
nucleus. It results from combination of protons and
neutrons. It is converted to energy during reaction
and is a direct measure of nucleon binding energy.




3-Binding Energy

Mass defect has become energy, such as
radiation or kinetic energy, released
during the formation of the nucleus.

This difference between the total mass of
the constituents and the mass of the
nucleus is called the of
the nucleus.



Binding Energy: the energy that holds nucleons
together

The binding energy is the energy
that would be needed to disassemble
a nucleus into individual nucleons.

Energy Nucleus Disassembled
nucleus




BE is the energy required to separate

the full nucleus into its
individual protons and neutrons




Binding energy per nucleon.

*To compare how tightly bound different
nuclei are, we divide the binding energy

by

*binding energy per nucleon =

Total binding energy / A



Nuclear binding energy per nucleon vs Mass number

38

= -}
-]

=

S

Binding energy per nucleon (MeV)

(5% ]

Nuclecar binding cncrgy por nuclcon (J)

N O T [ O T O
020 40 60 80100 120 14 160 180 200 20 M0 64
Mass number

0 30 100 150 300 350
Number of nucleons, A (mass number)
Cogynght © 2005 Paarson Prentice Hal, Inc

nuclear binding enerqgy
Nucleon(A)

nuclear stability



Curve of Binding Energy
Binding energy
(MeV) per nucleon

Maximum = 8.8 MeV per nucleon

10
9
8
7
6
5
4
3
2
1
0

50 100 150 200
Mass number, A
* Light nuclei can become more stable through fusion.

®* Heavy nuclei can become more stable through fission.
®* All nuclei larger than a certain size spontaneously
fission.




Binding Energy Plot

Iron (Fe) has most binding energy/nucleon. Lighter have too few nucleons,
heavier have too many.

Ission = Breaking large atoms into small

-

sion = Combining small atoms into large
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Example

Calculate the binding energy per nucleon
for ,,Th#32 by (MeV) if you know that the
actual weight for Th is 232.0381 amu?

BE={ZmH+ NmN-ZMA } x 931.5 =
BE ={90 x 1.007825 + 142 x1.008665 -232.03812} x931.5
BE = 1766.57 MeV

BE/A =1766.57/232 =7.61 MeV



Why do protons & protons, protons & neutrons, and

neutrons & neutronsall bind together in the nucleus
of an atom?

The Strong Force

Electromagnetic?

Need a force which:

A) Can overcomethe electrical repulsion between protons.
B) Is ‘blind’ to electric charge (i.e., neutrons bind to other neutrons!)

Quantum theory of EM Interactions is incredibly precise. That is, the

>



4 -The strong nuclear force

If you consider that the nucleus of all atoms
except H contain more than one proton Iin
them, and each proton carries a postive
charge,

? The protons must feel a
repulsive force from the other neighboring
protons.

This is where the strong nuclear force Kakatas
COmes In.




he energy that

But where does 1
me from?

creates this force co



4- Nuclear Forces

The force that binds the nucleons together is

called the strong It is a very
strong, but , force.

The Coulomb force is long-range; this is why

extra neutrons are needed for stability in
high-Z nuclei.



The four forces of Nature

Carried
By

Graviton w' w 2? Photon Gluon

(not yet observed)

33



Strong nuclear
Electromagnetic
Weak nuclear
Gravitational

Strongest

V.
Weakest



1- Strong nuclear force

Holds the nuclei of atoms together

Very strong, but only over very, very, very short
distances (within the nucleus of the atom)



3- Weak nuclear force

e Responsible for nuclear decay
e Weak and has a very short distance range

o Gl iyl 5l sk e ) s R) RS L ) S S JpaiiY

4- Gravitational force

Weakest of all fundamental forces, but acts over very long
distances

Always attractive
Acts between any two pieces of matter in the universe

Very important in explaining the structure of the universe



The strong nuclear force

*The strong nuclear force (= strong force) is one of
the four basic forces in nature

But,



100 times stronger than the electromagnetic repulsion

100,000 times stronger than the weak force

100 trillion trillion trillion times stronger than the

Gravitational attraction

38



Its main job Is to
the the subatomic particles of the
nucleus = the protons + neutrons

We have learned, previously, that like charges repel,
and unlike charges attract.



Nuclear Forces

.. The attractive
strong force
. " is the same

4—"" ., for any two

nucleons.

Two protons also experience a smaller
electrostatic repulsive force.




The strong nuclear force

*The strong nuclear force Is created between
nucleons by the exchange of particles called

(chargeless hadrons made up of 1 quark
and 1 antiguark).

* This exchange is like constantly hitting a ping-
pong ball back and forth between two people.

*As long as this meson exchange can happen, the
strong force is able to hold the participating
nucleons together.






Mesons

Developed from a theory to explain the nuclear
force

Yukawa used the idea of forces being mediated
by particles to explain the nuclear force

A new particle was introduced whose exchange
between nucleons causes the nuclear force

It was called a meson

The proposed particle would have a mass
about 200 times that of the electron
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http://en.wikipedia.org/wiki/File:Pn_scatter_pi0.png
http://upload.wikimedia.org/wikipedia/commons/3/31/Pn_scatter_quarks.png

The nature of nuclear forces:

Intermediate particles with similar masses were discovered and
named as © mesons. In quantum field theory, forces between
particles are described by the exchange of virtual particles:

p—->p+7t0—->p, n—nt+a’—n
n—pt+m-—n, p—ntan+—p,
i i n\/p
o L
N’ N> p n

Protons and neutrons emit and absorb mesons(pions).



Meson theory of Nuclear Forces by
Yukawa (1935)

* Ameson may be T, T or

A neutron, by accepting a ™ meson
converted in to a proton.

A proton, by ejecting a " meson converted in
to a neutron.

* A neutron, by ejecting a T meson converted
in to a proton.

* A proton, by accepting a T meson converted
In to a neutron.
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http://ar.wikipedia.org/wiki/%D9%82%D8%A7%D8%A6%D9%85%D8%A9_%D8%A7%D9%84%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA
http://ar.wikipedia.org/wiki/%D9%87%D8%A7%D8%AF%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%86%D9%88%D8%A7%D8%A9_%D8%A7%D9%84%D8%B0%D8%B1%D8%A9
http://ar.wikipedia.org/wiki/%D9%85%D9%8A%D8%B2%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A8%D8%A7%D8%B1%D9%8A%D9%88%D9%86
http://www.google.com.eg/imgres?q=quarks&hl=ar&safe=active&sa=X&biw=1280&bih=651&tbm=isch&prmd=imvns&tbnid=6yHbCVVEKBlMdM:&imgrefurl=http://www.desy.de/f/hera/engl/chap1.html&imgurl=http://www.desy.de/f/hera/fig/engl/proton-naif.gif&w=878&h=564&ei=IvY5UPnrEcvHsgb7zoDQDQ&zoom=1&iact=hc&vpx=287&vpy=2&dur=17517&hovh=180&hovw=280&tx=120&ty=109&sig=101766888514871508225&page=2&tbnh=128&tbnw=199&start=19&ndsp=24&ved=1t:429,r:9,s:19,i:160

4l g¥) claraliThe Elementary
Particles

Families of Quarks



What do we know
about matter?

electron
<10"%cm

N = ‘ proton
Pl } 3 (neutron)
SN _ | quark
— I <10"%cm
N\ Py nucleus .
e ~10""%cm
atom~10"cm ~10"%em




The Elementary Particles 4s¥) Cilaswall
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Back to matter & quarks...

proton  neutron




Structure within
the Atom
Quark

Size < 107%m

A
Nucleus g & Electron

: 18
Size = 10" m 5 a Size< 107" m
‘

w

Neutron

¥d
d

d
s _ and

& Proton

Atom Size = 10713 ¢
Size =~ 10°"0m

If the protons and neutrons in this picture were 10 am across,
then the gquarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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http://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%A3%D9%88%D9%84%D9%8A
http://ar.wikipedia.org/wiki/%D9%83%D8%AA%D9%84%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
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http://ar.wikipedia.org/wiki/%D9%86%D9%83%D9%87%D8%A9_(%D9%81%D9%8A%D8%B2%D9%8A%D8%A7%D8%A1_%D8%A7%D9%84%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA)
http://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83_%D8%B9%D9%84%D9%88%D9%8A
http://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83_%D8%B3%D9%81%D9%84%D9%8A
http://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83_%D8%B3%D8%A7%D8%AD%D8%B1
http://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83_%D8%BA%D8%B1%D9%8A%D8%A8
http://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83_%D9%82%D9%85%D9%8A
http://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83_%D9%82%D8%B9%D8%B1%D9%8A
http://ar.wikipedia.org/wiki/%D9%83%D8%AA%D9%84%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D8%B6%D9%85%D8%AD%D9%84%D8%A7%D9%84_%D8%A7%D9%84%D8%AC%D8%B3%D9%8A%D9%85
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http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%B4%D8%AD%D9%86%D8%A9_%D8%A7%D9%84%D9%83%D9%87%D8%B1%D8%A8%D8%A7%D8%A6%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%B4%D8%AD%D9%86%D8%A9_%D8%A7%D9%84%D9%84%D9%88%D9%86%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%AF%D9%88%D8%B1%D8%A7%D9%86_%D9%85%D8%BA%D8%B2%D9%84%D9%8A_(%D9%81%D9%8A%D8%B2%D9%8A%D8%A7%D8%A1)
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%83%D8%AA%D9%84%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%86%D9%85%D9%88%D8%B0%D8%AC_%D8%A7%D9%84%D9%82%D9%8A%D8%A7%D8%B3%D9%8A
http://ar.wikipedia.org/wiki/%D9%81%D9%8A%D8%B2%D9%8A%D8%A7%D8%A1_%D8%A7%D9%84%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%82%D9%88%D9%89_%D8%A7%D9%84%D8%A3%D8%B3%D8%A7%D8%B3%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%83%D9%87%D8%B1%D9%88%D9%85%D8%BA%D9%86%D8%A7%D8%B7%D9%8A%D8%B3%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%AC%D8%A7%D8%B0%D8%A8%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%AA%D8%A2%D8%AB%D8%B1_%D9%82%D9%88%D9%8A
http://ar.wikipedia.org/wiki/%D8%AA%D8%A2%D8%AB%D8%B1_%D9%82%D9%88%D9%8A
http://ar.wikipedia.org/wiki/%D8%AA%D8%A2%D8%AB%D8%B1_%D8%B6%D8%B9%D9%8A%D9%81
http://ar.wikipedia.org/wiki/%D8%B9%D8%AF%D8%AF_%D8%B5%D8%AD%D9%8A%D8%AD
http://ar.wikipedia.org/wiki/%D8%B4%D8%AD%D9%86%D8%A9_%D8%A3%D9%88%D9%84%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D9%85%D8%B6%D8%A7%D8%AF
http://ar.wikipedia.org/wiki/%D9%86%D8%B8%D9%8A%D8%B1_%D8%A7%D9%84%D8%AC%D9%85%D8%B9
http://ar.wikipedia.org/wiki/%D8%AC%D9%8A%D9%85%D8%B2_%D8%AC%D9%88%D9%8A%D8%B3

Quarks

Since 1969, many other experiments have been conducted to determine
the underlying structure of protons/neutrons.

All the experiments come to the same conclusion.
=>» Protons and neutrons are composed of smaller constituents.

These quarks are the same ones predicted by Gell-Mann & Zweig in 1964.

proton neutron |»>Protons

1x 1018 m 2 “llp” quarkS
(&l mos) 1 “down” quark
» Neutrons
1.6 fm 1 “up” quark
(1.6 X 1015 m) 2 “down” quarks

Are there any other quarks other than UP and DOWN ?



Woohhh,
fractionally
charged
particles?

Three Families of Quarks

Generations

] Increasing mass >

I || 111
Charge = d S b

\ Charge = U C t

-1/3 (down) | (strange) | (bottom)

+2/3

(up) (charm) (top)

Also, each quark has a corresponding antiquark.
The antiguar ks have opposite charge to the quarks




Anti-particles too !

% We also know that every particle has a corresponding antiparticle!

% That is, thereare also 6 anti-quarks, they have opposite charge

tothe quarks.

# S0, the full dlate of quarks are:

Particle

Anti-
Particle

Q=+2/3 U, C, t
Q=-1/3

Quarks

Anti-Quarks
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http://ar.wikipedia.org/wiki/%D9%82%D8%A7%D8%A6%D9%85%D8%A9_%D8%A7%D9%84%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA
http://ar.wikipedia.org/wiki/%D9%87%D8%A7%D8%AF%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%86%D9%88%D8%A7%D8%A9_%D8%A7%D9%84%D8%B0%D8%B1%D8%A9
http://ar.wikipedia.org/wiki/%D9%85%D9%8A%D8%B2%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A8%D8%A7%D8%B1%D9%8A%D9%88%D9%86
http://www.google.com.eg/imgres?q=quarks&hl=ar&safe=active&sa=X&biw=1280&bih=651&tbm=isch&prmd=imvns&tbnid=6yHbCVVEKBlMdM:&imgrefurl=http://www.desy.de/f/hera/engl/chap1.html&imgurl=http://www.desy.de/f/hera/fig/engl/proton-naif.gif&w=878&h=564&ei=IvY5UPnrEcvHsgb7zoDQDQ&zoom=1&iact=hc&vpx=287&vpy=2&dur=17517&hovh=180&hovw=280&tx=120&ty=109&sig=101766888514871508225&page=2&tbnh=128&tbnw=199&start=19&ndsp=24&ved=1t:429,r:9,s:19,i:160

Mesons

1 Mesons areaso in the hadron family.

U They are formed when a quark and an anti-quark “bind” together.
(We’ll talk more later about what we mean by “bind”).

What’s the charge
of this particle?

Q=+1, and it’s called a ©*

M~140 [MeV/c?]
Lifetime~2.6x1078 [s]

o

What’s the charge
of this particle?

Q= 0, this strange
meson is called a K°

M~500 [MeV/c?]
Lifetime~0.8x10710 [s]

o

What’s the charge
of this particle?

Q= -1, and thischarm
meson iscaled aD-

M~1870 [MeV/c?]
Lifetime~1x1012 [s]




Quark Composition
of Particles — Examples

Mesons

* Mesons are
quark- aBERe
antiquark pairs '

* Baryons are
quark triplets



Protons & Neutrons

To make a proton:
We bind 2 up quarksof Q = +2/3
and 1 down quark of Q =-1/3.
Thetotal chargeis

213+ 2/3+ (-1/3) =+1!

To make a neutron:

We bind 2 down quarksof Q=-1/3

with 1 up quark of Q =+2/3to get:
(-1/3) + (-1/3) + (2/3) = 0!

o, it al worksout ! But, yes, we have
FRACTIONALLY CHARGED PARTICLES!



Are there baryons other than
protons and neutrons?

B Good question, my dear ...

E The answer isaresounding Y ES !

E Other quarks can combine to form other baryons. For example:

Thiscombination iscalled a
L ambda baryon, or A° for short

What is the charge of this object?) _

Thiscombinationiscalled a
Deltabaryon, or A** for short d -1/3
What’s this one’s charge? S -1/3




Quark Confinement

/—Iadron Jail/v

wff

J Quarks are “confined” inside objects known as
J

“hadrons”.
[ This is a result of the “strong force” which

we will discuss later...




Why does the nucleus stay together ?

So far, the only “fundamental” forces we know
about are:

(a) Gravity

(b) EM force (Electricity + Magnetism)

Which one of these is responsible for binding
protons to protons and protons to neutrons ?7??

[ Since like sign charges repel, it can’t be EM
force?

O Gravity is way, way, way too weak...

Then what is it???

This is the third fundamental force in nature and is by far the
strongest of the four forces. More on forces later...




So why does matter appear to
be so rigid ?

Forces, forces, forces !l!!

It is primarily the strong and electromagnetic forces which
give matter its solid structure.

Carried
By

Graviton
(not yet observed)

The four forces of Nature
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http://ar.wikipedia.org/wiki/%D9%82%D8%A7%D8%A6%D9%85%D8%A9_%D8%A7%D9%84%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA
http://ar.wikipedia.org/wiki/%D9%87%D8%A7%D8%AF%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%86%D9%88%D8%A7%D8%A9_%D8%A7%D9%84%D8%B0%D8%B1%D8%A9
http://ar.wikipedia.org/wiki/%D9%85%D9%8A%D8%B2%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A8%D8%A7%D8%B1%D9%8A%D9%88%D9%86
http://www.google.com.eg/imgres?q=quarks&hl=ar&safe=active&sa=X&biw=1280&bih=651&tbm=isch&prmd=imvns&tbnid=6yHbCVVEKBlMdM:&imgrefurl=http://www.desy.de/f/hera/engl/chap1.html&imgurl=http://www.desy.de/f/hera/fig/engl/proton-naif.gif&w=878&h=564&ei=IvY5UPnrEcvHsgb7zoDQDQ&zoom=1&iact=hc&vpx=287&vpy=2&dur=17517&hovh=180&hovw=280&tx=120&ty=109&sig=101766888514871508225&page=2&tbnh=128&tbnw=199&start=19&ndsp=24&ved=1t:429,r:9,s:19,i:160
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https://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83

Confinement

* Physicists now believe that free quarks
cannot be observed; they can only exist
within hadrons.

*When a high-energy gamma ray is
scattered from a neutron, a free
quark cannot escape because of
confinement.

* For high enough energies, an
antiquark-quark pair is created (for
example, # « ), and a pion and proton
are the final particles.

Vb =P+ T

NN N
eutron
Y
Excited
neutron

U

Neutron

uit created

U
A

Proton

N

T



How do we know
any of this?

dRecdll that high energy particles
provide away to probe, or

“see” matter at the very smallest
sizes. (Recall Electron microscope
example).

4 Today, high energy
accelerators produce energetic
beams which allow us to probe :
matter at its most fundamental level. "Particles, particles, particles."

L Aswe go to higher energy particle collisions:
1) Wavelength probe is smaller =» seefiner detail
2) Can produce more massive obj ects, via E=mc?
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https://ar.wikipedia.org/wiki/%D9%84%D8%BA%D8%A9_%D8%A5%D9%86%D8%AC%D9%84%D9%8A%D8%B2%D9%8A%D8%A9
https://ar.wikipedia.org/wiki/%D9%85%D8%B9%D8%AC%D9%84_%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA
https://ar.wikipedia.org/wiki/%D9%85%D8%B9%D8%AC%D9%84_%D8%AC%D8%B3%D9%8A%D9%85%D8%A7%D8%AA
https://ar.wikipedia.org/wiki/%D8%B7%D8%A7%D9%82%D8%A9
https://ar.wikipedia.org/wiki/%D9%85%D8%B3%D8%B1%D8%B9_%D8%AF%D9%88%D8%B1%D8%A7%D9%86%D9%8A_%D8%AA%D8%B2%D8%A7%D9%85%D9%86%D9%8A
https://ar.wikipedia.org/wiki/%D8%AA%D8%B5%D8%A7%D8%AF%D9%85_%D9%85%D8%B1%D9%86
https://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%AF%D9%88%D9%86_%D8%B0%D8%B1%D9%8A
https://ar.wikipedia.org/wiki/%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86_%D9%81%D9%88%D9%84%D8%AA
https://ar.wikipedia.org/wiki/%D8%AC%D9%88%D9%84
https://ar.wikipedia.org/wiki/%D8%B3%D8%B1%D8%B9%D8%A9_%D8%A7%D9%84%D8%B6%D9%88%D8%A1
https://ar.wikipedia.org/wiki/%D8%B7%D8%A7%D9%82%D8%A9
https://ar.wikipedia.org/wiki/%D9%83%D9%8A%D9%84%D9%88%D9%85%D8%AA%D8%B1
https://ar.wikipedia.org/wiki/%D9%85%D8%BA%D9%86%D8%A7%D8%B7%D9%8A%D8%B3
https://ar.wikipedia.org/wiki/%D9%87%D9%8A%D9%84%D9%8A%D9%88%D9%85
https://ar.wikipedia.org/wiki/%D9%83%D9%84%D9%81%D9%86
https://ar.wikipedia.org/wiki/%D9%85%D8%B5%D8%A7%D8%AF%D9%85_%D8%A7%D9%84%D9%87%D8%AF%D8%B1%D9%88%D9%86%D8%A7%D8%AA_%D8%A7%D9%84%D9%83%D8%A8%D9%8A%D8%B1
https://ar.wikipedia.org/wiki/%D9%85%D8%B5%D8%A7%D8%AF%D9%85_%D8%A7%D9%84%D9%87%D8%AF%D8%B1%D9%88%D9%86%D8%A7%D8%AA_%D8%A7%D9%84%D9%83%D8%A8%D9%8A%D8%B1
https://ar.wikipedia.org/wiki/%D9%85%D8%B5%D8%A7%D8%AF%D9%85_%D8%A7%D9%84%D9%87%D8%AF%D8%B1%D9%88%D9%86%D8%A7%D8%AA_%D8%A7%D9%84%D9%83%D8%A8%D9%8A%D8%B1
https://ar.wikipedia.org/wiki/%D9%85%D8%B5%D8%A7%D8%AF%D9%85_%D8%A7%D9%84%D9%87%D8%AF%D8%B1%D9%88%D9%86%D8%A7%D8%AA_%D8%A7%D9%84%D9%83%D8%A8%D9%8A%D8%B1
https://ar.wikipedia.org/wiki/%D9%85%D8%B5%D8%A7%D8%AF%D9%85_%D8%A7%D9%84%D9%87%D8%AF%D8%B1%D9%88%D9%86%D8%A7%D8%AA_%D8%A7%D9%84%D9%83%D8%A8%D9%8A%D8%B1
https://ar.wikipedia.org/wiki/%D9%85%D8%B5%D8%A7%D8%AF%D9%85_%D8%A7%D9%84%D9%87%D8%AF%D8%B1%D9%88%D9%86%D8%A7%D8%AA_%D8%A7%D9%84%D9%83%D8%A8%D9%8A%D8%B1
https://ar.wikipedia.org/wiki/%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%AF%D9%88%D9%86_%D8%B0%D8%B1%D9%8A
https://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%A8%D9%88%D8%B2%D9%8A%D8%AA%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%85%D8%B6%D8%A7%D8%AF_%D8%A7%D9%84%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83
https://ar.wikipedia.org/wiki/%D9%87%D8%A7%D8%AF%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%AF%D9%88%D9%86_%D8%B0%D8%B1%D9%8A
https://ar.wikipedia.org/wiki/%D9%83%D9%88%D8%A7%D8%B1%D9%83
https://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%86%D9%8A%D9%88%D8%AA%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%85%D8%AC%D8%A7%D9%84_%D9%83%D9%87%D8%B1%D8%A8%D8%A7%D8%A6%D9%8A
https://ar.wikipedia.org/wiki/%D8%B3%D9%88%D9%8A%D8%B3%D8%B1%D8%A7
https://ar.wikipedia.org/wiki/%D9%81%D8%B1%D9%86%D8%B3%D8%A7
https://ar.wikipedia.org/wiki/%D8%AC%D9%8A%D9%86%D9%8A%D9%81
https://ar.wikipedia.org/wiki/%D9%85%D8%AA%D8%B1
https://ar.wikipedia.org/wiki/%D8%A3%D8%B4%D8%B9%D8%A9_%D9%83%D9%88%D9%86%D9%8A%D8%A9

Who Is ATLAS?

e ATLAS is one of four large experiments at LHC
Sl g aled) anlian pana sLUCERN) ) w5l anall 455 oY) dadaiall ciss o
LHC" " 3« lu 4l 3y slarge Hadron Collider" " i
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LHCb". "ALICE" "

— The ATLAS collaboration consists of
e ~2500 physicists including
e ~700 graduate students from
e 169 different institutions in
e 37 different countries

ATLAS IisaUnited Nations of particle physics.


https://ar.wikipedia.org/wiki/%D8%B3%D8%B1%D9%86

Final Words

e After 25 years of planning and 15 years
of design and construction, the LHC is

finally about to turn on. il
* This is the chance of a lifetime. 3 ; g
. down strange botiom
* Our understanding of the way the s
. . Up o cham  top
Universe works is about to be 000,M
. . 000 | ' Nucleon
revolutionized. om v vin |9
— We just don’t know exactly how... 10[12.
— https://www.youtube.com/ adtax | N ks
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https://www.youtube.com/

Major High Energy Physics Labs
(accelerators + detectors)

Fermilab
DESY




Fermilab Accelerator
(30 miles from Chicago)
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Inside the Tunnel




WAYNE STATE
UNIVERSITY



file://localhost/Users/davidbarney/CMS/Outreach/presentations/Novartis%20&%20school/mccready/08082002.html
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ATLAS Detector at CERN
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ATLAS is VERY BIG




Space is mostly “empty space”




Atoms are > 99.999% empty space




Protons & Neutrons are > 99.999%
empty space

The quarks %C

make up a negligible
fraction of the
protons volume !!



The Universe

The entire universe is almost all
empty space !

(YIKES)

Forces are a huge part of our
existence !



TOPICS OF INTEREST
Higgs Particle

HIGGS SEEN AT LHC!

Peter Higgs, the man for
whom the Higgs boson
particle was named tours
the LHC

www.fnal.gov/pub/presspass/pre
ss_releases/cdms-result-

2008.html 45
Alan Walker/AFP/Getty Images




TOPICS OF INTEREST
Higgs Particle

What role does the Higgs Particle Play?

TRQ \/E L.S —THROUG{ H _TH E Higgs particle interacts
‘'VvACUUN" with particles, thus

slowing them down.

{aPtluarK or W bosgn _
%\i\\/V\ ' _ : This results in energy

. converted into mass.
--..%_‘_‘_-

= Raman Sundrum (Johns Hopkins Univ,KITP Teachers
L ] . Conference, 5/31/2008
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Higgs boson
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https://ar.wikipedia.org/wiki/2011
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https://ar.wikipedia.org/wiki/%D8%B3%D9%8A%D8%B1%D9%86
https://ar.wikipedia.org/wiki/4_%D9%8A%D9%88%D9%84%D9%8A%D9%88
https://ar.wikipedia.org/wiki/4_%D9%8A%D9%88%D9%84%D9%8A%D9%88
https://ar.wikipedia.org/wiki/4_%D9%8A%D9%88%D9%84%D9%8A%D9%88
https://ar.wikipedia.org/wiki/2012
https://ar.wikipedia.org/wiki/%D8%A8%D9%8A%D8%AA%D8%B1_%D9%87%D9%8A%D8%BA%D8%B2
https://ar.wikipedia.org/wiki/1964
https://ar.wikipedia.org/wiki/%D9%86%D8%B8%D8%B1%D9%8A%D8%A9_%D8%A7%D9%84%D9%86%D9%85%D9%88%D8%B0%D8%AC_%D8%A7%D9%84%D8%B9%D9%8A%D8%A7%D8%B1%D9%8A
https://ar.wikipedia.org/wiki/%D9%86%D8%B8%D8%B1%D9%8A%D8%A9_%D8%A7%D9%84%D9%86%D9%85%D9%88%D8%B0%D8%AC_%D8%A7%D9%84%D8%B9%D9%8A%D8%A7%D8%B1%D9%8A
https://ar.wikipedia.org/wiki/%D9%82%D9%88%D8%A9_%D8%A3%D8%B3%D8%A7%D8%B3%D9%8A%D8%A9
https://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%A7%D9%86%D9%81%D8%AC%D8%A7%D8%B1_%D8%A7%D9%84%D8%B9%D8%B8%D9%8A%D9%85
https://ar.wikipedia.org/wiki/%D8%AC%D8%A7%D8%B0%D8%A8%D9%8A%D8%A9
https://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%A3%D9%88%D9%84%D9%8A
https://ar.wikipedia.org/wiki/%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%86%D9%8A%D9%88%D8%AA%D8%B1%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%83%D8%AA%D9%84%D8%A9

So why is this study
interesting/important?

AIl matter, including us, takes on its shape and structure
because of the way that quarks, leptons and force carriers
behave.

 Our bodies, and the whole universe is almost all empty space !

By studying these particles and forces, we’re trying to get
at the question which has plagued humans for millenia ...

How did the universe start ?
And how did we emerge from it all ?
Where’s has all the antimatter gone 2



Finally

Understanding this special state of matter can
provide insight into the evolution of the

universe,

* which is believed to have passed through a
similar high density/high temperature state

nanoseconds after the Big Bang.
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https://ar.wikipedia.org/wiki/%D9%85%D8%A7%D8%AF%D8%A9_%D9%85%D8%B8%D9%84%D9%85%D8%A9
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Types of
Radioactive Decays



Radioactivity
* When the strong force can hold a nucleus

together forever, the nucleus is stable.

* If not, the nucleus becomes unstable and
can break apart or decay by emitting
particles and energy.

* Large nuclel are more unstable; all with
more than 83 protons are radloactlve

The stabilization (decrease in energy) of
unstable nucleus may occur in a number
of ways with emission of radiation:




Types of Radiation

4
- Alpha (@) — a positively 5 He
charged (+2) helium isotope -

-Beta (B) — an electron 0

Gamma (y) — pure energy;
called aray rather than a
particle 0



© 2003 John Wiley and Sons Publishers

o particle

High-energy helium nucleus
SHe2+

B particle
=)
High-energy) electron

O
1=

v radiation

A

High-energy electromagnetic
radiation

Figure 4.4: The components of a rays, B rays, and y rays.




History of discovery

* In the years 1899 and 1900 physicists Ernest
Rutherford and Paul Villard separated radiation
Into three types: alpha, beta, and gamma, based
on penetration of objects and ability to cause

lonization.

* Alpharays were defingd by Rutherford by their
lowest penetration of ordinary objects.

e |In 1907, Ernest Rutherford and Thomas Royds
finally proved that alpha particles were indeed
nelium nuclei.



http://en.wikipedia.org/wiki/Ernest_Rutherford
http://en.wikipedia.org/wiki/Ernest_Rutherford
http://en.wikipedia.org/wiki/Paul_Villard
http://en.wikipedia.org/w/index.php?title=Thomas_Royds&action=edit&redlink=1

Types of Radiation from
Radioactive Decay

Charged Plates
» -
N— ! ,
: . (+)
Radioactive source B

(like Radium)

* B iselectron beam, e

* v is electromagnetic radiation (high-energy light)



Penetrating Ability

10 cm of lead

0.5 cm of lead




Alpha Decay

* Alpha decay 1s when a radioactive 1sotope
spits out an alpha particle.

* An alpha particle is two protons and two
neutron that fofm a small nucleus.

* Alpha decay may be thought some times as
nuclear fission where the parent nucleus splits

into two daughter nuclel.

This is not always right.




* alpha particle
emission

—loss of a helium
nucleus.

An «a particle

7

¢

« particle




Alpha Decay

e Since an atom loses two
protons during alpha
decay, it changes from
one element to
another.

* For example, after
undergomg alp ha decay > Large, unstable  wap Smaller, more stable + Alpha particle
an atom ot uranium ucleus fcleus
(with 92 protons)
becomes an atom ot
thorium (with 90
protons).



Daughter nuclides

Parent nuclide \ / \

238 234 4

AX; 91A'4Yz-2 + d
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Decay Rules

1) Nucleon Number (A) Is conserved.
2) Atomic Number (Z) Is conserved.
3) Energy Is conserved.

4) momentum Is conserved

: 238 234 i
o example 28U 5o The: o recall - “He =a
1) 238=234+4 Nucleon number conserved
2) 92 =90+2 Charge conserved

. 1 1 0O— |0
p- example TN P+ € H,V
Needed to conserve

At Am O momentum.
V: example P —> P-I—OQ/



Nuclear binding energy per nucleon (J)

Nuclear binding energy per nucleon vs Mass number

5()Fc
4 L
5% 1012 =78 238
/

12x10712 =

Ox 10713

6x 10713 %U

3x 1071 |

UH

| | | | I | | | |
0 20 40 60 80 100 120 140 160 180 200 220 240 260

Mass number

nuclear binding energy
nucleon

nuclear stability
23.2



Belt of stability

L3

nU—a
| 4.51x10° yr
“Th— B
| 24.1days
wPa— B
s } 1.17 min
;E j;;U —
§ | 247x10° yr
‘ Th — «
| 7.5x10% yr
etc...
l

206
g2 P

3. Nuclei with atomic numbers greater than 84 These tend to undergo alpha
emission. This emission decreases the number of neutrons and protons by 2
moving the nucleus diagonally toward the belt of stability

Eaﬂggu - 23ﬂg.j-rh + 42HE
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So how does the alpha particle ever leave?

Tunneling Out of the Nucleus

4

=] Nuclear  How can alpha particle emerge from
E,‘ altraction e I’IUC|eUS7
AT  Coulomb . . . .
P N/ puision » There is potential barrier so high
/| -\ ot o The height of potential barrier for a
v | L\ cpmdeemited - typically heavy nucleus is 20 Mev to
B (A Al e A 4 emit 6 Mev alpha particles .
' ,I ig | r *The alpha-particle suppose to oscillate

| It i back and forth Inside the barrier making
| I collisions with barrier.
\ /! E *By classical physics, there is no

S~ | possibility for alpha particle to climb

| barrier
Wave

s




Mechanism of production

« Alphadecay results from the Coulomb repulsion
between the alpha particle and the rest of the
nucleus, which both have a positive electric

charge, but which is kept in check by the nuclear
force.

 However, the quantum funneling effect allows
alphas to escape even*fhough they do not have
enough energy to overcome the nuclear force.

 This is allowed by the wave nature of matter,
which allows the alpha particle to spend some of
Its time in aregion so far from the nuclus


http://en.wikipedia.org/wiki/Coulomb%27s_law
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Nuclear_force
http://en.wikipedia.org/wiki/Nuclear_force
http://en.wikipedia.org/wiki/Quantum_tunneling
http://en.wikipedia.org/wiki/Nuclear_force

By 1928, George Gamow had solved the theory of
the alpha decay via tunneling.

The alpha particle is trapped in a potential well by
the nucleus.

Classically, it is forbidden to escape, but according
to the then newly discovered principles of guantum
mechanics, it has a tiny (but non-zero) probability of

"tunneling" through the Marrier and appearing on the
other side to escape the nucleus.



http://en.wikipedia.org/wiki/George_Gamow
http://en.wikipedia.org/wiki/Potential_well
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Quantum_tunnelling
http://en.wikipedia.org/wiki/Potential_barrier

So how does the alpha particle ever leave?

By classical physics, there is no possibility for alpha particle to climb barrier

Schrodinger wave equation

: : Tunneling model of
QM tunnelling through barrier: 30 alpha emission

Llassicalty
fnrbidden

2
- . 20 (ESClis
Probability of tunnelling out = - S egon
. . = ncesan
Square of ratio of wavefunctions (}) & Lhpnd Wy
inside and outside barrier < 10 o

L | | |
fm 20 30 40

Separation of centers (fermis)

(b)) da sl Ala (W)

Quantum_tunnel_effect_and its_application_to_the_scanning_tunneling_microscope.ogv.720pwebm
20



Jia 3 ymall Glia Gl delUain) 3 jala juwdll el 8 il 3dll jad o) @
2 RN ) sneal) Dalall Ol Ll 35l sea e ) Wl asa

¢ A DS NS (e JUie) L 2gadl " e la " (e JBT gl o)) Cus ¢
Ols 2 Y daall e oAV alil) ) Jeay (KU ¢ in ani | s i i3
Lalill (e b gell s Jaall 3 snm (g0 434S (Ao e l) Al e jaal) Juasy
(LAY

GB (AEAtL 2 h)SUl ase fasal | a5 48] J gy duaal) puudilly o
Al aa gy G B) gil) g Ayl LAY A%Bh ) a8 ) W) ava
baal 31 gill aga (s Aol AE A o Juany o sua Jldial
B oil) aga (oaaiiyg ™ 388, " 5 dl) NS o) g (AL B_skia dula)
e A



Electron tunneling for scanning tunneling
microscopy (STM)

Tunneling
current aed-

Voltage

source
O_
O+

DAOAC
DOOOOC
QI conducting sample




Decay Constant for Alpha particles

Sbjuém\ aseid GO @Y glaal) e @ pa Juala = Pl ks
Jal ga sals adbals 3gall Jala s Juaial B o

Gamow express the decay constant 1= fT
for alpha emission as: a
f = frequency factor v £ v \/(2\/ +Q)u
T = transmission coefficient through the barrier R B R
v = velocity G
V, = well depth T=¢e
u = reduced mass 1
R = radius of daughter 22 222 J_B(ZMEB)éﬂ(E)%_Ll
G = Gamow factor A= e h E
E; = height of coulomb -
MB: redt?ced mass for a M ZRS(EB - E)%
Z = atomic number of daughter
E= Q = decay energy O Gy alall gl ) Jam o &Y (1 +1)

. . . 2
I= angular momentum G5l kN als Jedy Barrier Height = IMR? h

-



Nuclear Binding Energy
For alpha partical

/
1.0073 u
s
10073 [
<

1.0087 \

1.0087 | &

—0.0305 u

4.0320 u 4.0015u
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Q= [M rn—Mp—M a)] C?
Q=[222.017-218.008— 4.002Jux 931.5
Q =5.587MeV



Who carry the total energy?

E(Q)=Am[M_ —-(M4+M,)| C?

E=E_ +E,
1 2
E=E, +>mV,

myvVv, +myv, =0

VZZEOC o
E =(ma+m2an
m,

angular momentum s (58 Qllaiy g
3 ol 3) a1 AS jal) ApeS = Lol AS jal) A4S
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Energy

* The energy of alpha particles emitted varies,
with higher energy alpha particles being emitted
from larger nucleil,

* Most alpha particles have energies of between 3
and 8 MeV (mega-electron-volts), corresponding
to extremely long to exfremely short half-lives of
alpha-emitting nuclides, respectively.

* The energy of the alpha emitted is mildly
dependent on the half-life for the emission
process .



http://en.wikipedia.org/wiki/MeV

Energy is divided between the decay
products:

Q=54 MeV
5.3 MeV to alpha particle
+ 0.1 MeV to recoil nuclens
Total 54 MeV (no gamma rays in this case)

Alpha particles are usually monoenergetic but sometimes have
tWo of more energies very close together, In those cases, a
small portion of the energy 1s lost by some other method such
33 QAIINA 1Ay SOSSION. 2

Conversion of Mass to Energy

After the emusston of an alpha particle, the
resultmg products have less mass than the
starting matertals, the difference 1s converted
fo energy (Q) that mostly goes into the kinetic
energy of the alpha particle:

AVt TTTTTTTT T Y

Mp, = M, +Mg, +Q
Q=M,,- M, - Mg,
Q =210.04850 - 206.033883 - 4.00387 amu
Q= (0.0058 amu)(931.5 Mev/amu)

Q=54 MeV



a-Decay “’Rn -, Po+a

Po218 $ Rn2 @

A Rn??? nucleus has decayed into a
Po?'8 nucleus and an a-particle. The
Po?'8 nucleus recoils when a- particle is
ejected.



ALPHA RECOIL REACTIONS

“’Rn —>;,° Po+a

ENERGY BALANCE

Although the total energy change for the decay of Rn-222 to
Po-218 is 5.58 MeV, the energy of the alpha particle is only
5.48 MeV.

The difference of 0.10 MeV is the recoil energy imparted to
the newly formed Po?8 nucleus.

Assuming the validity of nonrelativistic mechanics, this recoil
energy can be calculated:

Ivlassalpha X Energyalpha = |vlassdatughterx Energydaughter
for Po?18 E = (4) (5.48) /218 = 0.101 MeV

recoil —



Relationship between Decay
Energy (Q) and mass number (A)

e=Am[M —(My+M,)]

Q:%MaV§+%MdV§
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220 218 4
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Q=[M,~(My+M,)|C?

Q= [M rn—Mp—M a)] C?
Q=[222.017-218.008— 4.002Jux 931.5
Q =5.587MeV
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Velocity & kinetic Energy of
Alpha particles

1 2 1
Ea—EMaV <@ EQZEMQVZ
E = 1 [4.0038>< 1.66 x 10_24]>< % 2E

2 v o= o
E =2.074x 1078 x v? m




The Relationship between t,,, and Ea

« Gamow solved a model potential for the
nucleus and derived from first
principles a relationship between the
half-life of the decay for parent nuclel,
and the energy of the emission,

 which had been previously discovered
empirically, and was known as the
Geiger—Nuttall law.



http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Geiger%E2%80%93Nuttall_law
http://en.wikipedia.org/wiki/Geiger%E2%80%93Nuttall_law
http://en.wikipedia.org/wiki/Geiger%E2%80%93Nuttall_law

Energy Vs. Half-life for Alpha Emitters

Nuclide
Ro-216
Po-210
Pu-239
U-235

U-238

Th-232

Ni-144

__ Energy Half-Jife
805 Mev < | sec
SH0Mev 134 days
505 Mev 24,000 yrs
4.39 Mev 710 million yrs
419 Mev 45 hillion yrs
401 Mev 14 billion yrs
|83 Mev 21 E+1Syms

The Geiger-Nutall Rule

' F:}Jlr qullihfq eqmufters, ere 15 2 relationship befween energy of the alpha particle and
1

o Alpha enufters that et higher energy particles have shorter half-ves or as shown
below, the log of the half-lte 15 tnversely proportional o the log of the alphs
particle eergy:

B

i L{? T
v : lngE

o The valichty of fius ule can be seen 1 the list of alpha emitters on fhe next page
where the half-ife decreases as the energy increases

The greater the excess energy of an alpha emitter
the greater the decay energy and shorter its half-life

logt, =37.6—-4.00E,

2




alpha particles specrta:;::;

W Clasas (e (e sana Glliad (232Th) 315 o)) aa g
(3.994, 3.936 MeV) <ty

Slapua (o Gl gana o) lia (29Th) 5155 o) s
(4.436, 4.471, 4.615, 4.682 MeV) lila, Ll

Glaga (e aalae G0 Gllid (226Rq) 8l 5 o)) 2
(4.34,4.59, 4.77 MeV) ik, ll



The Alpha Energy Spectrum

Number of
Alpha particles
with a
particular

energy




Alpha spectrum
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Energy Spectrum from Can Detector

Calibrated to Po-212 alpha energy of 8.78 MeV

Spectrum Used for Energy Determination- Calibrated to Po-212
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Alpha Decay Scheme

fabl =N
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Some typical alpha emitters

Example of decay with two alpha energies:
Nuclide ~ Alpha Encrgy(Mev)

| | 2 Ry
7 e f 'l Ra-226 4 45
| |'| Th-232 401,395
. ¢
T et Pu 515,51
.
U-238 419

i ¢ 2an

Lowest energy alpha leaves Rn-222 1n excited stafe which decays by Nﬂ.lﬂ thﬂF st nucie i ll eavy elemets
| as 15 typical for alpha emitters

0AMIMA BISSION.



Alpha Decays

In the alpha decay scheme, there are three possible
routes of decay from parent to ground state of the
daughter; the only mode of decay is alpha.

In Route 1, the decay Is directly to the ground state.
There is no excited or metastable state formed and no
gamma rays are released.

In Route 2, there is decay by alpha to a metastable
state of the daughter, followed by emission of a gamma
ray and transition to the ground state.

In Route 3, there is alpha decay to a highly excited
state of the daughter, followed by gamma ray emission
either directly to the ground state or indirectly to the
ground state through sequential emission of two
separate gammarays .

Regardless of the route taken, the energy expended in
transition from parent to daughter is a fixed amount.



Reaction of a with matter

This energy is a substantial amount of energy for a
single particle, but their high mass means alpha
particles have a lower speed (with a typical kinetic
energy of 5 MeV, the speed is 15,000 km/s which is 5%
of the speed of light) than any other common type of
radiation (B particles, neutrons, etc.).

y rays, being an electrom@gnetic radiation, move at
the speed of light.

Because of their charge and large mass, alpha
particles are easily absorbed by materials, and they
can travel only a few centimeters in air.

They can be absorbed by tissue paper or the outer
layers of human skin (about 40 micrometers,
equivalent to a few cells deep).



http://en.wikipedia.org/wiki/Beta_particle
http://en.wikipedia.org/wiki/Neutron_radiation
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/Micrometre
http://en.wikipedia.org/wiki/Cell_(biology)

The
Reaction
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particle
with
matter
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Determination of the range of
alpha particle in air

Alpha Particle Range
Alpha particles travel short, straight distances in matertals. The range of an alpha particle i atr 5 2

feow centimeters. The alpha particle range 1n air (3t 13°C and | atm) 5 closely approximated by;
0368 for £, < 4MeV
Rgy [cm]= ﬁ ﬁ

1)

IUE,-28)  fud<E iy @

the range of a particle
In air is roughly given
by relationship:

A aipha partcle from a nafural radronuchide is least penetrating of the fadtations examined hege

and the “natural” alpha 15 stopped by a sheet of paper or by dead layer of skin. Stnce the effective atomue E =R
composttion of tssue 15 simlar fo that of ax, the range of alphas in fissue can be computed by applying the -
Braga-Rleeman rule to Eq. (12) yeelding B e \(ﬁ
. : R, M-
Re =Ry P 310 R 1) T oA -

Pri



Uses

1 Spacecraft Power

Radioisotope thermoelectric generators are used to power a
wide array of satellites and spacecraft. These devices function
like a battery, with the benefit of a long life span. Plutonium-238
serves as the fuel source, producing alpha radiation resulting
In heat, which is converted to electricity.

artificial heart pacemakers Alpharadiation is used as an energy
source to power heart pacemggers. Plutonium-238 is used as
the fuel source for such batteries; with a half-life of 88 years,
this source of power provides a long lifespan for pacemakers.

Static eliminators Alpha radiation from polonium-210 is used to
eliminate static electricity in industrial applications. The
positive charge of the alpha particles attracts free electrons,
thus reducing the potential for local static electricity. This
process is common in paper mills.



http://en.wikipedia.org/wiki/Artificial_pacemaker
http://en.wikipedia.org/wiki/Static_eliminator
http://en.wikipedia.org/wiki/Static_eliminator

Remote Sensing Stations

The Unites States Air Force uses alpha radiation to power remote
sensing stations in Alaska. Strontium-90 is typically used as the fuel
source. These alpha-powered systems enable unmanned operations
for long periods of time without the need for servicing.

cancer therapy:

Researchers are currently trying to use the damaging nature of alpha
emitting radionuclide inside the body by directing small amounts
towards a tumor. The alphas damage the tumor and stop its growth
while their small penetration dep#i prevents radiation damage of the
surrounding healthy tissue. This type of cancer therapy is called
unsealed source radiotherapy.

Smoke Detector

Alpha radiation is used in some smoke detectors. The alpha particles
from americium-241 bombard air molecules, knocking electrons free.
These electrons are then used to create an electrical current. Smoke
particles disrupt this current, triggering an alarm.



http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Tumor
http://en.wikipedia.org/wiki/Radiation_damage
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Unsealed_source_radiotherapy

SMOKE DETECTORS

...an interesting use of alpha radiation

One interesting use of alpha decay can be
found in smoke detectors, which seems

like an unlikely place. Smoke detectors
contain the radioactive isotope americium:
241 which was obtained from the decay of

plutonium. Alpha particles from the

americium collide with oxygen and

nitrogen particles in the air creating

charged ions. An electrical current is

applied across the chamber in order to =
collect these ions. When there is smoke in
this chamber the alpha particles are
absorbed by the smoke. This lowered the
number of ions in the air and thus the
electrical current is reduced setting of the
alarm. Americium-241 is quite safe
because the alpha particles usually travel
only a few centimeters in air.

Amencium-241



What I1s transmutation

After an alpha particle is emitted, the
nucleus has 2 fewer protons & neutrons
than it had.

Transmutation is the process of changing
one element to a different element by the
decaying process.

210 4 — 206

The polonium atom has become a lead
atom.



Another useful application of alpha particle

Rutherford — the first successful alchemist

 Transformed N to O
—“N+a=2>10+1H

* Why wouldn’t it be practical to
convert Pb into Au?

* The conversion of platinum into gold has
been achieved by bombarding platinum-198
with neutrons to produce platinum-199.
This isotope, in turn, decays to gold-199
with the loss of a subatomic particle.



CHACTERISTICS OF ALPHA
PARTICLES

Consist of 2 protons and 2 neutrons

Mass of an alpha particle is ~8000 m_or 4 amu
Charge = +2

Are highly ionizing

Have low penetrating abilities (only cm in air and mm
in water)

Easily shielded; common types of shielding are paper,
cardboard, air, clothing; will not penetrate skin

Health hazard when taken internally
Some used in medicine, and industry

Common sources = smoke detectors (Am-241) and
lantern mantles (thorium nitrate






Gamma Decay

Definition

Properties

Different GAMMMA RAYS AND X- RAYS
Internal Conversion

Auger electrons

Interaction of Gamma rays with matter
* Intensity of Gamma &Half Value Layer (HVL)
Application of Gamma Rays




Gamma Emission

High energy wave emitted from the nucleus of an
unstable atom.

s. ‘@ .

He-3 He-3

Photon

{Gamma Particle)

Emission of high energy changed the nucleus
from an excited state to a ground state.



Gamma Decay

* A gamma ray is a photon.
* A photon 1s an amount of electromagnetic energy

* that has a mass of zero, no charge, and a long
lifespan.

* A nucleus changes from a higher energy state to a
lower energy state th&ugh production of photons.

* Through the process of Gamma Decay, the
number of protons and neutrons

DO NOT Change.




GAMMMA RAYS

* Photons emitted from unstable nuclei to rid
themselves of excess energy.

Gamma photons are s_gbatomic packets of pure
energy. °

*They are higher in energy and more penetrating
than the photons that make up visible light.

26



Gamma Emission

Ex. Polonium-210 undergoes gamma decay to produce
this daughter nuclide

210 A 0
54 PO Kt )

Atomic Mass: 210 = ¢ A + O
A = 210

Atomic #: 84 = V4 + O
7 = 84
A _ 210



Balancing bar_equation:

234Th ; 234

0 0
Pﬂ -+ -+ Protactinium
20 91 -1 P l:?.i‘.:|Il

1) Total Nucleon Number (TOP VALUES) =Total number of
protons and neutrons &

2) Total electric charge (BOTTOM VALUES)

Are kept the same.

14 14 0 0
C +
g —> N b+ T
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GAMMMA RAYS AND X- RAYS

Have the same properties except for their origin.
« Gammas come from within the nuclei of atoms
« X-rays come from outside the nuclel
*The difference lies in the way of production:

— Gamma in nucleus

_ X Ray in atomic shell

‘Both are electromagnetic energy in the form of
emitted photons

Gamma-rays. monoenergetic (one or more lines)
X Rays: a spectrum

27



Types of X Ray production

« Characteristic X Rays:

1-The incoming electron
knocks out an inner shell
atomic electron

. e
L @ i -
&2/ 3 2o e R >|
| f [ f @
| ®
| | .\ ™ \.
\ b ) : ¢
— L
y il d

2- An electron from a higher
shell fills the vacancy and
the energy difference is
emitted as an X Ray of an
energy characteristic for
the transition
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Types of X Ray production

 Bremsstrahlung:
« The incoming

electron is deflected

In the atomic shell
and decelerated.
The energy
difference is emitted
as an X Ray
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PROPERTIES OF GAMMMA (y)
AND X RAYS

= Charge is 0 (no charge)
» Mass is 0 (no mass)
= Low ionization

= High Penetration abilities

— penetrating power is dependent upon the
energy of the emitted photons




Energy of photon

Photons are used to describe the wave-particle
duality of light.

The energy of a photon depends upon its
frequency.

This helps to explain the photoelectric effect; only
photons having a sufficiently high energy are
capable of dislodging an electron from the
illuminated surface.

E=ho

where E Is the photon energy in J, v Is the photon
frequency in Hz, and h is Planck's constant,
6.626 x 1034 J/Hz.




|SOMARIC Most radioactive
TRANS|T|ONS transitions have several

steps. For most
radionuclides,

Radioactive Parent

*The first step is an
Isobaric transition usually

RELATIVE ENERGY

o followed by an isomeric
Sy transition and interactions
Isobaric Wy s < "-I_ . ..
mensiion >\ (N ¥ ¢ with orbiting electrons.

*The three types of
Lsomeric ISsobaric transitions of
Transition .

Interest to us are :

B *(1) beta emission,

z' - * (2) positron emission,

ATOMIC NUMBER Z+1

* (3) electron capture.



The energy of agamma Energy of gamma

photon is determined by
the difference in energy phOtOn

between the intermediate
and final states of the \
nucleus undergoing |

Isomeric transition. )

: _ : \\ (6%
This difference is the same (|

for all nuclel of a specific § Vo
nuclide. | |

However, many nuclides oon' Jeow (e
have more than one y ; _*_
. . #

Intermediate state or |

energy level. |

When this is the case, a S0
radionuclide might emit :

gamma photons with R
several different energies. TR
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Gamma
Spectrum
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Number of beta particles

Beta-particle energy
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Energy of emission photon

E = AE = BEpigh-Eiow
AE = hv = hc/h

photon

v =%E/h

v and A giving rise to single frequencies and
wavelengths



Gamma wavelength

Gamma racdiation, unlike alpha and beta nuclear radiation, 15 an electromagnetic wave. Gamma
radiation 15 thus radiated as photons or quanta of energy which travel with the velocity of light, c=3.0

% 1010 cm/sec. Gamma radiation differs from x-rays, visible light, radio waves, etc., only i wavelength
7. or frequency v . Wavelength and frequency are related to the velocity of light by the equation,

ho=— A =C—h

U E
- 1.24x107*

The energy of a photon can be calculated by use of the relationship | A

EM eV
E=hu

where E is the energy i ergs or Joules, h is Planck's constant (6.624 x 1027 erg sec or x 103 Joules
sec) and v 15 the frequency m vibrations per second.



Which is more penetrating? Why?
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The Electromagnetic Spectrum

Energy
source

Frequency
(sec ™)

Type of
radiation

Wavelength

N

Inner Quter
Nuciear electron | electron Molecular Molecular ; ‘
reactions | transitions | transitions vibrations rotations Radio transmitters
in atoms | inatoms
1x10%° 1x10'® 1x10% 1x 10" 1x 10% 1% 10 1x 108 1x 108 1x10? 1x 107
(1)
= 3
5‘ Rad TV Sho 5
|| e adar rt )
Gzra?rsna Xrays _% ‘;',3, Infrared (IR) and and | wave 3 Low frequency
y & = microwave | FM | radio | 5 radio
=
= 3
=
©
3 'S 4 . i U) 4
0.1 nm 100 nm 1000 nm 1cm im 100 m 1000 m
Longer wavelength

400 nm

500

700 nm

4




—r

*Needs a lead block or a thick concrete block to be stopped.
(Lead has a high density and it is not radioactive.)
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Chemistry

- »~rays are particularly harmful
because they penetrate in the
same way as X rays. §

« a-particles interact with the
skin and p-particles interact
up to 1 cm into the tissue

+ a-particles are particularly
dangerous when ingested or
Inhaled. Bone




High-energy radiation kills cells
by damaging their DNA, thus
blocking their ability to grow and
increase in number.

Gamma rays

In cancer treatments, focused gamma rays can be |
used to eliminate malignant cells, known as Normal

radiothera cells \ Y
Cancer
cells \




Internal Conversion process
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Internal Conversion process

Under some conditions, the energy from an
Isomeric transition can be transferred to an electron
within the atom.

This energy supplies the binding energy and expels
the electron from the atom. This process is known as
internal conversion (IC) and is an alternative to
gamma emission.

In many nuclides, isomegic transitions produce
gamma photons and IC electrons.

When an electron is removed from the atom by
internal conversion, a vacancy is created.

When the vacancy is filled by an electron from a
higher energy level, energy must be emitted from the

atom as a characteristic x-ray photon or an Auger
electron. Energy of emitted electron: E.= Ey - B,

where E, is excitation ener gy of nucleus, B, isbinding energy of electron



atal) el

) B pilia Lhdlha ;Luu O 31 Al :A.Lu.uu s L“A';\Al\ J il dlec Lg
s 8 all undalizall Jlall Jeldy Cua ¢ (5l 5 S
I Jlaall 138y 8L JUi) Ao iy Lae 2,300 s 5 SV

Lol o5ty

A e iy g s SV I aas Al Lgiila 5 gal) sass L
G T A4S ja Ay oyl (K L,..) ousoiSIV) aUal

* Te = Eexctid _ EB.E
(y gl Z\A'LL.) 3) 4l 3 )l 4dla E...
o e b 05 A Ja 5 48



Auger electrons Jaj il g pS0) 3—-5-2

') ,_\3u,a:.m 3 .1)3-4.:.;“3 ‘l—\— ) 5 jaall o
s J— s M s L 5 K b sy 4(s 3)-*”&)*
Ot S ST sl -1-'*3*-“)-*-*)‘ 2 ldla A oags *—‘3-’)—“
u._.‘t_:_a’)é.l,. O dac b gags ,l M)MM\,—IJ' Jad
u—"“" u‘)u_d PN Ja_uJ _s.s\ Oyl J" Jl_:| Sl Hlas
Gkl aule 8 ~—U-‘ J 2233 Wy ST e e Gl sae o
Go—il Ll Ly guua Leia JS) o8 gid A8 555 5 Jaan Tyiau Al

qp)uu:n sab

._l.u_uu_i.d d’a,l.ud,d-:u LJ"';-‘ s ‘As_u_\.a] -'J _|\
u’)_ns.!'l:u‘.au'us,oul\o).un.l Ja,&.ﬂ.l,;,.l.t %I.hé’l\_r_u.h
,M:I'U,S.u.u.ucok )«4]' '.s,;,a.l't)ﬂ‘wul[a)mj\'
u.!.é.u' J.S-J " o).uu -'.u.».u-\.w\ u,a,sdldv:u‘ ul a)uu.l‘
_A.%’ l a)»mhu_ia,;;ﬁ\)uui;l:|o).dwu’)&h,a JJ.L\.J
LJ,_",SJ—" J'.LJ! u\j_&l. )aa.l]'&)k' u,)ﬁ.’ uAh.l' .LI)A.\
_.tc Lg_u;n, M a)_uu.h _s-'.u_.a,:..su,s.. .l(..n’ ‘s.u.unl‘-'.n.m
O35S Jasss . pag) (s 5S) M 35D (a Gllaid

u’.uul" '\.‘JJJ
P;:h\'>}{u
=Ex-E, - Ey
L 3080 e JEB aie Gl ol ool 3 sl B hv dua
Kos i

Auger electrons,
which may also be
produced after an
Internal conversion,
arise from

a mechanism that is
different from that of
Internal conversion,
but is analogous to

It.



http://en.wikipedia.org/wiki/Auger_electron

Fermi
level

L

L

Auger Process

Auger
Electron

Core Hole

X-Ray Process

Core Hole

Auger Process X-Ray Process
Fermi

Alger eV
Level Eler;tmnf ]
3d My 5 - r 3.7
3p Mz 5 / 34.6
3s M, G0.3

f R #-Ray

7n L4 455.5
7p L 461.5
25, 563.7
15 496k, 4




The Auger Effect

 The Auger effect is a physical phenomenon in which the
filling of an inner-shell vacancy of an atom is
accompanied by the emission of an electron from the
same atom.

 When a core electron is removed, leaving a vacancy, an
electron from a higher energy level may fall into the
vacancy, resulting in a release of energy.

« Although most often this energy is released in the form
of an emitted photon, the energy can also be
transferred to another electron, which is ejected
from the atom; this second ejected electron is called
an Auger electron



https://en.wikipedia.org/wiki/Inner-shell_electrons
https://en.wikipedia.org/wiki/Inner-shell_electrons
https://en.wikipedia.org/wiki/Inner-shell_electrons
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Core_electron
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Photon

Internal Conversion

4 Internal conversion is a radioactive decay process
where an excited nucleus interacts with an electron in
one of the lower atomic orbitals, causing the electron to
be emitted (ejected) from the atom.

Q Thus, in an internal conver$ion process, a high-energy
electron is emitted from the radioactive atom, but not
from a nucleon in the nucleus.

d The electron is ejected as a result of an interaction
between the entire nucleus and an outside electron that
Interacts with it.



http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Atomic_orbital

Comparison between Internal
Conversion and Beta Decay

» the high-speed electrons from internal conversion are not
beta particles,

“ Since no beta decay takes place during internal
conversion where, the element atomic number (Z) does
not change and no transmgtation of one element to
another is seen as is the case with gamma decay

** Since an electron is lost, The neutral atom becomes
lonized.

¢ Also, no neutrino is emitted during internal conversion.

“ internal converted electrons do not have the characteristic
energetically spread spectrum of beta particles but have a
well-specified discrete energy and the spectrum of
Internally converted electrons has a sharp peak.



http://en.wikipedia.org/wiki/Beta_particle
http://en.wikipedia.org/wiki/Gamma_decay
http://en.wikipedia.org/wiki/Ionization

Internal Conversion

Internal conversion is favored when the energy gap
between nuclear levels is small.

In the internal conversion process occur when the
wavefunction of an inner sikell electron penetrates the
nucleus.

Most internal conversion (IC) electrons come from the K
shell.

The internal conversion process competes with gamma
decay. This competition is quantified in the form of the
Internal conversion coefficient.
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Internal Conversion
Coefficient
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Internal Conversion Coefficient

Internal conwversion s important im the measurement of activity.

One may define the jinternal conversion coefficient a; as
the ratio of the number of electrons from the ith shell te the number of

unconverted 7y rays, Then, ap is number of K electroms/mumber of

uncomverted v rays. Thus, the total coefficlent e is given by

The conversion coefficients o are introduced: a = N./N,
a=oa +a +a,+a+...
In the decay scheme literature, the conversion coefficient may be

presented in a number of wavs:

no. of Kahelle K _E 3,35

G 2 ne. of unconverted ¥ ¥ 9

The conver sion coefficients decrease with EY and increase with Z of
nucleus.
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[nteractions of y and Matter
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Interaction of Gamma rays with
matter

When a photon nteracts with matter, the colliston may occur with a nucleus, an electron or
with the field about the nucleus. This collision mav be elastic, melastic or may result i the complete

The Photoelectric effect occurs principally when the photon energy 15 low. The inelastic
collision of the photon with the orbatal electron results in the complete ejection of the electron and the
production of an 1on pair. The kinetic energy of the ejected electron 1s given by the equation.

Q

1/2mv2 = hu — @

where € 15 the work function or binding energy of the electron. This means that the total energy
imparted to the electron by the photon 1s equal to that required to remove 1t an infimte distance from

the nucleus € plus the kinetic energy of the electron 1/2mv2. In this process. a K-electron is usually
mvolved. The photoelectric effect 1s most pronounced if the atomc number £ of the absorbing
material 15 high. (See Fig. 5).

®

o thard

abecira

Ficure 5 - Photoelectric effect




The Compton effect or Compton scattering 1s especially mportant for gamma rays of medium
energy (0.5 to 1.0 MeV). It mnvolves a collision between a photon and an electron m which a part of
the energy of the photon 15 imparted to the electron. The photon emerges from the colliston n a new
direction and with reduced energy. Considering that both energy and momentum must be conserved 1
the collision, we can derive the following relationship:

) =i{1—cm{¢a}}
mc
¢

Thus, the change i wavelength of the photon 1s related to the cosmne of the scattering angle @ The
term Jv/me s called the Compton wavelength 7., and has the value 243 x 10-10 cm. (See Fig 6).

Teatinrd
Fretm
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Figure 6 - Compton Scaftering




Pair production 15 mvolved onby with zamma rays having energes greater than 1.02 MeV. The
energy of the gamma ray 15 converted mto an electron and a positron 1 the region of a strons
elecromagnetic fisld such as that swrowmding the nuclens. Fhoton enerzy mn extesss of 1.02 RV
appears as the kmetic ensrgies of the slectron and positron produced

E=hy=Ime" +T_+T,

whers 2 me= = 1.02 MeV and represents the energy required to form the par of particles according to
the Emnstemn equation, E = me?. Te- and Te+ are the kinetic enerzies of the elactron and poaitron,
raspecively. (See Fig. 7).

phaton

zamma Ray
photon

phiton

PATR FRODUCTION.



Pair Production, cont
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« A photograph of pair production produced by 300
MeV gamma rays striking a lead sheet

« The minimum energy to create the pair is 1.022 MeV

* The excess energy appears as kinetic energy of the
two particles




Annihilation

* The reverse of pair production can also
occur

« Under the proper conditions, an electron
and a positron can &nnihilate each other to
produce two gamma ray photons

e +et— 2y




Intensity of Gamma

As gamma radiation passes through matter, 1t underzoes absorption by interachng wath atoms
of the absorbing matenal, prmeipally by the photoslechic effect, the Compton effect, and by pawr
production. The result 15 a decrease mn the intensity of the radiation with the distance traversed
through the absorbing matenial. The decrease m the energy of an meident beam of ganmza radiation 12
exponential m forme, a5 expressed by Lambert's law:

[=1oeH%

In(llo) = -pX

Here Io 15 the mtensity of the meident beam of photons, I 15 the miensity after traversing a distance X

through the substance and p 15 the Linear absorption coefficient.

A wsehul concept regarding gamuma absorption 15 the Half-Valve-Laver (HVL) or the
hali-thackness 312 which 15 defined as the distance of travel tlrough an abseorber reguared to decrease
the mtensity of a beam of gammma ravs to one-half its mutial valwe. Thus, after a ray has passed through
a alf-thuckness of absorber, the mmtenmity of the beam I 15 equal to 1/ 2Io. Eeamanzing the equations
and substituting 1/21o for its equal, I, one obtains

K12 =HVL=0.683/n

Half-value-lavers (values of half-thackness) for alumrmm and lead can be found m the
Iiterahare.




The linear absorption coefficient ( M)

The linear absorption coefficient u, the value of which depends upon the nature of the

absorbing matertal, has the units cm!. The mass absorption coefficient ' 15 defined as wW'p and has

the units r:mz.-"g, where p 15 the density of absorbing matersal. If In(I) 1s plotted versus absorber
thickness m centimeters, the slope of the curve gives -1, the linear absorption coefficient. If In(T) 15

plotted versus absorber thickness i grams per square centimeter {g.-"r:mE),. the slope 15 equal to -i/p |
the mass absorption coeficient. i

It has been shown that when the log of the mtensity 15 plotted versus the absorber thickness,
an essenfially straight line 15 obtained, mdicating a linear relationship and the constancy of the
coefficient. That this should be so seems somewhat miraculous i view of the fact that yt 1 the sum of
no less than three other coefficients showing dependency on the gamma ray energy; namely, the atomic
number, the mass the density of the absorbing medum, as well as other factors. Thus,

RELETNE OEAN INTEMSTY I.|I|:l

ABSORBER THICKMESS X

J.l = T + G T F-.. pure dM  Absorpilon of T and ¥ raye I8E Lape + ML _Arorces,
HUCLEAE RADLATION FEYECL e, PG4 P lde Tapristad
by permlankon of Frandlce-BEol, inc_ Braglirersad Gy, M1

where T = photoelectric absorption coefficient,
0 = Compton scattering coefficient,
and ¥ = pair production coefficient
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Half Value Layer

(HVL)

« A material's half-value layer
(HVL), or half-value
thickness,

* Is the thickness of the
material at which the
Intensity of radiation entering
It Is reduced by one half

HALF URLUE LAVER (HUL)
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Radiation’s Effect on H,O

~ H . H* + OH

Ordinary ions; present in all cells.
Radiation has been safely
absorbed.




Radiation’s Effect on H,O

O

H/\H . H + OH

“Free radicals”; uncharged and
highly reactive; dangerous to
cellular molecules like DNA.
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Radiation’s Effect on H,O

O

PN : H- + OH

Foreign ions; charged and highly
reactive; dangerous to cellular
molecules like DNA.
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Radiation’s Effect on H,O

O + -

PN R /O\ T ©

Foreign species; charged and
highly reactive; dangerous to

IS
S .
§’ cellular molecules like DNA.
Y



Application of Gamma Rays




» Gamma radiation is often used to kill living organisms, in
a process called irradiation,

» gamma rays are also used to treat some types of cancer,
since the rays Kkill cancer cells .

» Gamma rays are also used for diagnostic purposes in
nuclear medicine in imaging technigues.

» sources of gamma are used in non-contact industrial
sensors used in the Refining, Mining, Chemical, Food,
Soaps and Detergents, and Pulp and Paper industries, in
applications for measuring levels, density, and
thicknesses commonly Typically these use Co-60 or Cs-
137 isotopes as the radiation source.

» Gamma rays provide information about some of the most
energetic phenomena in the universe such as the Fermi
Gamma-ray Space Telescope provide our only view of
the universe in gamma rays.



http://en.wikipedia.org/wiki/Irradiation
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http://en.wikipedia.org/wiki/Fermi_Gamma-ray_Space_Telescope
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X-ray examination of luggage at a security station.



Gamma Camera

Gamma Camera
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Images of human lungs obtained from a y-ray scan.



EGRET All-Sky Map Above 100 MeV

Egret all sky gamma ray map from CGRQO spacecraft.qgif
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Radiation detection using
the Geiger Muller Tube

Gamma radiation High level of radioactivity

means presence of leakage 3




, = . Image
Object under inspection




Gamma Knife




Sterilisation

Gamma rays can be used to sterilise all sorts of
medical equipment to make sure that patients do not
become infected by bacteria. Even a tiny amount of
bacteria can grow to become a life threatening illness
for a post operative patient. .



*Food can be irradiated with y rays from
60Co or 137Cs. ¢

Irradiated milk has a shelf life of 3 mo.
without refrigeration.

USDA has approved irradiation of meats
and eggs.




Types of Radioactive Decay

2- Beta Decay

« Beta Particle ([3°)
(negatron dec%y)
« Positron (B*)

A radioactive carbon-14 loses a B particle and a nitrogen-14 nucleus
nucleus . . . becomes . ..
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Properties of Subatomic Particles

Properties of Baryons and Leptons

Baryons Leptons
Proton Neutron Electron Neutrino Units
Rest 1.00727647 1.0086649 5.485799e-4 <1010  amu
Mass 938.2723 939.5653 0.51899 <5x10-7 MeV
Charge* 1 0 -1 0 e-
Spin Yo Yo Yo Yo %/ ,,)

Magnetic
moment* 2.7928474 u,, -1.9130428 [, 1.00115965y,

Proton Neutron Electron Neutrino Units
Rest 1.00727647 1.0086649 5485799¢-4 <1071  amu
Mass 938.2723 939.5653 0.51899 <5x10~7 MeV

It's a good idea to know the properties of these
subatomic particles. You need not memorize the exact
value for rest mass and magnetic moment, but compare
them to get their relationship.



Beta Decay

A Dbeta particle is a fast moving electron which is
emitted from the nucleus of an atom undergoing
radioactive decay.

-

*The atomic number, Z, increases by 1 and the mass
number, A, staysthe same.




Beta Decay

Thorium Protactinium



Beta decay

 Beta decay Is a type of radioactive decay In
which a beta particle (an electron or a
positron) Is emitted. ¢

* In the case of electron emission, it is referred

to as beta minus (B ~) while in the case of a
positron emission as beta plus (8*).



http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Beta_particle
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Positron
http://en.wikipedia.org/wiki/Positron_emission

Beta Emission

*Occurs when there's foo many neutrons in nucleus.
*A neutron is converted into a proton then an

electron. Electron is then emitted.
&

A
.' (Beta Particle)

H-3 He-3

131 131
| —> Xe+ e —celectron
—




Beta Decay

Beta particles f3:

electrons ejected from the
nucleus when neutrons decay

n-—"pr+p
Beta particles have the

same charge and mass
as "normal" electrons.

Can be stopped by aluminum
foil or a block of wood.

Parent nucleus

Daughter
hucleus

Electron

\ o
d
Neuttino

Beta decay




Which types of nuclei decay by beta?

AN
(Number of Neutrons)

Fission and Alpha
7 — only heavy nuclei

126

—. Beta is the most

BT MR S 0L, :
| Type of common decay for
Decay | nuclei which lie
5 1 : mpt i away from line of
ES0 E s = S : - : e
i il b stability
: s - By : .
; By - mFission - energetically
kLN B ; . W Proton feasible for these
; e . . ® Neutron ; ——
14 | . mStable Nuclide
5 . Unknown
6 3
6 14 28 50 82 >Z

(Number of Protons)
(wikipedia)




* In nuclear stability, the Band of Stablllty

neutron-proton ratio (N/P) is
crucial.

oIf it is too low or too high,
the nucleus will eventually
rearrange itself into a more
stable configuration.

*Beta radiation, which is the
emission of energetic
electrons, results when an
N/P ratio is too high for
stability;

*poSitron emission or
electron capture occurs
when it is too low for
stability.

-Beta emitters are above the
stable nuclides, and positron
emitters and electron capture
nuclides are below .

Number of Neutrons, (N)

130 Alpha emission
120 ¥

| 1

1 0H) Yy
Beta emission ﬁ
0

20 .'ﬁ‘h
Buand of * aa®

0 by

Gl

Electron caplure
and
POSILEON 2mission

S0
=l
30

20

i 0 X M 40 50 &0 70 BO O 90 (N

Number of Protons (Z)



Nuclear Stability

This process decreases the neutron/proton ratio:

Beta emission: Neutron Proton + -

These processes increase the neutron/proton ratio:

<
Positron emission: Proton Neutron + g *
Electron capture: Proton + Electron Neutron

11 Pearson 2008 Copyright ©
.Prentice Hall, Inc



Type of Beta Decay

Unlike alpha decay, which occurs primarily among nuclei in specific areas
The periodic table, beta decay is possible for certain isotopes of all elements

B~ changeaneutrontoa proton (negatron decay)

A A _
Z XN_)Z+1YN—1+,B TV

B~ 1s an electron W

B*: changea proton to a neutron (positron decay)

A
ZXN_)Z N+1+:B TV

B* Is an anti-electron or positron

EC: electron capture, changea proton to a neutron

A _
ZXN +€ _)Z YN+1



Beta Emission

Ex. Polonium-210 undergoes beta decay to produce
this daughter nuclide

%P0 — 45X + e

Atomic Mass: 210 g A + O
210 - 0=z A = 210

I

N
+
|

—

Atomic #: 84

84 + 1

210
SX = At

I
N
I
o



Positron emission

— A proton kicks out positive charge (a
positron, 3+) to become a neutron.

—The positron collides with an electron
annihilating both and generating energy

A fluorine-18 nucleus an oxygen-18 nucleus. vanishes in a burst
emits a positron, The ejected positron collides of two yrays.
becoming . .. with a nearby electron and . ..



Positron (B*) Decay

B+: change a proton to a neutron
A
I Xy Y+ BV
B* isan anti-electron, or positron

Na—:>Ne+ B yv t,,=2.605y
161C — B+ B +v t,, =20.3min

* Proton rich nuclei

« Similar spectrum as in negatron decay

« Change a proton to a neutron -» positive electron is emitted by the nucleus

and an orbital electron originally present in the parent atom is lost

to form a neutral daughter atom.

« equivalent to the creation of a positron-electron pair from the available transition
« 2 x 0.511 MeV = 1.02 MeV necessary to create 2 electrons

* B* decay is possible only when the energy of the transition is greater than 1.02 M



Positron Emission

Ex. Polonium-210 undergoes positron emission to produce
this daughter nuclide

210 A 0
84PO ZX * +1e

Atomic Mass: 210 g A + O
210 - 0=z A = 210

I

N
+
+
—

Atomic #: 84

(@0
N
|
—
]
N
]
(00)
W



The fate of the positron

I\

 The first positron was discovered Iin Pair
cosmic rays and then in radioactive e
disintegrations. ) anninilation
« Conversion to pure energy Ei"y
positron annihilation E'E“"Erf‘fg j:i

positron
Before After

Energy = EmEﬂE %‘

\



Positronium(Ps)

1. Metastable bound state of e* and e-

2. An Exotic atom

3. Energy level : similar to the hydrogen atom (why?)
4. Exactly same as hydrogen? (reduce mass)

&

\ /
\
W BT ~_ 0

Hydrogen Positronium




Electron Capture (EC)

Ec: €lectron capture, change a proton to a neutron

;‘X N T e —)Z_AiYNJrl +V  + x-rays or Auger electrons

excited + inner bremsstrahlung

nucleus
<
Y2Lu—"2Yb+ X rays+ Auger electrons+v; t,, =6.70d

SPt—Ir + x rays+ Auger electrons+v; t,,, =10.2d



Electron Capture

22 0 22
1L Na t . a€ o Ne
/ < le

The captured electron usually comes from the 1st
energy level (nearest the nucleus). Thisleavesahole
or void in the electron level of the daughter.



Electron Capture

le / other e (not shown)
y
\

» the8the

A large release of energy occurs as the el ectron
makes transition from level 2tolevel 1. Thisrelease
OCCUrs as gamma radiation.



Electron Capture

Ex. Polonium-210 captures an electron to produce this
daughter nuclide

%P0+ Je— X

AtomicMass: 210 + (O = A
A = 210
Atomic #: 84 + -1 = V4
7 = 83
A _ 210
X = “g B



 Beta decay does not change the number
of nucleons, A, in the nucleus but
changes only its charge, Z.

 Thus the set of all nuclides with the
same A can be introduced; these
Isobaric nuclides may turn into each
other via beta decay.



http://en.wikipedia.org/wiki/Nucleon
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Nuclide
http://en.wikipedia.org/wiki/Isobar_(nuclide)
http://en.wikipedia.org/wiki/Isobar_(nuclide)
http://en.wikipedia.org/wiki/Isobar_(nuclide)

RELATIVE ENERGY

ISOBARIC
TRANSITIONS

Radioactive Parent

Intermediate

Isobaric

) ’
o _— VI I I 4
Transition g N ¥R

Isomeric
Transition

“EN-[rg
I ;zy"/

Z  ATOMIC NUMBER oL

Most radioactive transitions
have several steps. For
most radionuclides,

*The first step Is an isobaric
transition usually followed
by an isomeric transition
and interactions with
orbiting electrons.

*The three types of iIsobaric
transitions of interest to us
are:

(1) beta emission,

(2) positron emission, and
(3) electron capture.
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Mass Changes in Beta Decay
OR Energy for beta particle

- B~ decay
YCoHUN+ 8 +v,

Energy=[M (**C) - M (*N)]c’

B+ deCOY ° YMCUSUNIT+ B+,
Energy=[M (**Cu) — M (*'Ni) - 2m, ] c”

“Bi* + & >*'Pb+v,

Energy=[M (**'Bi) — M (**’Pb)]c?

EC decay



14- (550 S AL Wy Jlas d8Ua (o)

Cl4— N4 + -
S B IOl Al

Qg =[ I\/Ip(A, Z)— My (A, Z+1)] C?
Q= (14.00324 — 14.00307 ) 931.5
Q g = 0.26 MeV



Jadll Jeladl g 53 ) sal) Silad) d8Ua sl
7Nl3_) 6C13 + B+ Lﬁjj—‘j‘

i B Dl Al o
Q B+=[ Mp(A1 Z) _{ |\/ld (A’ Z'l) + 2 me}] C2

=13.005738 — [(13.003354)+ (2 x 0.00055)] x931.5
=1.20 MeV



Jelall ;g i< e DAl 2ila el
4Be7 + _1eo —> 3L|7

Gk O Sl (aliid) 48l o
E o= [ M (A, 2) - M, (A, Z-1)] C?

Qec = (7.016929 -7.016005) x 931.5

= 0.961 MeV



Why do we “need” neutrinos?

- Conservation of energy

- Conservation of angular momentum

Antineutrino in 8-
*No charge
*No magnetic moment
*Near zero rest mass(1/2000 m,)
*Spin %2
«Conservation of angular momentum
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The solution

Discovery of the Neutrino

- postulated by Wolfgang Pauli (1930)

Many important contributions to QM (noted for Pauli exclusion
principle, Nobel prize 1945). Seldom published papers: most of
results never published and appear only in his letters to colleagues.

n—p+e +1g

- Hypothetical particle with no charge and (almost) no
mass, but with angular momentum (spin=1/2)

— Particle shares released energy with e-/e+, also solving
recoil direction and angular momentum problems

- Named neutrino by Fermi ( “little neutral one” in Italian)
(In 1930, Pauli originally chose name “neutron”, but the name had to

change due to the discovery of real neutron in 1932) E
Beta decays with neutrinos: / n—op+e + E\,ﬂ
> Anti neutrino
n — p+e Negative B-decay

p — n+e’ Positive B-decay
P+ e

v

Pon+e’ + v

— N Orbital electron capture~_|

\\e‘+p—>n+ve




Full theory developed by Enrico Fermi (1933)

Originally turned down on submission to Nature bacause "it
contained spaculations”. Published Iin [talian and In German bafore it
was evantually publishad in English.

— predicted particle chargeless, ~massless,
and interacts only by weak force

= very small interaction cross-section, and
so is extremely hard to detect

BUT. how do we Know they are there'’?

Mzad to measure theml!

However, need extremely large flux of them to detect any........

-2 Muclear bomb tests: noise from other emissions, particularly neutrons & y's

—= Could not be detected until the invention of the nuclear reactor.......

Reines & Cowan: Project Poltergeist
(1956, Nobel prize 1995)

Nuclear reactor provides intense neutrino flux
(due to decay of neutrons): L e

Detection by neutrino capture: (Vg +p — N + e"

Y . ] ] ' . ar " -
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http://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%A3%D9%88%D9%84%D9%8A
http://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%B4%D8%AD%D9%86%D8%A9_%D9%83%D9%87%D8%B1%D8%A8%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%AA%D8%AD%D9%84%D9%84
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%86%D8%B8%D8%A7%D8%A6%D8%B1_%D8%A7%D9%84%D9%85%D8%B4%D8%B9%D8%A9
http://ar.wikipedia.org/wiki/%D8%A3%D8%B4%D8%B9%D8%A9_%D8%A8%D9%8A%D8%AA%D8%A7
http://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A3%D8%B4%D8%B9%D8%A9_%D8%A8%D9%8A%D8%AA%D8%A7
http://ar.wikipedia.org/wiki/%D9%81%D9%88%D9%84%D9%81%D8%BA%D8%A7%D9%86%D8%BA_%D8%A8%D8%A7%D9%88%D9%84%D9%8A
http://ar.wikipedia.org/w/index.php?title=%D8%A7%D9%84%D8%B7%D8%A7%D9%82%D8%A9_%D8%A7%D9%84%D9%86%D8%A7%D9%82%D8%B5%D8%A9&action=edit&redlink=1
http://ar.wikipedia.org/w/index.php?title=%D8%A7%D9%84%D9%84%D9%8A%D8%A8%D8%AA%D9%88%D9%86%D8%A7%D8%AA&action=edit&redlink=1
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%85%D9%8A%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%AA%D8%A7%D9%88%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%85%D8%A7%D8%AF%D8%A9_%D9%85%D8%B6%D8%A7%D8%AF%D8%A9
http://ar.wikipedia.org/wiki/%D8%B9%D8%B2%D9%85_%D9%85%D8%BA%D8%B2%D9%84%D9%8A

Antineutrino discovery
neutrino-proton Reaction
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1953 by F. Reines and C.L. Cowan Jr.
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http://ar.wikipedia.org/wiki/%D9%85%D9%81%D8%A7%D8%B9%D9%84_%D9%86%D9%88%D9%88%D9%8A
http://ar.wikipedia.org/wiki/%D9%85%D9%81%D8%A7%D8%B9%D9%84_%D9%86%D9%88%D9%88%D9%8A
http://ar.wikipedia.org/wiki/%D8%AA%D8%AD%D9%84%D9%84_%D8%A8%D9%8A%D8%AA%D8%A7
http://ar.wikipedia.org/wiki/%D8%A8%D8%B1%D9%88%D8%AA%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%86%D9%8A%D9%88%D8%AA%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A8%D9%88%D8%B2%D9%8A%D8%AA%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D8%A3%D8%B4%D8%B9%D8%A9_%D8%AC%D8%A7%D9%85%D8%A7
http://ar.wikipedia.org/wiki/%D9%86%D9%88%D8%A7%D8%A9_%D8%A7%D9%84%D8%B0%D8%B1%D8%A9
http://ar.wikipedia.org/wiki/%D8%A3%D8%B4%D8%B9%D8%A9_%D8%AC%D8%A7%D9%85%D8%A7
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%86%D9%8A%D9%88%D8%AA%D8%B1%D9%88%D9%86

* A neutrino was "invented" to maintain conservation
of energy, linear momentum, and angular
momentum in beta decay.

It has no mass, no charge, and virtually no
Interaction with matter.

* It travels at the speed of light and carries off energy
and momentum .



Angular Momentum Iin beta decay.




Who Carry the decay Energy?

BETA MINUS DECAY

.....

I - BETA PLUS DECAY

v'All these decay types are similar in structure
v'They all have 3 particles in the final state

v'The fact that the Q of the decay is shared between 3 particles means
that the outgoing observed particle

v'[ie. electron or positron] has a spectrum of energies in the
range (0 to Q).




Beta decay — Energy
spectrum
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Beta-particle energy

E =E +E +E

trans negatron antineutrino recoil



http://ar.wikipedia.org/wiki/%D9%81%D9%88%D8%AA%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%83%D9%85%D9%8A%D8%A9_%D8%A7%D9%84%D8%AD%D8%B1%D9%83%D8%A9
http://ar.wikipedia.org/wiki/%D8%B7%D9%88%D9%84_%D9%85%D9%88%D8%AC%D8%A9
http://ar.wikipedia.org/wiki/%D8%AA%D8%B1%D8%AF%D8%AF
http://ar.wikipedia.org/wiki/%D8%AC%D8%B3%D9%8A%D9%85_%D8%A8%D9%8A%D8%AA%D8%A7
http://ar.wikipedia.org/wiki/%D8%B7%D8%A7%D9%82%D8%A9_%D8%AD%D8%B1%D9%83%D9%8A%D8%A9
http://ar.wikipedia.org/wiki/%D8%A5%D9%84%D9%83%D8%AA%D8%B1%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%86%D9%88%D9%83%D9%84%D9%8A%D9%88%D9%86
http://ar.wikipedia.org/wiki/%D9%86%D8%B4%D8%A7%D8%B7_%D8%A5%D8%B4%D8%B9%D8%A7%D8%B9%D9%8A

Beta Energy Spectrum
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Positron energy spectrum from
_ 5 beta decay of  Cu
the average beta energy is i
usually between 25% and 30% of
the maximum energy . i
g8 Q of the reaction
Y=0.653Ma'v'

0 02 04 0.6
Positron kinetic energy in MeV



« Some beta emitters also emit gamma ravs (y).

Kinetic Energy
= The broad energy spectium of beta emission i1s 1n for beta
contrast to the sharp peaks that are characteristic .
of alpha and gamma emission and makes Dartl Cle

identification more difficult for unknown beta
emitters.

- Emitted beta particles have a
continuous kinetic energy
spectrum, ranging from 0O to

the maximal available energy Relative me

(Q)! Numbe: J
 which depends on the

parent and daughter Beta Particle Encrgy

nuclear states that
participate in the decay.

« The continuous energy e
spectra of beta particle
occurs because Q is shared
between the beta particle and
a neutrino.

Eq


http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Q_value_(nuclear_science)

Negatron (B°) Decay

ZAXN_>Z+A1YN—1+IB_+V+7/

A
Z X N
Parent
Neutron rich nuclei;
B, Large N/Z ratio
B,
Y
Daughter
A
Z+1YN -1

2>+ B +0 t,, =291y
*P—>XS+p +0 t,,=14.3d



Beta Decay

Beta Decay

+
260 yr p 0%
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Figure 2: For each nuclear state, reresented by a horizontal bar, the number on the
left is the angular momentum. the sign 1 the parity of the nucleus, and the number
on the right 15 the energy, in MeV, relative to the lowest energy in the scheme. EC
12 for electron capture. IC is for internal conversion. From Dan Walter "96



Beta Velocities

Experimental evidence shows the beta particle to be 1dentical with the electton. It has a rest

mass of 9.1 x 10-22 grams and a charge Q of 1.6 x 10-1% coulombs. Thus, we conclude that the
principal distinchion between an elecon and a beta particle 15 the source or onigin. An electron enntte
from a muclews 13 called a beta particle.

The welocity of a beta parnicle 15 dependent on 155 energy. Velocinies range from zero
continuously up to about 2.9 x 1010 emy'sec, or nearly the velocity of light. Classically, the energy of
the beta particle 1s given by the expression

E, =1/2mv"

This equation 15 quuite nseful for small values of v, but at mgher velocines the followimng relativisnc
correction, as proposed by Einstein, 1s required

b
r~ =

Here, m 1s the mass of the particle, which 15 an mwvanant, v is the velocity of the particle, and ¢ the
velocity of light.



Beta Particle Range The Range of Beta part|C|e

The maxumum range, Aoy, (material independent) of a beta particle can be computed from an
empirical formula given by Katz and Penfold:

(04 S REED g01ep <2 5MeV )
R .. [glem™]=- ; ¥ (3)
0330 ; - 0.106 Ej>25MeV

where Eg 15 the maximum beta energy m MeV. The abality to stop betas depends primar1i]jr' on the number of
electrons in the absorber (1.e., the areal density, which is the number of electrons per car’). Hence, the range

when expressed as a densify thickness (g/ecm j of the matenal gives a genenic quantifier by which various
absorbers can be compared. With the maximum range knpwathe actual shielding thickne

EE 1.|:|.i'|11-|l'ﬂ|"1 Palr L bE.
WAL N N T N LW L R YA WP I J.'-'hl.l].; 1= ST-J R LD LT WA R

computed Glendenin Equation
R o= 542 E.,— 133
,_R RM .. MaX|mum range in 6)
| _; mg/cm? ~
E . IS maximum beta energy

where o is the matenal density. Such an approach can be used to produce energy-range curves. A useful

rule of thumb s that the range of a beta particle i glem” 15 approximately half its energy in MeV. Beta
particles from natural radionuclides are eastly stopped by thin sheet of metal or glass. Oftentimes,

aluminum 15 wsed to shield against protons and electrons. For example, the fizure below shows that 2 mm
of aluminum 15 sufficient to shield agamst 1 MeV electrons and 20 MeV protons.
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Figure 1

Effective Shielding Materials for Various Radiation Types

Like alpha particles, however, beta particles can get inside the
body. Sometimes, this trait is used to advantage, as when
radioactive elements are introduced to the body to treat a

cancer.



Example
Determine the copper thickness necessary to stop the befa particles emutted from Co-60

Solution
Cobalt-60 equts beta partcles with a maxtmugn energy of 0.3179 MeV, hence the maxtuwm range of those

particles s
R =(0412) (03170 g g0 g
Copper has a density of 8.933 g/ea’, 30 the actual shield thickmess necessary 1s

o 008Neem
P L Y

P 80g




Relationship between E_ ., and t,,

Some calculated Q factors:

Decay Type Q (MeV) 03
“Ne — #*Na + o~ B 438 | 38s
90Te — PRU+ 6 B 0.29 21x10%y
Al — Mg + et B+ 3.26 725
124 _, 1247 + o B+ 214 42d
0O L e — BN - EC 2.75 1.22s
AN Ca+e- — YK EC 0.43 1.0x105y

-2 huge range of B-decay time scales: milliseconds to 1016 years

-2 generally depends very sensitively on Q, but also on properties
of nuclei such as spin etc.

= for accurate prediction of lifetime, need more complex theory
developed by Fermi and others.

High-energy beta emitters have a short half-life




Radioactive decay constant of beta

 Fermi Theory of Beta Decay

21 2 T
.ﬂﬂ = — MJ e Fermi's Golden Rule
___sl’ A v
Transition _ Density of final
probability Matrix element states

for the interaction

High-energy beta emitters have a short half-life
Enrico Fermi derived an equation give the relation between A and E_,

A=KE,,



Double-Beta
Decay

« 130Tg, 82Se stable to ordinary beta decay,
but unstable toward 2-beta decay

13 25x10ty 130 —
Te > o Xe+ 2.3

82 1.4x10% y
B > Kr + 23~

 Simultaneous 2 beta emission



Double Beta Decay (2v[3$3)

(AZ) > (A Z+2) + 2 e + Zv,

o
o
o
03
o
o
o
o

Only 35 isotopes
known in nature



Double beta decay

Double beta decay is a radioactive decay process where a
nucleus releases two beta rays as a single process.

In double-beta decay, two neutrons in the nucleus are
converted to protons, and two electrons and two electron
antineutrinos are emitted.

binding enerqy

Double-beta decay is the rarest known kind of radioactive
decay; it was observed for only 35 isotopes, and all of them
have a mean life time of more than 10%° yr.

If the mass difference between the parent and daughter atoms
IS more than 1.022 MeV/c2 (two electron masses), another
decay branch is accessible, with capture of one orbital
electron and emission of one positron.

« When the mass difference is more than 2.044 MeV/c2 (four

electron masses), the emission of two positrons is possible.


http://reference.findtarget.com/search/beta rays/
http://reference.findtarget.com/search/Binding_energy#Nucleus_binding_energy/
http://reference.findtarget.com/search/positron/

Interaction of B~ and Matter

m Charge -1, mass 0.000,584 u

m Travel very fast (90-99% c)

m 100-300 1on pairs per cm in air

m Lose their energy in 20 m in air.

m Create x-rays from bremsstrahlung



Uses of Beta radiation

« Beta particles can be used to treat health
conditions such as eye and bone cancer and are
also used as tracers. Strontium-90 is the
material most commonly used.

« Beta particles are also used in quality control to
test the thickness of an item, such as paper,
coming through a system of rollers


http://en.wikipedia.org/wiki/Eye_neoplasm
http://en.wikipedia.org/wiki/Bone_tumor
http://en.wikipedia.org/wiki/Strontium-90
http://en.wikipedia.org/wiki/Strontium-90
http://en.wikipedia.org/wiki/Strontium-90
http://en.wikipedia.org/wiki/Paper
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http://www.google.com.eg/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&ved=0CAcQjRw&url=http%3A%2F%2Fmrtremblaycambridge.weebly.com%2F27-nuclear-physics.html&ei=Km-QVNrdI9LYarz3gNAJ&bvm=bv.81828268,d.d2s&psig=AFQjCNG4gpl1a-_qhM0JUfJDQsFluFMmBA&ust=1418837934013877

Application of

Beta plus (or positron) decay of aradioactive
tracer isotope Is the source of the positrons used
In positron emission tomography (PET scan).

What machine uses this
concept?

Nuclear Cardiology: Technical Applications

By Gary V Heller, April Mann, Robert C. Hendel

Edition: illustrated
Published by McGraw Hill Professional, 2008

ISBN 0071464751, 9780071464758
352 pages


http://en.wikipedia.org/wiki/Positron
http://en.wikipedia.org/wiki/Radioactive_tracer
http://en.wikipedia.org/wiki/Radioactive_tracer
http://en.wikipedia.org/wiki/Isotope
http://en.wikipedia.org/wiki/Positron_emission_tomography

Positron emission tomography
(PET)

1. A nuclear medicine imaging technique which produces a
three-dimensional image of functional processes in the

body

2. The system detects pairs of gamma rays emitted
iIndirectly by a positron-emitting radionuclide (tre

Image of a typical
positron emission
tomography (PET)
facility




PET (cont.)

How does it work?

A short-lived radioactive tracer isotope is injected into
the living subject

t@ger
Waiting for a while until the active molecule become g /‘f
concentrated in tissues of interest A A

The object is placed in the imaging scanner

During the scan a record of tissue concentral
IS made as the tracer decays




PET (cont.)

Only the pair
/ of photons
Coincidence
Processing Unit would be
recorded!

Sinogram/
Listmode Data

Positron emits A

Annihilation Image Reconstruction



Future application of beta
radiation

g YIS A g IV 5 e D A8l b gl Al i) Uiy LA 25a g ) gualil o
sliadl (sae Lgind ale Y dalall 5 ga J sanall cailell
An illumination device called a betalight contains tritium
and a phosphor.

As tritium decays, it emits beta particles; these strike the
phosphor, causing the phosphor to give off photons,
much like the cathode ray tube in a television.

The illumination requires no external power, and will
continue as long as the tritium exists (and the phosphors
do not themselves chemically change);

the amount of light produced will drop to half its original

value In . the half-life of tritium.



http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D8%B7%D8%A7%D9%82%D8%A9
http://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%87%D8%A7%D8%AA%D9%81_%D8%A7%D9%84%D9%85%D8%AD%D9%85%D9%88%D9%84
http://en.wikipedia.org/wiki/Beta_light
http://en.wikipedia.org/wiki/Tritium
http://en.wikipedia.org/wiki/Phosphor
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Cathode_ray_tube
http://en.wikipedia.org/wiki/Radiant_flux
http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Half-life

Radioactive Decay
(S sy
99! QM\J\

Parent nucleus

Alpha particle
2 neutrons %
2 protons Daughter nucleus




Radioactive Decay

 Discovered by Antoine

Henri Becquerel,a

French scientist in
| 896

> He saw that
photographic plates
developed bright spots

i‘g—
when exposed to

uranium metals O M E——) ¢

Emitted
particle

Radioactive atom



© 2003 John Wiley and Sons Publishers

Antoine
Henri
& Becquerel
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Radioactive decay

* - spontaneous change of one kind of
atom to another.

Parent nucleus ¢

Alpha particle
2 neutrons %
2 protons

Daughter nucleus




Radioactive Decay

Unstable parent Stable dauq hter
isotope decaf's Isotope Cre/éted
Carbon 14 (14C) Nitrogen 14 (/*N)
NS 6 protons 8 neutrons 7/ protons + 7 ngutrons
Fig. 7.16 5533 RadicaciaEEET) SPD -
L Radiation
0.0000000001% of
B | all carboln atoms | @ Protons
Unstable, radioactive carbon isotope @ Neutrons

Over time, parent decreases,
Increases.




RADIOACTIVE DECAY

»Radioactive decay refers to the
spontaneous emission of radiation
from the nucleus of an unstable
atomic nucleus «

- The ratio of neutrons to protons is
largely determinant of the stability of
the nucleus and the tendency for
radioactive decay to occur



Neutron-to-Proton Ratio

Neutron number, N

30~
TO—
60

40—
3O =
20
10—

Alpha emission

Belt of stability
Q’
Beta emission

Positron emission
and ¢lectron capture

| | | | 1 | | | |

20 20 40 50 60 T0 80 90 100
Proton number, 7



Nuclear Stability

TABLE 26.2, Wagic TABLE 26.3 Distribution

Numbers for Nuclear ,
of Naturally Occurring

Stabilit
4 Stable Nuclides
Number Number
of Protons of Neutrons Number of
" , Combination Nuclides
8 8 Zeven—-Neven 163
20 20 Z even—N odd 55
gg gg Z odd-N even 50
22 22 Z odd-N odd 4
114 126

|84




The Radioactive Decay Law
Law for Decay a single radioactive nuclide
Andiall 5 ol (pa S 30 o (5 giad dle (Al
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Radioactive decay is the spontaneous release of
energy in the form of radioactive particles or waves.

It results in a decrease over time of the original
amount of the radioactive material.

Any radioactive isotope consists of a vast number of
radioactive nuclei.

Nuclei does not decay all at once.
Decay over a period of tlme

We can not predict when it will decay, its a random
process but...

We can determine, based on probability,
approximately how many nuclei in a sample will
decay over a given time period, by asuming that each
nucleus has the same probability of decaying in each
second it exists.



Nuclear decay is spontaneous and random

because:
* The decay of one nucleus does not affect any other

* The decay of one nucleus is not affected by any
external factors (pressure/temp etc.)

» Each nucleus in a sampleghas the same chance of
decaying per unit time

* This makes it impossible to predict when any
particular nucleus will decay



Rate of Radioactive Decay
Law for decay of a single radioactive nuclide
Parent (N) — daughter

If N iIsthe number of nucle present at timet which isnot decayed yet

Rate of Decay = —(Z—N

: t .
Since the number of nuclel which decay in unit timeisproportional to N

adnnd e I
dt §
adanrxd g3 . d
dt
d N Both sdesarelnt rated
&y 4 .dt NN
N ' —=—/1jdt
A is the decay constant N, N 0
N
In N —1In Ny =-At _ ., In N =—At | N:Noe—/ﬂ
N it
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Parent (N) — daughter

* The number of daughter nuclide can be
express by the relationship as following:

e N,=N,—N
e N, =N, - N, e

Radioactive Decay, .=0.02yr

o
o
s |

e N,=N; (I-e™) \/—

X w P rent
=== [aughter

Percent Muclide

40 /

2 f b

U| ] L] ]

0 50 100 450 200 250 300 350
Years
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) s a3l Anailly (10-2)
At = dNit / dt |
= ANy e ™ = % N(D (2-117
it = 0 Akell e Sl Bailh Ap= RN, b el
Wit
Al = Age™ (2-12)

>A=AN

N=N,e"

Then for radioactivity we obtain:

AN =AY wnee A= N,




Table 22.3 The Uranium Decay Series
Kinetics of Radioactive Decay

U —s
451 < 10% yr
A inN—>
24.1 days
: A —— daughter
e 1.;7 min
| AA
B4
247 % 10° rate - - —_—
’ At

A=A e

i5ha —
1.60 % 107 yr
“Rn — 1 —
282 o INA = InA, - At
P :;“eo .
0.04%.~ \, 305 min o _
— A P A = the amount(activity) of atoms at time t
2s N 26.8 min
99.96% B 19.7 min A, = the amount(activity) of atoms attimet=20
— 4P’ iy p— _ _
ARWESTE S A t#2mn kK |s the decay constant (sometimes called A

| Ln 2 0.693

. 2;38! —_— t
~100% . 5.01 days —
o e 1, = '[1/2 =
— o ‘g5 —s 'y A
138 days "\.\ S 4.20 min



100

80}

60

vity (lingar scale)

» In practicality, activity (A) is
used instead of the number
of atoms (N).

wr it =
A=AN,e"" =A, €]

Inlﬁ:aﬁat N
A

O

INnA=-At+InA

aol

Obsarved acti

Observed activity (log scale)

— =




Unuts of Activity

+ Curie (C1) =no. of dis/s ocCurring in a mass
<
of 1 g of **°Ra

+ Now 1 Ci=3.7x 10" dis/s = 0.988 mg ~*°Ra
+ New STunits =2 1 Bq=1 dis/s
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Rate of Decay

* Frequently measured as the radioisotope’s

> the time required for one-half of the sample
of rad|0|sotope to decay

> half life depends on the identity of the isotope
but NOT ON the original amount.

 Short half life = rapid decay
* Long half life = slow decay



Half-Life

20

0 2 4 &

I~ =, [
First half-life "> Second half-life  » Third halflife  » etc >
L~

i i L -
Time {minutes)

Decay of 20.0 mg of °O. What remains after 3 half-lives?
After S half-lives?



Synonnt of radicisobope rematring (mg)
o
@D, o, B
Ba LA

Half Life and decay constant
Half-lifeistime needed to
decrease nuclides by 50%

>Half life — time it takes for
% of the parent to decay to

e s st the daughter

-RelationshipYetween t,,, and A
N/N = eM =1 whereN =% N,
In (1/2) =-Aty, In2=At,,
t,=(In2) /A
t,, = 0.693/ A




Exponential Decay

e Average Life (1) for a radionuclide

> found from sum of times of existence of all atoms

divided by initial number of nuclei
17 1
r=— |t-dN =—
N, 2@ A

o IIA=1(IN20t,,,) = 1.443t,,= T
Average life greater than half life by factor of 1/0.693

during time |/A activity reduced to |/e it’s initial value
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Table | :Some Representative Half-Lives

TABLE 26.1 Some Representative Half-Lives

Nuclide  Half-Life* Nuclide  Half-Life* Nuclide  Half-Life*

'H 12.26y g € 125 %100y 2po 1.64 X 107§
e 5730 y %Br 17.6 min 2%Rn 3.823 d

58] 87 % 1035  2sr 217y 2%Ra 1.60 X 10°y
BMg 21h | 8.040 d 2iTh 24.1d

2P 143 d '5Cs 30.23 y BU 451 X 10y
L 88 d

“s, second; min, minute; h, hour; d, day; vy, year.




Dating Using Radioactive Decay

 Half-life measured in lab by detecting
energy released during decay.

° independent of T and P,

e Radioactive clock ¢tarts when rock first
forms.

* Age calculation assumes that no parent
isotope has been lost/gained.



Carbon- 14

This is your life: Starring Carbon- 14

How C-14 is
produced




How Carbon-14 |Is Produced

Cosmic Rays

(radiation)

C-14 combines with
oxygen to form carbon
dioxide (CO,)

M Forms C-14

Collision with
atmosphere (N14)

), T > %
= i s
— ' BN 3
d@aj‘ (¥ }Q“/' \
\\//72 o
W



Carbon-14 Life Cycle

Cosmic radiation

\ 1/

14N 14 14 N
I 6 I

Carbon-14 is produced in the atmosphere
Carbon-14 decays into Nitrogen-14




Half-Life lllustration

5,730 years 11,460 years
Time =0 1 half-life 2 half-lives

3/4

If C-14 is constantly decaying,
will we run out of C-14 in the atmosphere?




Recognize Any Assumptions

Carbon

14 being Is the amount of

added C-14 in the
i container always

. ?

a'a%%gégégﬁffﬁ'ﬁ Q} CO nStaI’lt !

aﬁz,a ; Amount added
e equals

amount removed

Carbon 14

=
. | being
k © I removed




When Does the Clock Start?

Once a plant or animal dies the
clock starts

Organism

dies ~ C-14 continues
II
NO more

C-14 intake



Radiocarbon Dating

» In the upper atmosphere '*C forms at a
constant rate:

14N + 1p —> uc + 1H
{ 0 6 1

ue —s 4N + 08 T, =5730 Years
6 7 -

 Live organisms maintain 4C/?C at
equilibrium =1.3 x 1012,

« Upon death, no more *4C is taken up and
ratio changes.

e Measure ratio and determine time since
death.



' Many living and dead trees are cored.
* Trees of overlapping ages provide continuous
10,000 year record.

> Also give climate and fire information

> Independent check on '“C dating

Dattes of Last
nng is the yaar
when tree was cut

1950 1870 1990
[0, (IR AR TINR W

¥ B Second dead 1ra8

T € Third dead tree




Common Dating Technigues

Y5 Life Dating
Method (yrs) Range (yrs) Material Dated

3H 12.4 1to 50 Water

14C 5730 100to 70,000  Organic
material

238 4.5 10 million to Igneous/meta.

billion 4.5 billion rocks



Mineral Dating

» Ratio of 29Pb to 238U gives an
estimates of the age of rocks. The

overall decay process (14 steps) is:
’1 :‘NL; ZHth

e The oldest known terrestrial mineral
is about Y
4.5 billion years old.

4.51 x 107 yr

o This is the time since that mineral
solidified.

U “gPb + 80+ 6B t,, = 4.51 x 10° years



HU.M
}"
ﬁ;ﬂ‘“‘,&

(51-87 ) 87~ g o
(P~ 204) 208~ ,.»';.f,
(Ar-d0} g x|
m-aoauos-h,;,
(Pb=207) 207- ol

N=14) Wi
e Y

PRV FPRY
Ml vaalll o

b d b W86
ek 140
Gy |
der b
o uph 07

i 5190

(RheB7) &7
PN

(Th~232) 252-p 5,6
{X=40) ""r.—"v;
(U-238) 234, ),;n;,.
(U=235) 235p ot ,.



 glaal) ALiaY) (lan



28-4 oyl Jlo

@ 3 sl b painy S il il 3 ke b ghy 131 apdl Belio
e el L? 38 ) 4800l Badll go g ¢ pudl S 2 «J,L’ﬂr‘qwd[
il g Cieall ooy . g yoll 8l B0 Bl oo g 51 plal
fu,“’lgﬂzo mg Laglids LaaS culb o8 ewbiiidl do gf can . i 8 g

¢ ( logg ) (48) 5adl cim oy Lo WIQT il o iy oS . Ligy 48 Rl Ly

peiy 5 o0 iy o gl B o LS Chaill ] ol ey ;| gl JY

C JUl Jyasl

8 40 82 U 16 B0 (uiy
0313 0626 125 25 5 10 20 (mg oyl




*The half life of a specific element was
calculated to be 5200 yr. Calculate the decay
constant (A).

Halt - Lite® molution :

503
I 1 33x10

5200




e 285 ure) Jie

G;,L:.; 2 L M 8,80 Gl adiagy « 45X 10 yT o 238 pguil gl il e
LS 53 gyl jgull yns 3 Lo, 4D 3 107 yr o0 S ( gl 035001 5l )
4 07’“ J Il Gy s, .-_,.'e):ﬂ Jpss i |3,=,,.

+ (28-4) Waladl JShoudYl 5yl gabai 1 ille JY |

‘ 0 @
a=06083 _ 0893 — _ 54y 10"y
Ty,  45x10% yr

Lol Ly

N oo e 10 gl Xy
N,

=¢ 1616 = )54

o 238 pauitdl (e UL 54 Wls axg G 05 ey



o/f 2 watch contains a radioactive substance
~with a decay constant of 1.40%10-2 and after
50 years only 25 mg remain, calculate the

amount originally present.

Decay Solution:
25 o

Il ——=—(1.4=x10 )
als

Mo =305 mg

[ SL)



O ple 13 W) e dilagdly Jady il 239 -p gaigigld ciialll jae Gual
710 x1.4 s 5b (A B (e aaa 0,1 W)y 4 Bliidpm

239 g (lmole) of Po — contain Avogadro no of
. 23

239 g — (6.023 *10%%) atoms

0.1 mg — X atoms

1 - In2 > 4, = In2
t1/2 ﬂ’\%}
A= AN =1"2 \ _1.4%10" dpm
t1/2
(In2) N
4, = A

(%10 *g)(6.023x10**atoms mol )
- (239 g mol 1)
N =2.51x<10" atoms
¢ _(n2) N _ (0.693)(2.51<10"") _
2 A 1.4 <107
t,, =1.24<10"° min = 2.38x<10" y




am s Al Uy 5318y Gilawily 90-p sl Y1 adiall julaill Jlas,
(o st oS ax 0.01 8 Ae il IS 1) 545 285 caas
eb«umﬁu\wwmw\

Jall
_In2_0639_ () 1opa N = Noe
Lo S
. N : N — At
the not decay ratio— after 5yis =€
N, N o
In% = At =0.0243 x5 :‘8‘.1215 N - e_0_0243<5
& — eﬂt _ 01215 1 129 N =
N N 0.886
N __1 _8s86-886% No B
N 1.129
theweight of & after 5yis N 88 6%
wt(S9°) = 0.886 x 0.01= 0.0088 g No




oa e 1 Plaada) (e aalil) Lelady) LU g L

In2
A=— ..

b)» aC“Vlty(A) — ﬂ/N
A= 0.693 =2.3x10"min™"

5/30yr
N = MmN, %x1.3x107*? . 1*C/"2C at equilibrium =1.3 x 10-'2,

. 4
23 -1
N = (1)(6-02?;2 1;) ma(::)zr)\s mol ™) . 9%
N = 6.52x 10" atoms (OA el le 5 gl 0 5)
S - (e Aza A g

activity (A)= AN

A=2.3x10"x6.52x10"
A=15 decay/min/ gm


https://ar.wikipedia.org/wiki/%D9%83%D8%B1%D8%A8%D9%88%D9%86-12
https://ar.wikipedia.org/wiki/%D9%83%D8%B1%D8%A8%D9%88%D9%86-12
https://ar.wikipedia.org/wiki/%D9%83%D8%B1%D8%A8%D9%88%D9%86-12
https://ar.wikipedia.org/wiki/%D9%83%D8%B1%D8%A8%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%83%D8%B1%D8%A8%D9%88%D9%86
https://ar.wikipedia.org/wiki/%D9%83%D8%B1%D8%A8%D9%88%D9%86

If you know that the half life time for Na?? is
2.58 yrs what is the percentage for the Na??
decay in one year?

~In2 0.693

= = = 0.2686y
t,, 2.58
N =Ne"*"
1
N — e—/lt
NO
N _ e—/lt _ e—0.268<1
N o



Calculate the number of disintegrations per sec
in | gm of Radium-226. if you know that the half
life time is 1622 year.

dN

AN = — = A
dt
Thenumber atomsof radiuminlgm
N = 1 < 6.023 <103
226
N = 2.665 %< 10°" aton¥/
- 0.693
» A

B 0.693

1622 < 365 x 24 =< 60 < 60
A =1.355%x10 '*sec
dN
dt
dN
dt

= (1.355<10 " ) < (2.665 < 10°1)

— 3.611x<10"°dis./ sec
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0.286 =e ™
A

_In2 454104y
t1/2
t =10.36 year .

10.360 years s dusll e Jauisia of g, o


https://ar.wikipedia.org/wiki/%D8%A3%D8%AD%D9%81%D9%88%D8%B1%D8%A9
https://ar.wikipedia.org/wiki/%D9%86%D8%B8%D9%8A%D8%B1
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Answer the following problems!?

* |2 gm of radioactive material kept in a safe
place, only 0.75 gm were remained after 50
days, calculate the half life time for this

material?
4

* |0 gm of radioactive element remain after
20 days, calculate the original weight if you
know that t,, for this element is 5 days.



- Mixtures of radionuclides
- Successive radioactive
decay
(Radioactive Equilibrium)
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Mixtures of radionuclides

« Mixtures of Independently Decaying Activities

— If two radioactive species mixed together, observed
total activity is sum of two separate activities:

A=At Ay = Ci Ny + CHAN,

— any complex decay curve may be analyzed into its
components

« Graphic analysis of data is possible

« Composite decay
— Sum of all decay particles



Observed activity (log)

o

Can determine 1nitial
concentration and half-life
of each radionuclide




total Bq

1000

100

y = m1l*exp(-m2*M0O)+m3*exp(-m...
RO AR AR Value Error [ 7
i ml 10000 | 0.00065416 )l
- m2 0.55452 5.3036e-08 7
: m3 2000 | 0.00069206
m4 0.066906 3.3669e-08
3.7138e-07 NA |
NA .
25

T (hr)

1=0.554
t,,=1.25 hr

2=0.067
t,,=10.4 hr



ol clsal) 4118
it In N —In N = -t
N(t) = Nye In N = -4z + In N,

e \ Slope= A

UJJ"""'C C)Akz .

Time, t



successive
radioactive decay
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Successive radioactive decay

« Equilibrium is used to describe the condition where the
donatives of a function is equal to zero.

 In radioactive decay it relates to the situation where the
number of atoms of a particular kind does not change
with time.

 Clearly, this is a contradiction, since radioactive decay
Implies change, whereas equilibrium does not. Whereas
absolute equilibrium is not possible,

« Equilibrium is adequately approximated in many
Important situations whenever the parent species Is
substantially longer-lived than the daughter nuclides.

« The various approximations to equilibrium give rise to
terms transient equilibrium and secular equilibrium .
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Radioactive equilibrium
Parent — daughter decay

Isotope can decay into radioactive isotope |

. . | T
—  Uranium decay series F‘“%q L 17
—  Lower energy = — i
. . Tt e
—  Different properties i — _ﬁﬁm-
o) e A b s e

« A t’;{f‘ij"éﬁ’éhﬁ?@; " b s

® Z | QI oy FLTi Nf:] a3

° Spln Fig, -0 The inenium serien. U1 sy (or s v (o s ans

For a decay parent > daughter

— Rate of daughter formation dependent
upon parent decay rate - daughter decay

rate
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Parent — daughter System

For the system 1 decays N0 2p 5 any(Ng) ) .. daughter(N2

dN
| | 3 = =AN, — 41N,
Rearranging gives: 9t
dN,
—=+ AN, =AN
dt N, = 4N,
Solve and substitute for N, using — N; = N, e'ﬂt
dN, v

dt + lZNé = /’z’lee_/11t

Multiply by !
PRV =S Ny | ) NLeit = e (4N, &)

dt
then g’ dcll\ltz +/12N2e”2t _ /qleoe(ﬂz—ﬂa)t

% ( NZe;tZt) — ﬂ’lNloe(ﬂQ_ﬂl)t



 Integrate from 0 —t
[ dNe™ = [ 4N, g% dt

1o
ﬂ“z_ﬂi
* Multipl At
ultiply by e N, = ! N, e +Ce ™
%ﬂz_
 andsolveforC at t=0 then— N,=0

Growth of daughter from parent




Then

A1

—A1t —A ot
= Ny (e " —e ™2
XZ—A4 ]D( )

No

The Final form iIs &




Maximum Daughter Activity
Case I: t,,, (Parent) <t,,, (daughter) A, >A,

The time (t,,,,) necessary for the maximum daughter
intensity is found when dN,/dt =0 then — t =t

* If parent is shorter-lived than daughter
(A>A,),
* No equilibrium attained at any time

max

sz 1 (=1 tmax) Aat
= 0 (A€ 1+ 1 e ™) =0
TIPSR 2
ANy, ﬂle(—/htmau) _ ANy, A, g 2 tma ‘ % — @A) tma
=4 A=A g 2
% = e(ﬂl_ﬂz)tmax ; t j In(/’lllﬂ/z)
2 max ﬂ’l _12



Maximum Daughter Activity

0 5 10 {1 15 20 25
1




Case I: t,, (Parent) <t,,, (daughter) A, > A,
No equilibrium attained at any time

Maximum Daughter Activity

fnax = Az — A7 1 In(A/A)

] I I i 1 I i i rm T ¥ T 1

L1 L1 llil

T T TTTITg

Daughter 214 pp
(half-life 26.8 min)

Parent 218 po
“ (haif-life 3 min)

10 1 1 L 1 | 1 1 L 1 1 L L |
0O €& 1218 24 30 385 42 48 54 60 66 T2 78 84

TIME (minutes)

FIG. 4.13. Case of no equilibrium: successive decay chain EIEF‘G{I“ 3 min) —- 1I'4Pb{£“ 6.8
man) —= stable.
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Radioactive Equilibriums

« Transient equilibrium

— Case ll: t,, (Parent) > t;,, (daughter) A1 < A2

— Parent half life greater than 10 x daughter half life
« Parent -daughter ratio becomes constant over time

— Ast goes toward infinity

%.'.e—kzt << e—?»]_t

Nio (671 72

_ 7"1
Ao — A1

N2 ~ ﬂ,l Nloe_/11t

\p

22_11



Activiby, A

Transient equilibrium

(3) Total activity

(2) Daughter
1401 3 (half-life
40 hours)

/

B | >0
| |
i

tivity A = Ay + Ag

f

1

RADIOACTIVITY
8

Juﬁﬁ_; (1) Parent '40Ba
1 ] Q) (haif-life 12.8 days)
[y i 200 H
| — ii.hh_
7 i R Wi S
.'J \ h"-h-.._‘_
|
r' |
:L | W\ Ao separated from (1) L |
‘L . .: “'-\ — - 100, 2 4 6 8 10121416182022242628
i A groving in (1) ' TIME (days)
| T
—— . —t- 1'. \: FIG. 4.12. Case of transient equilibrium: successive decay chain '*Ba(r,, 12,75 d) —
1 II b 190 a(r,, 1.678 d) — stable.
{ I [
= i |[ |
' N Figure 4.5, Transient equilibrum:

! | , \ | activities of mother and daughter
0 1 2 3 4 § 6 7 8§ g g Duclideasafunctionof/s;(2)
Whpl2y —=  (np(l)/np2)=35).




« Secular equilibrium
» Case lll: ty, (Parent) >>t,,, (daughter)
* (A <<Ay) M - 0

— Parent much longer half-life than daughter
 1E4 times greater

N A, 1
&: A Ni':ﬂq N_lzﬂi:tl
N, 4,-4 N, 4, ’ ’
N,A4, = N4,
A=A

It is common to define secular equilibrium as that condition
where the activities of the parent and the daughter are equal.



Activity, A —

Secular equilibrium

=5

|. —]
| _ ] . [ L
N |
Total activity A = A1 + Ag . '
|
(R
——#T— Ao growing in (1) —1
__%\ . —
) I I {
] ]
WA _ )
! \ !
1 . e I
| i
1IN T
S
- \, " = o)
N Ay separated from (1)
. __"{’ A —
t N |
| \
HEEREN
R T o B
L | .
- B . I
0 1 203 & 5 & 7 8 9 0
—

1000 =

i T T FiTrd

10

1

(4) Total activity of Cs solution

(2) 137 Cs mother

(3) '37™ Ba growing in

(1) decaying 13'MBa (precipitate)

B I S . ) |

L3 1 3l

{4 gl

FIG. 4.11. Casc of radivactive equilibnum: successive decay chain ”'TEIJ[I! 30 y) -

1¥T™Bafr,, 2.6 min) — stable.
Figure 4.4, Secular equilibrium:
activities of mother and daughter
nuclide as a function of t/1; 5(2).

[
0D 2468

TIME (minutes)

1012141618 2022 24 26 28



 When No daughter decay ( Stable daughter)
— No activity of daughter

— Number of daughter atoms due to parent
decay A,— O

Also, we can get the above from the following equation

N, =N, - N

Nd — Nlo - Nloe_ﬂlt

N=N,_e"

Nd — Nlo(l_ e_ﬂlt)



Parent (N) — daughter

ALl 3 palaal) B Apliticd g Al )3 (Bae LaS
for single nuclide

* The number of daughter nuclide can be
express by the relationship as following:

* Ny,=N,—N
* Ny=Ny—Nye™
¢ Nd — NO (1—6_)‘t)

Percent Muclicde

100
80
&0

40 1

20

0+

Radioactive Decay, .=0.02yr

e P 3rent
me Clalighter

0 50 100 450 200 250 300 350
Years
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Example

* For the following successive decay:

226 RQ 1622y )222Rr‘ 3.825d >218 PO
A |

If you leave 10-3 g of 2°Ra for 24 h,
What is the weigh{ of of °Rn and
calculate his activity?




The Solution

N, = <! Nlo(e_ﬂit — e_ﬂzt)
2’2 o 21

N, ( for Ra®®) =

10 3 < 6.023<10*
226

N, = 0.027 x10*°atom

0.693
& 1622 < 365
0.693 1
1.17 <10 ° x 0.027 < 10*° [e_1_17xlo_ex1
0.18
0.03x< 10" atom

0.03 < 10" < 222

6.023 =< 10~
A (activity) = 4, N,

A, = 0.18x 0.03x<10"
A, =5.4x<10"dp day = 3.75>x10°dpm

=1.17 <10 °day*

A, =

The weight = g=1.105%x10 °g




If you know that ??°Ra is decay to %%Rn by is
decay to 22°Rn by emission of alpha particles also
the 22?2Rn is decay to 4?18Po by emission of alpha
particles, calculate the equilibrium ratio for %?°Ra.
(note that: t,, for °Ra = 1620 y and

t,, for 222Rn = 3.83 day

¢

N_4_T
NZ ﬂl TZ
N 1620><12><30

— =1.55x10°
3.83

2



The naturally occurring heavy element decay chams (see below) where
B8 =5 2%p, 29U = 'Ph, and “*Th - “Pb and the extinct heavy element
decay seres me—r “"Bi are examples of secular equilibrium because of the
long halt-lives of the parents. Perhaps the most important cases of secular equili-
brium are the production of radionuclides by a nuclear reaction m an accelerator,
 reactor, a star, or the upper atmosphere. In this case, we have

Nuclear reaction = (2) = (3.38)



Many Decays

A A
Nl 1 > N2 2 > N3
aY) gl Badgll B jiiua 3_pAY) Baid sl
arent
P daughter Grand daughter
dN;
« Bateman solution dt AaNz = AaN3

- Only parent present at{ime 0

N, =Ce ™ +Ce +C e ™

j Mg Ao
Cl — Nlo
(R —Aq)(hg = Ag)...(hn — Ap)
AAs..... Ain—
C2 _ 1/v2 (n-1) Nlo
(A =A2)(Ag —Ay)... (A — Ay)

Long term decay is governed by parent
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Branching Decay
Competitive Decay Modes
for the same nucleus

40 . N-O
1o K >
EC/ \ /\
40 o 40 2NO,  2NO+O;
PLANAA Y
o o
O O
O O
o wey
™ —



Branching decay

B
« Competitive Decay Modes . P
for the same nucleus PR
— partial decay constants must be
considered N
1 -1
A has only one half life 4= Z — =) =
Q t1/2 i=1 t1/2

Branching decay 1s often observed for odd-odd nuclet on the line of f stability. For
example, K, which is responsible for the natural radioactivity of potassium, decays
into *’Ca with a probability of 89.3% by emission of §~ particles and into ’Ar with

a probability of
decay series, as a

0.7% by electron capture. Branching decay 1s also observed n the
ready mentioned in section 4.1,




Branching Decay

B
X
e F b hing d
Oor a prancning aecay b C
dN ,
Rateof Decay =——-=N, 1 ] ddNtA =—N,(1z; + 1)
as /1 — ﬂ“B + Z’C Q
dN dN
dtB — NAﬂdB dtc — NAZC

0.693
L, =
(Ag + )




Example Problem Consider the nucleus cu s = 12,700 h). *Cu is known

to decay by electron capture (61%) and B decay (39%). What are the partial
half-lives for EC and B~ decay?

Solution
A=1In2/12.700h = 5.46 x 107> h~!
Aec =3.329 x 10770
fis = (In2)/Agc = 20.8h
Ay = (3961 g = 2.128 x 1077 h™!
fi/y = (In2)/Ag = 32.6h




NATURAL RADIOACTIVITY

There are three naturally occurring decay series. They are the uranium
(A = 4n +2) series, in which *®U decays through 14 intermediate nuclei to form
the stable nucleus “"°Pb, the actinium or U (A = 4n+ 3) series in which 27U
decays through 11 intermediate nuclei to form stable *"’Pb, and the thorium
(A = 4n) series in which ***Th decays through a series of 10 intermediates to
stable “**Pb (Fig. 3.11)

Because the half-lives of the parent nuclei are so long relative to the other
members of each series, all members of eaci decay series are in secular equilibrium,
that is, the activities of each member of the chain are equal at equilibrium if the
sample has not been chemically fractionated. Thus, the activity associated with
¥ in secular equilibrium with its daughters is 14x the activity of the 381, The
notation 4n + 2, 4n, 4n + 3 refers to the fact that the mass number of each
member of a given chain is such that it can be represented by 4n, 4n+ 2, 4n + 3
where n is an integer. (There is an additional decay series, the 4n 4 1 series, that
is extinct because its longest lived member, **'Np, has a half-life of only
2.1 x 10° y, a time that is very short compared to the time of element formation.)
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Figure 3.11 The decay series of UZ", U™, and Th™. Not shown are several intermediate
daughter products of httle sigmbicance 1in geochemical appheations. For the sake of
caompleteness, old notations still reterred to frequently 1in present-day exts, eg., RaA for
Pu:”i', o for Th:q‘“, are given 1n the scheme.




Nuclear Reactions




Nuclear Reaction

‘Nuclear Chemistry: The study of the properties
and The Reactions of atomic nuclei.

A Nuclear reaction is the process in which two
nuclei or nuclear particles collide to produce products
different from the initial particles.

‘While the transformation is spontaneous in the case
of radioactive decay, it is initiated by a particle in the
case of a nuclear reaction.



http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Subatomic_particle
http://en.wikipedia.org/wiki/Radioactive_decay

Applications of Nuclear
Reactions

Based on nuclide productions:
synthesis of radioactive nuclides - for various applications
synthesis of missing elements Tc, Pm and At
synthesis of transuranium (93-102) elements
synthesis of transactinide (103 and higher) elements
Activation analyses

non-destructive methods to determine types and amounts of
elements

3 Appl | Catl ons Of Nuclear Reactions



1.

Nuclear Reaction

Is the process in which two nuclei, or else a nucleus
of an atom and a subatomic particle (such as a

proton, neutron, or high energy electron) from
outside the atom, collide to produce one or more
nuclides that are different from the nuclide(s) that

began the process.

a nuclear reaction must cause a transformation of at
least one nuclide to another.

If a nucleus interacts with another nucleus or
particle and they then separate without changing
the nature of any nuclide, the process is simply
referred to as a type of nuclear scattering, rather
than a nuclear reaction.



http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Subatomic_particle
http://en.wikipedia.org/wiki/Nuclide
http://en.wikipedia.org/wiki/Scattering

Another Definition for nuclear
Reactions

 The Interaction between nuclear radiation
and matter is called a "nuclear reaction" .

* There are several different kinds of
"radiation" that can cause nuclear
reactions such as gamma rays,
neutrons(n), proton(p) , light ions (d.,t, a),
heavy ions




* "Nuclear reaction” Is a term implying an
Induced change in a nuclide,

and thus it does not apply to any type of
radioactive decay (which by definition Is a
spontaneous process).

Natural nuclear reactions occur in the
Interaction between cosmic rays and
matter e.d.:

()n1+14N_) 14C+ p



http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Cosmic_ray

Differences between Nuclear
Reactions and Chemical
Reaction




Meuclear reactions differ from normal chemical reactions in seveml imporiant respects,

Chemical Reactions Muclear Reactions

L. Atoms are rearranged by the breaking and I, Elements (or sotopes of the same
formation of chemical bonds. elements) are interconvertad.

2. Unly electrons m atomic! molecular 2. Protons, neutrons, electrons and other
orbitals are involved. elementary particles mav be involved.

3. Reactions are accompanied by the 3. Reactions are accompanied by the
absorption or evolution of relative small absorption or evolution of hupge
amounts of engmg v, amount of energy,
AH_ . (CH, (g))=32k)g fission of 1 g**U: 8x 10" kJ

4. Reaction rates are strongly influenced by 4. Reaction rates are nol nommally
lempaerature, préssure, concentration and affected by temperature, pressure,
catalvsts, concentration or catalvals,

5. Isotopes react the same. 5. Isotopes react differently.

Heat of reaction for a nuclear reaction i1s given per nucleus transformed
While the heat of a chemical reaction Is given per mole.

Another difference : we keep in mined that the nuclear
reactions are very rare events compared with chemical
reactions (because of the small size of nuclei)




Notation

 Instead of using the full equations as shown in the
previous section, in many situations a compact
notation is used to describe nuclear reactions.

 Thisis A(a,b)B, which is equivalent to A + a gives
b + B.

v A +a—=B+b
v A (a.b) B

« Common light particles are often abbreviated in this
shorthand, typically p for proton, n for neutron, d for
deuteron, a representing an alpha particle or
helium-4, 3 for beta particle or electron, y for
gamma photon, etc.



http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Deuteron
http://en.wikipedia.org/wiki/Alpha_particle
http://en.wikipedia.org/wiki/Helium-4
http://en.wikipedia.org/wiki/Helium-4
http://en.wikipedia.org/wiki/Helium-4
http://en.wikipedia.org/wiki/Beta_particle
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Gamma_photon

Notation for Nuclear Reactions

A nucleus Is specified by its chemical symbol (e.g. C for
carbon), a superscript A (sum of Z protons and N neutrons in
the nucleus) and a subscript Z (protons, often omitted)
— Examples: “C, *He, =, Fe
Usual shorthand for a reaction:

a+A —-b+B Isalsowrntten as Ala.b)B
(eneral shorthand rule:

Target(Incident Before, Detected After)Undetected leftovers

Examples:

— Elastic scattering: 2C{p.p)"C

— Inelastic scattering (“inclusive” reaction): ®0(e,e"190"
— Knockout ("exclusive”) reaction: *He(e,e'p)*H

— Stripping reaction: "Li{d,p)fLi

— Photodisintegration: <H{y.pin



Conservation Laws

In Nuclear Reactions

 Conservation total number of nucleons
Conservation of Total Energy

« Conservation total charge
{- Conservation of Linear momentum
» Conservation of total angular momentum



Balancing the Nuclear Reactions
— Example

* Alpha particle colliding with nitrogen:
“He+ N — X + 'H
« Balancing the equation allows for the
identification of X

X > 1§X N lgO
 So the reaction Is

4 14 17 1
‘He + N — 70 + 'H

12



Balancing the Nuclear Reaction

In balancing nuclear equations:

. The total number of nucleons (neutrons and protons) in the products must be the
same as that in the reactants. In other words, the total mass number must be
conserved. Therefore the sum of superscrpts on each side of the equation must
be the same.

I

The total number of nuclear charges in the products and the reactants must be the
same. In other words, the total atomic number must be conserved. Therefore, the
sum of subscripts on each side of the equation must be the same.

14 4 17 1
_N"+ He" —» ;O + H

27 4 30 1

63 1 - 63 1 +
LCU”+ H — NI+ H + 7

 If the reaction equation is balanced, that does
not mean that the reaction really occurs.

« The rate at which reactions occur depends on the particle
energy, the particle flux and the reaction cross section



http://en.wikipedia.org/wiki/Flux
http://en.wikipedia.org/wiki/Cross_section_(physics)




Energy conservation

In a nuclear reaction, the total enerqgy is
conserved.

The "missing" rest mass must therefore
reappear as Kinetic energy released in the
reaction; its source iIs the nuclear binding
energy.

By using Einstein's mass-enerqy
equivalence formula E = mc?

the amount of energy released can be
determined.



http://en.wikipedia.org/wiki/Conservation_of_energy
http://en.wikipedia.org/wiki/Conservation_of_energy
http://en.wikipedia.org/wiki/Binding_energy
http://en.wikipedia.org/wiki/Binding_energy
http://en.wikipedia.org/wiki/Mass-energy_equivalence
http://en.wikipedia.org/wiki/Mass-energy_equivalence
http://en.wikipedia.org/wiki/Mass-energy_equivalence
http://en.wikipedia.org/wiki/Mass-energy_equivalence

The energy released in a nuclear reaction
can appear mainly in one of four ways:

1. energy is eventually released through nuclear reaction
(fission reaction)

25U +In — Gr + 143Xe + 31n + Energy

2. kinetic energy of the product particles
. emission of very high energy photons, called gamma rays

4. some energy may remain in the nucleus, as a metastable
enerqgy level.

* When the product nucleus is metastable, this is indicated
by placing an asterisk ("*") next to its atomic number. This
energy is eventually released through nuclear decay.

08



http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/Metastable
http://en.wikipedia.org/wiki/Energy_level
http://en.wikipedia.org/wiki/Asterisk
http://en.wikipedia.org/wiki/Nuclear_decay

Q-value and the Heat of Reaction

* In writing down the reaction equation, in a way
analogous to a chemical equation, one may in addition
give the reaction energy on the right side:

Target nucleus + projectile — Final nucleus + ejectile + Q.

« Thereaction energy (the "Q-value") is positive for
exothermic reactions and negative for endothermic
reactions.

1. On the one hand, it is the difference between the sums of
Kinetic energies on the final side and on the initial side.

2. But on the other hand, it is also the difference between
the nuclear rest masses on the initial side and on the
final side (in this way, we have calculated the O-value
above).



http://en.wikipedia.org/wiki/Chemical_equation
http://en.wikipedia.org/wiki/Q-value
http://en.wikipedia.org/wiki/Q-value
http://en.wikipedia.org/wiki/Q-value

Q Values

 Energy must also be conserved in nuclear
reactions

« The energy required to balance a nuclear
reaction IS called the Q value of the reaction

(In thermodynamic term Q is called H, the change of heat
content)

— An exothermic reaction
* There is a mass “loss” in the reaction
 There is arelease of energy
* Qis positive
— An endothermic reaction
* There is a “gain” of mass in the reaction

 Energy is needed, in the form of kinetic energy of
the incoming particles

* Qis negative

*Heat of reaction for a nuclear reaction is given per nucleus
transformed

While the heat of a chemical reaction is given per mole.



Example in page 67
 When Li is bombarded with protons having energies up
to 0.7 MeV, two alpha particles emerge at 180 °, each
having an energy of 8.66 MeV. Show that the total

energy of this reaction is 17.32 MeV in agreement with
change in the following reaction:

Li, + H; — 2He) + Q
7.01322 1.00814 2(4.0038)
Am = 0.01863 amu

AE = 0.01863 x 931
Q =17.32 Mev



Energetic of nuclear reactions

* Energy, mass number, momentum conservation
* Q-value : positive exoergic; negative endoergic
« Example of endoergic

“N +4He > ' H+ 10+ Q
14.0075 + 4.00387 - 1.00814 + 17.0074
18.0113 >  18.0126

Q =-1.19 MeV
Q=-1.2 MeV

Is It enough to start the reaction?



» Calculate the Energy released for the
following reaction -N** (a, p)gsO1’ formed
by 1 gm.

The answer

_N*+ He* »> O + H*
14.00751+ 4.00387 —17.00453 + 1.00814

A m=0.00129 amu
Q =931.5x0.00129
Q=12 MeV




_N*+ He* > 0" + H*
14.00751+ 4.00387 —17.00453 + 1.00814
18.01138 — 18.01267

Am=0.00129 amu
Q =931.5x0.00129
Q=12 MeV

We found that the Q Value of the reaction
N1 (a, p)gOt7is -1.2 MeV.

Does that mean this reaction can
actually be produced by alpha particles
whose kinetic energies are just over
1.2 MeV?



The answer 1s No for two
reason.

First, part of kinetic energy of alpha
particle must be retained by the
product as kinetic energy.

This Is because momentum must be
conserved



Total Linear p il /4
e (D)
Mp, Vp ¢

momentum
(Kinetic Energy) Before

After

Figure 10.1 Schematic diagram of a nuclear reaction.

 If a particle of mass m and velocity v strikes a
nucleus of mass M and is absorbed , then the
product nucleus whose mass will be (m + M)
must move in the same direction with a

velocity V:
mv=(m+M)V
* The kinetic energy T, of product nucleus will be

m
T = T
" (m+M)

Kinetic energy of
Incident particle



The Minimum Kinetic Energy
For Bombarding Particle

« Suppose the following reaction which is
endoergic nuclear reaction, the reacting system
will absorb an amount Q of kinetic energy

N2*+He > O +H —-Q

* The minimum required kinetic energy (T,,) must
be greater than Q by the amount T,
— OQ =Tm—TTr

— Q = M Tm

(M +m) Tm for the above reaction is
(M +m) |Tm=12(14+4)/14

Tm=— v, = 1.55 Mev




Threshold Energy

« To conserve both momentum and energy,
Incoming particles must have a minimum
amount of kinetic energy, called the threshold

energy (
KE = |1+ _J Q

— m Is the mass of the incoming particle
— M Is the mass of the target particle

 If the energy is less than this amount, the
reaction cannot occur




The Second reason why the alpha
particles must have higher energies
than is evident from the Q value of

the reaction -N* (a, p) gO'7 is the

Coulomb repulsion between alpha

particles and ;N4 nucleus.



B =2Z,Z,¢" /R

3 ®%

Coulomb
Repulsion

Nl

Figure 10.9 Schematic diagram of a charged-particle-induced reaction.

Center of the
nucleus

' Potential

«— Distance

% Nucleus with radius R



Coulomb Potential barrier

*For reaction between two nuclei to take place,

extremely high energies are needed to Overcome

the repulsive electrostatic Coulomb force, known as the
Coulomb barrier, between the positively charged nuclel,
to force the nuclei close enough to each other to come
within the influence of the strong nuclear force which
hold the nucleons in each nucleus together.

3 Sl (818 519 dadia Coulomb effects

2 R=15x1013Al3
£, - Z,Z.€e %
(R+R)

Z, and Z, are the charges of the incident
part|C|eS and nUCIeUS (Target) E.z. aproton on a lead mucleus: 13 MeV barrier.

The Coulomb barmer 1s very important for 1on beams.



In the reaction ,N* (a, p) ;O

*The height of the potential barrier (Eg) between a
and -N'* is estimated of about 3.4 MeV.

*The Tm of a particles is (14+4)/14 x 3.4 = 4.4 MeV.

*The Coulomb barrier for protons and deuterons is
about half the values for alpha particles .

*The highest of the barrier increases with increasing
Z of the target (it is proportional to Z%3)




°In the above discussion we have assumed

that the incident particle collides head on Cen t r | f u g al

with the nucleus.

sInteraction does not occur in the origin POtentl al

direction of motion of the particle and does

not pass through the centre of the target B i 1w Dl

i 4 f-&--i-~-H16E, R s L2
nuclel | ;
*Such systems have angular momentum o WO o i
The angular momentum is quantized in F. Bl iy toe
integral multiples of the universal unit h/2Tr 1 Héot--—1E 1 footdelE

n p f
levels levels levels leveis

*The resulting hindrance to the close
centrifugal barrier

h?l?
*The centrifugal barrier V is given by V= 87°M (R, + R,)?
equation hl (1 +1)
*The The centrifugal barrier for the reaction " 8r’M (R+R)’

N (a, p) gO7is 0.29 MeV

where [fi is the orbital angular momentum of the incident projectile.

*The potential barriers (coulomb and
centrifugal) is effective not only on particle
entering but also, for particles leaving.



Types of nuclear reactions

1. Radioactive Decay — nucleus decays
spontaneously giving off an energetic
particle

2. Nuclear Bombardment — shoot a high
energy particle at the nucleus of another
atom and watch what happens




Ty pical Experiment
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Bombardment Transmutation

— particles “shot” at nuclei; create new atoms
* Fission

— large atoms split, forming smaller atoms

— neutrons and energy also formed

* Fusion
— very small atoms fused together
— relative large amounts of energy produced



Types of Nuclear Reactions

According to type of incident particles
1- Charged-particle reactions
2-Neutron reactions

3-Photonuclear reactions
4-Electron-induced reactions
According to Target

1-Light nuclei (A< 40)

2-Intermediate nuclei (40< A<150)
3-Heavy nuclei (A2150)

According to the Reaction

1-Fission reactions

2-capture reactions (Proton and electrons)
3- photonuclear reactions



Nuclear Bombardment
Reactions

* All transuranium elements (more than 92
protons) were created synthetically in particle
accelerators.

« Particle accelerators are where most of the
bombarding takes place.

 The accelerators move the particles
toward each other at great speeds, to
overcome the repulsive forces.



Particle Induced Nuclear Reactions: are used mostly
tfor nuclear physics research, and for analytical purposes

a
(@ Negative-ion beam

Steel pressure tank —¢

Metal rings ——

p——— N8

L;E Gas inlet
+Very high voltage ¢ - Charge exchange
metal terminal - < canal

EEas

:i' = »
Charging belt -—““""!F_

G *_{. ~ Accelerating tube

”Q : %
- 87

Pasitive-ion beam "

The reaction "Li(p.o)*He can be used to
detect L1 1n solids [1-2 MeV protons]




SLAC :linear accelerator



Circular acceleration: Betatron

Toroid

Core

Electron Gun

Magnets



Neutrons Reactions

Neutron Bombardment




Nuclear Reactions Induced by Cosmic Rays

Cosmic rays consist of mainly high energy protons, and
they interact with atmospheres to produce neutrons,
protons, alpha particles and other subatomic particles.

One particular reaction is the production of 14C,
4N(n, p)t4C - B emitting, half-life 5730 y

Ordinary carbon active in exchange with CO, are
radioactive with 15 disintegration per minute per gram of
C.

Applying decay kinetics led to the **C-dating method.

42 Nuclear Reactions



Neutron -Induced Reactions

»>Using neutrons from the reaction, 2’Al (a, n)3!P,
Fermi’s group in Italy soon discovered these reactions:

19F (n, a) 16N Z7A1 (n, &) 2*Na (n , B) 2*Mg.

»They soon learned that almost all elements became
radioactive after the irradiation by neutrons, in

particular

10B (n, ) ’Li releasing 2.3-2.8 MeV energy

IS used In classical neutron detectors. Now, detectors
use,

4 SHe (n, p) °H




Neutron Interactions

® neutrons essentially interact only with the atomic
nucleus

® cross-sections can vary dramatically based on
complex interactions between all the nucleons In
the nucleus and the incident neutron

® huge effort and money has been spent to measure
these cross-sections for many materials and a
wide range of neutron energies



Benefits of Neutron Interactions
Needed for

1- shielding calculations

2- for many basic and applied type s of research:
® neutron scattering, crystal studies, DNA

® neutron activation analysis

® neutron radiography, paintings

® weapons research, neutron bombs

® Nuclear Reactor for producing Energy

® nuclear structure

® neutron depth profiling

® neutron dosimetry



Neutron Induced Nuclear Reactions
<l g il Ada gy ddiadiocal) 4y g gil) e Ladl)

Nuclear reactions induced by neutron bombardment are used:

a) In analytical techniques such as neutron activation analysis
b) Inthe generation of energy by Fission or Fusion

It 1s convenient to distinguish between fast and slow neutrons

Fast neutron — kinetic energy = 1 MeV
Slow neutron or thermal neutron — kinetic energy ~ 0.025 eV

The probability for a reaction to proceed or Cross Section
depends strongly on the energy of the neutrons



Neutron Activation Analyses (NAA)

Activation analyses

— non-destructive methods to determine types and
amounts of elements

“» Advantages of NAA
Simultaneous analysis for many elements
Chemical preparation rarely necessary
Non-destructive testing
Reliable quantitative results
Very high sensitivity (for some elements)




Neutron Activation Analyses (NAA)

Since most elements capture neutrons and produce
radioactive isotopes, these reactions made them
detectable.

LAfter f emission, the daughter nuclides usually emit
y rays.

Each nuclide has a unique y-ray spectra.

Presence of their spectra after irradiation implies
their being in the sample, and Intensities of certain

peaks enable their amounts to be determined ——
Detectors ] [ gun
‘ /
NAA can be applied to explore planets L~
and satellites and other objects in space.

- - 1AL
a8 ;



How Is NAA?

* Hit source with neutrons

a4 =In(t) = PoN(l —e™*)
 Sources become radioactive
« Then decay in predictable ways

« Detect the gamma-rays (prompt and delayed) - with gas
detector, scintillators o=, semiconductors

« Bin number of counts at each energy

)
Prompt Beta
Gamma Ray Particle
Target
Nucleus {(.r«\«\
h
]
2 \ / 5
Incident Radioactive o
eg® Product
W
Neutron 8260 e% Nucleus Nucleus
oo, ® %o,
ee .. ®
... - :
313

Compound
Nucleus Gamma Ray




Gamma-ray spectrometer

gamma +
ray

Voltage
supply

Germanium —
crystal

50

I A height analyzer

counts

Multichannel pulse-

s Sample ID = CPA1260

Sc Irad.time =24h
Deca],t time = 8d
Counting time = 30 m

display .,

energy
AA&A spring 2002



Neutron Activation Analysis

Low energy neutrons are likely to be captured by nuclei, with
emission of radiation from the excited nucleus. as in X(n.y)Y.
The emitted radiation is a signature for the presence of element X

Various layers of a painting are revealed using NAA
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Neutron-induced Reactions

A) Thermal neutrons and its velocities
B) Moderation of Neutrons
C) Slow-neutron Reactions cross sections

D) one —over V law And The Resonance
Process



The Potential Energy of a Positively Charged
Particle as it Approaches a Nucleus.

Potential Energy

Neutron-
iInduced
Reactions

Coulomb
barrier

Neutron
>
Ch.arged < O
particle 4

Nucleus, .4

54 Nuclear Reactions



* Since a neutron has no charge, it is not
resisted by the nucleus it iIs bombarding.

» Because of this, neutrons do not need to be
accelerated to high energies before they can
undergo a nuclear reaction.

* Nuclear reactions involving neutrons are thus
easier and cheaper to perform than those
requiring positively charged particles.
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Classification of Neutrons

Neutrons are classified according to their
energy:

® thermal neutrons have an energy of about ~ 0.025 eV
® “Thermal neutrons” :

® S neutrons whose enerqy distribution equal to that of gas
molecules In thermal agitation at ordinary temperatures.

® slow neutrons have energies between 0.01 KeV and
0.1 KeV

® Moderate neutrons have energy of about 0.2 Kev to 20
Kev

® fast neutrons - 0.1 MeV and 20 MeV
® epithermal neutrons, resonance neutrons,
® relativistic neutrons



Thermal energies of neutrons

“Thermal neutrons” :

IS neutrons whose energy distribution
equal to that of gas molecules in thermal
agitation at ordinary temperatures.

® at thermal energies neutrons are

Indistinguishable from gas molecules at thq s

same temperature and follow the Maxwell-
Boltzman distribution:

F(E)= 2 EIKT 12

3/2
® where: (nkT)

f (E) = fraction of neutrons of energy
e/unit energy interval

k = Boltzman constant x 1022 J/°K

T = absolute temperature °K




The nentron sources
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Neutron Sources for Nuclear
Reactions

Neutrons are the most important subatomic
particles for inducing nuclear reactions. These

Sources are.

61

1- Neutrons from o induced nuclear reactions
2- Neutrons from y-photon excitations

3- Neutrons from nuclear reactions induced by
accelerated particles

4- Neutrons from spontaneous and n-induced
fission reactions (nuclear reactors)
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1-Neutrons from o Induced Reactions

The discovery of neutron by James Chadwick in 1932 by
reaction

‘Be (a, n) *2C,

was applied to supply neutrons for nuclear reactions by
mixing a-emitting nuclides with Be and other light nuclides.

Mixtures used as neutron sources
Source Reaction n energy / MeV

Ra & Be ‘Be(a, nN)*?C  upto 13
Po & Be ‘Be(a, nN)2C  upto 11
Pué&B UB(a, n)“N up to 6
Ra & Al 2TAl (o, N)3IP

63



Sources of Neutrons (a,n)

Source Avg Neutron Half-Life NG
Energy (MeV) Sec
“10ppBe 4.2 138 d 9 x 10°
“10poB 2.5 138 d 4 x 10°
*2°RaBe 3.9 1602 yr 1.7 x 107
226RaB 3.0 1602 yr 6.8 x 10°
*%puBe 4.5 24,400yr 1 x10°




2-Neutrons by y Excitation

*High-energy photons excites light nuclides to release neutrons.

*To avoid a- and B-ray excitation, radioactive materials are
separated from these light nuclides in these two-component
neutron sources to supply low energy neutrons for nuclear
reactions.

Two-component neutron sources

Source Reaction n energy / MeV
226Ra, Be ‘Be(y, n)i?C 0.6
226Ra, D,O 2D(y, n)H 0.1
24Na, Be ‘Be(y, n)®Be 0.8

24Na, H 2D(y, n)*H 0.2



3-Neutrons from Accelerators and
Reactors

3. Accelerator Neutrons

® particle accelerators are used to generate neutrons
by means of nuclear reactions such as: D-T, D-N,
P-N

3H(d,n)*He - Q-value = 17.6 MeV —»14.1MeV neutrons
°H(d,n)3He - Q-value = 3.27 MeV

Li(p,n)'Be - Q-value = 1.65 MeV

® (Q-values means the nuclear reaction can be
Induced with only several hundred keV ions
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4- Neutrons by fission reaction
* Fission:
n + 2%U = n + n + fragments
i | |
Sustain chain reaction

200 MeV/n

moderated by = available

D,O (H,0) to
E =T (Maxwellian)
® some heavy nuclel fission and emitting neutrons

* Neutrons from nuclear fission reactions
— 252Cf spontaneous fission to yield 3 or more neutrons

— 235 and 23° Pu induced fission reactions release 2 to 368
neutrons in each fission



Interaction of Neutrons with

matter

® neutrons are uncharged and can travel
appreciable distances in matter without
Interacting

neutrons interact mostly by
1-elastic

2-Inelastic scattering,

3- absorption or capture

4- fission




Neutron interaction with matter

Neutrons can interact with matter via a number of different reactions.
depending on their energy. The following are among the most important of these
reactions:

1. Elastic scattering, A(n, n)A, which is the principal interaction mechanism for
neutrons.

2. Inelastic scattering, A(n, n")A*, where the product nucleus A* is left in an excited
state. To undergo inelastic scattering, the incident neutron must have sufficient
energy to excite the product nucleus, generally about 1 MeV or more.

3. Radiative capture, A(n, v)A + 1. As discussed earlier, this cross section shows
a 1/v energy dependence, and this process is important for low-energy
neutrons.

4. Fission, A(n, f), which is most likely at thermal energies but occurs at all ener-

gies where the neutron binding energy exceeds the fission barrier height for
fissile nuclei.

5. Knockout reactions, such as (n,p), (n,a), (n,t), and so forth, which are
maximum for neutrons of eV—-keV energy but occur at higher energies.



Moderation of Neutrons

« Usually a neutron source consists of an a emitter such as
222Rng, mixed with Be, an element whose nuclei produce
neutrons when bombarded by a particles:

9 4 12 1
Be + ;He — “C + n

« The neutrons produced by Eg. (1) have a very high energy and
are called fast neutrons.

 For many purposes the neutrons are more useful if they are
first slowed down or moderated by passing them through
paraffin wax or some other substance containing light nuclei in
which they can dissipate most of their energy by collision.




Elastic Scattering
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Before After .'
Collision Collision A
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»In collision with protons, neutrons lose half their

energy on average.

»This reaction makes hydrogenous materials (materials

rich in protons) good shields (e.g. concrete, wax, water,
.,and various plastics).




Elastic scatter: The most important process for slowing down of neutrons.

Total kinetic energy 1s conserved

E lost by the neutron 1s transferred to the recoiling particle.
Maximum energy transfer occurs with a head-on collision.
Elastic scatter cross sections depend on energy and material.

O - AmME, e /{

(M +m)’ \

(Max. energy Transferred) Q max=4A E, /(A + 1)?
The average lost in a single collision is %2 Q max = 2A E, /(A + 1)
The ratio E/E,= 1- 2A /(A + 1)°= (A% + 1) /(A + 1)

By integration of E/E, between min. and max. limits

Ln E/Ey= [1- (A-1)?/2A]In[ (A +1)/(A-1)] forasingle collision
Ln E/Ex5= n x [1- (A-1)2/2A]In[ (A +1)/ (A -1)]

For collision with proton A=1— E,=E;e™
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Moderation of Neutrons
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Inelastic Scattering

Before Momentarily, After collision, ™.
collision both masses excess energy is

are united. emitted as electro-

magnetic radiation.

The neutron is captured, then re-emitted by the target
nucleus together with the gamma photon. It has
lesser energy

This interaction is best described by the compound nucleus model,

In which the neutron is captured, then re-emitted by that target nucleus

together with the gamma photon.
76
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Types of nuclear reactions
Induced QX neutrons
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J The neutron cross section, and therefore the
probability of an interaction, depends on:

1. the target type (hydrogen, uranium...),
2. the type of nuclear reaction (scattering, fission...).

3. the incident particle energy, also called speed or
temperature (thermal, fast...),

J and, to a lesser extent, of:

1. its relative angle between the incident neutron and the
target nuclide,

2. the target nuclide temperature.



http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Uranium
http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Nuclear_fission
http://en.wikipedia.org/wiki/Neutron_temperature

Cross Sections of
Nuclear Reactions

Cross Section of the Target and
the Random Target Shooting

(Don’t be too serious about the crossection)




Nuclear Reactions

he interaction between nuclear radiation
and matter is called a "nuclear reaction"

Nuclear reactions are described by:

1.
2. the nuclear target,
3.
4

D.

specifying the type of the incident radiation,

the products of the reaction,

the probability that the reaction will take place,
which is called the "cross section,"

and the distributions in energy and angle of the
reaction products




Cross Sections

 You can visualize a target material as an array of
little disks. Larger disks would be easy to hit
(large cross section, large reaction probability),
and smaller disks would be hard to hit.

 In physics; an atom with a large cross section
would be "as easy to hit as the side of a barn

oThe name cross-section arises because it has
the dimensions of area.

oThe probability that a nuclear reaction will
take place is measured in units of "barns,"
where 1 barn equals 102* cm>.

oThis is a unit of area.



http://en.wikipedia.org/wiki/Area

Slow- neutron reaction Cross
sections

In the reactions with slow neutrons, The area of the target is
negligible in comparison with the cross sectional area estimated from
its de Broglie wavelength a—yz(R+2—”T

‘_-I-

oc=n(R+X) Butwhen A))R

o= k°
For fast particle reactions the total cross section for the target nucleus
is Tt R
The measured cross sections for thermal-neutron reactions are often
much greater than n R?
The largest thermal neutron capture cross section observed for
Cd (19500 barns), so Cd used as absorber for thermal neutrons.

Nuclel which contain a magic number of neutrons have small cross
sections for the capture of another neutrons

For example: the cross section for Pb2%8 (N =126) is 0.0006 barn , while
Pb2%7 is 0.69 barn. Also, Xe!3¢ (N =82) is 0.15 barn while for Xel3>is 3.5
x 10% barns




« The most important neutron absorber is °boron
as 1B,C in control rods, or boric acid as a
coolant water additive in PWRs.

« Other important neutron absorbers that are used
IN nuclear reactors are xenon, cadmium,
hafnium, gadolinium, cobalt, samarium, titanium,
dysprosium, erbium, europium, molybdenum
and ytterbium



http://en.wikipedia.org/wiki/Boron
http://en.wikipedia.org/wiki/Control_rod
http://en.wikipedia.org/wiki/Boric_acid
http://en.wikipedia.org/wiki/Nuclear_reactor_coolant
http://en.wikipedia.org/wiki/Pressurized_water_reactor#Control
http://en.wikipedia.org/wiki/Xenon
http://en.wikipedia.org/wiki/Cadmium
http://en.wikipedia.org/wiki/Hafnium
http://en.wikipedia.org/wiki/Gadolinium
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Absorption / Radiative
Capture (n,y)

® capture cross-sections for low energy neutrons
generally decreases as the reciprocal of the velocity
as the neutron energy increases

® phenomenon called 1/v law

® valid up to 1000 eV



Absorption (Neutron Capture)

* Low energy neutrons (thermal or near thermal) are
likely to undergo absorption reactions.

* In this energy range, the absorption cross-section of
many nuclei, has been found to be inversely
proportional to the square root of the energy of the
neutron.

— one-over-v law for slow neutron absorption
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What is Nuclear Fusion?

tritium H3 helium He4

‘3\ A/B

;sion
- AV R

deuterium H2 neutron

* Fusion is the process in which two light
atoms are fused together generating a heavier
atom with the aim of generating energy



In physics, nuclear fusion (a thermonuclear reaction)
IS a process in which two nuclei join to form a larger
nucleus, thereby giving off enerqgy.

Nuclear fusion is the energy source which causes
stars to "shine", and hydrogen bombss to explode.

Any two nuclel can be forced to fuse with enough
energy.

When lighter nuclel fuse, the resulting nucleon has
too many neutrons to be stable, and the neutron is
ejected with high energy.

Most lighter nuclei will produce more energy than
Initially required to cause them to fuse, making the
reaction exothermic and chain or transiently self-
sustaining, and generating net power.



http://www.fact-index.com/p/ph/physics_1.html
http://www.fact-index.com/a/at/atomic_nucleus.html
http://www.fact-index.com/e/en/energy.html
http://www.fact-index.com/s/st/star.html
http://www.fact-index.com/n/nu/nuclear_weapon.html
http://www.fact-index.com/n/ne/neutron.html
http://www.fact-index.com/e/ex/exothermic.html

Nuclear Fusion

Fusion

small nuclei combine
‘H + SH— ‘He + 'n +
1 1 2 0

Fusion is like lighting a match to a bucket of gasoline. You
need that input energy (the match), but what you get as a
result is far more powerful.



The Fusion Process
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Fusion Reaction

‘H + p—>°He+7+0Q
‘H+°H —>°He+n+Q

‘H

*H —>*He

N

Q



Energy Released by Nuclear
Fusion and Fission

Fusion reactions release much higher energies -

Muclear binding energy released

D Deuterium
- *He Helium 3
" F““Q T Tritium
Li Lithium
iHa Helium 4
IHe Energy 1 Uranium
N released
” in Fusion
FUSION FISSION
e A e
Energy released
1 in fission
JUFET WG ’

Atamic mass
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Requirements for fusion

A substantial
reaction. The

energy barrier opposes the fusion
long range Coulomb repulsion

between the nuclei is offset by strong nuclear

force.

The magnituc
depends on't

e of the repulsion of the nuclel
neir total electrical charge, and thus

the total num
The simplest

per of protons they contain.
way to provide such energies is to

heat the nuclel.

Temperature

IS a measure of the average kinetic

energy of a substance

For any particular temperature, a certain
percentage of the nuclel will have enough energy

to fuse.


http://www.fact-index.com/e/el/electricity.html
http://www.fact-index.com/s/st/strong_interaction.html
http://www.fact-index.com/s/st/strong_interaction.html
http://www.fact-index.com/p/pr/proton.html
http://www.fact-index.com/k/ki/kinetic_energy.html
http://www.fact-index.com/k/ki/kinetic_energy.html

Requirements for fusion

The reaction cross section combines the effects of the
potential barrler and thermal velomty distribution of the
nuclel into an "effective area" for fusion collisions.

The cross section depend on n is the density of nuclel,
v is the thermal velocity, and f is the frequency of fusion
producing collisions.

The cross section is also itself a function of thermal
energy in the nuclei. Cross section increases from
virtually zero at room temperatures up to meaningful
maghnitudes at temperatures of 10 - 100 keV. At these
temperatures, well above typical ionization energies, the
fusion reactants exist in a plasma state.

the amount of time they remain together (the
confinement time),

This can be quantified by what is commonly called
the fusion triple product, nTT OR pT where p=nT.



http://www.fact-index.com/c/cr/cross_section.html
http://www.fact-index.com/1/1_/1_e_15_j.html
http://www.fact-index.com/1/1_/1_e_14_j.html
http://www.fact-index.com/p/pl/plasma.html

— 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 nuclel
must be significantly high so that there are
enough reactions occurring in a short
period of time.

* time
—These nuclel need to be confined to up to a
second or more at 10 atmospheres of

pressure In order for enough reactions to
take place.



Plasmas

« APlasmais anionized gas. A mixture of positive ions
and negative electrons with overall charge neutrality

Plasmas constitute the 4th state of matter, obtained at
temperatures in excess of 100,000 degrees

Plasmas conduct electricity and heat e
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Four State of matter
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http://ar.wikipedia.org/wiki/%D9%86%D9%88%D8%A7%D8%A9_(%D8%B0%D8%B1%D8%A9)

why Will Fusion Power Be Important ?

The deuterium in the earth's oceans is sufficient to fuel
advanced fusion reactors for millions of years.

The waste product from a deuterium-tritium fusion
reactor is ordinary harmless helium.

Solar and renewable energy technologies will play a role
In our energy future. Although they are inherently safe
and feature an unlimited fuel supply

Another option, nuclear fission, suffers from a negative
public perception. High-level radioactive waste disposal,
and the proliferation threat of weapons-grade nuclear
materials, are major concerns. The fuel supply in this
case, uranium, is large, but ultimately limited to several
hundred years.

Nuclear fusion indeed looks like it may be the power
source of the future!

Fusion energy can be used to produce electricity and
hydrogen, and for desalination
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Energy from Fusion

2 3 4 1
H+ H - He+ ntEnergy
Thetotal mass before fusion (LHS of the equation):

3.345x 1027 + 5.008 x 1027 =8.353 x 102’ kg

Thetotal mass after fission (RHS of the equation):
6.647 x 10%" + 1.675 x 102" = 8.322 X 10%” kg

m = total mass before fission — total mass after fission
m = 3.1 x 10® kg E =mc?
The energy released per fusion is2.79 x 1012 J.




Fusion Applications

e Power Plants

o 2 Liters of Water + 250 Grams of rock provide enough
resources for aone energy supply of a European family

e Nuclear Weapons
o 500 times more powerful then first fusion weapons
o Different Process Then Power Generation



FUSION =
A deuterium nucleus and a . P
tritium nucleus combine to form — «
a helium-4 nucleus and a |
neutron. The difference in the
masses is converted to the
kinetic energy of the emerging
particles.
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Magnetic Confinement

Magnetic fields cause charged particles to spiral
around field lines. Plasma particles are lost to the
vessel walls only by relatively slow diffusion across
the field lines

Toroidal (ring shaped) system avoids plasma
hitting the end of the container

The most successful Magnetic Confinement device
Is the TOKAMAK (Russian for ‘Toroidal Magnefic
Chamber’)



The Tokamak:
A Transformer Device

Magnetic Circuit
{iron transformer core)

i

Primary Transformer Circuit
finner pokoidal field coils)

Toroidal Field
Coils

Plasma Positioning
and Shaping Coils i T,

L Y
| ; MR Inner Poloidal
: . i B B | N Field Coils

: T L I _ f
i !h J’ [ o \ = Poloidal field Y

= Toroidal field
. i

:i;l:;mt:;::? Secondary transformer circuit . < —
uter Falaida
{exagerated) {plasma with plasma cument, ) i =il Fiald Coils

F’,“‘algrl'_‘?““ Toroidal Fizld
|||||| EEI”S

'\.‘. .--_."
“= = Plasma Current



RS '.ﬂ‘g ‘w-)‘. e

o ‘;,; "’“‘

ey

iy

Al

L7
s 5 \s% ..

S — =N
3 p—— =






http://www.google.com.eg/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http%3A%2F%2Fwww.rtve.es%2Falacarta%2Fvideos%2Finforme-semanal%2Finforme-semanal-energia-fusion-proyecto-iter%2F1169383%2F&ei=tKyMVKvvO8uqPJjRgcgM&bvm=bv.81828268,d.ZWU&psig=AFQjCNHJsyY1rPGc48VPgU1ipQdiRM84Fg&ust=1418591769481582

How the Sun generates energy... and

converts itself from hydrogen to helium

high energy protons released, which
then participate in new reactions) is
one way:

 Proton-Proton (pp) chain

 And thereis the CNO cycle (Bethe
cycle)

« The best evidence available at present
Indicate that:

 In the center of the sun, the carbon
nitrogen cycle Is faster

« And In alarge interior region at
slightly lower temperatures, the
proton-proton chain is important
because of its smaller temperature
dependence.




Proton-Proton (pp) Chain

at s BV "
+ + % 3 “I ‘.
‘HtH>'H+e'+v  ‘HtHoH+e +v ) ,
1! 4
ymaly 1 second ‘
¢+e oYty ¢+e Y4y L ;"’ O 9
1" ; . Se .
H \ b
¥ Hl 107 years
1771 3 1r7! 3 I
Ht H7 He+y H+'H—'He+y "y "D w/ e
| * oFas H' g . @
. It,m ; . | 1
9 H
‘He+'He—'He + H+'H o Wy T

(D is a shorthand notation for deuterium, 2H, and T is short for tritium, 3H)

e H1+H1? -> D2 + et

e D2+ H! - T (He?) +vy

* T+H!-> He'+ e*

e 4 H! > He? +2 et +26 Mev



http://www.fact-index.com/d/de/deuterium.html
http://www.fact-index.com/t/tr/tritium.html

CNO cycle (Bethe cycle)

e The sun is believed to contain = 80%
hydrogen, 19 % Heliumand 1% C, N, O

and Other EIement The Reactions of the CNO Cycle
In stars the primary constituents are hydrogen and helinm, but there are usually (much) smaller amounts of heavier elements present. In

o c12 + H 1 9 N 13 + v particular there can he Carbon (C), Nitrogen (N), and Oxygen (O} ions. If these are present, they can participate in the sequence of reactions
illustrated in the figure helow.

13 1 14 '’ PN
e CP+H">N"“+y

Y N 14+ Hlé 015 + v T'pﬂc‘j p l tyo = 9.97m

15N 13c

° 015 é N15 + e+
) (b T>16x10K
P N 15 + Hle ClZ + He4 B M = 1.1 Solar Masses

{:ps""::'
150 .‘_I 14N

4 H! > He? + 2 et + 26 Mev

The CNO cyele.

*The carbon serves only as a catalst. -

In this diagram beta* indicates a beta decay and the notation (ab) means that the nucleus captures the particle labeled by “a" and emits the
particle laheled by "h".



Nuclear Fission

—

+2 X 102 kJ/mol

e

(Unstable nucleus)

e[ission reactions — a very heavy nucleus, after absorbing
additional light particles (usually neutrons), splits into two or
sometimes three pieces. (a decay is not usually called fission.)

CX " Y+ AL


http://en.wikipedia.org/wiki/Nuclear_fission

Spallation

* In general ,spallation is a process in which
fragments of material (spall) are ejected from a
body due to impact or stress.

* In nuclear physics, spallation is the process in
which a heavy nucleus emits a large number of
nucleons as a result of being hit by a high-energy
particle, thus greatly reducing its atomic weight.

* Note that: Spallation reactions is the reactions
occur with emission of a large number of
fragments corresponding to a very highly excited
compound nucleus (fission processes).



http://en.wikipedia.org/wiki/Spall
http://en.wikipedia.org/wiki/Nuclear_physics
http://en.wikipedia.org/wiki/Nucleon
http://en.wikipedia.org/wiki/Subatomic_particle
http://en.wikipedia.org/wiki/Atomic_weight

Nuclear Fission
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The liquid Drop Model of Fission

e s o

RU S — —

*The nucleus is tended to assume the spherical shape like the
water drop under the influence of surface tension.

* The surface tension causes a lowering of total binding energy
which is proportional to the surface area.

* In case of electrical charged drop (such as a nucleus), The
coulomb repulsion is greatest for the very compact spherical
shape.

*The coulomb repulsion tries to make drop assume a nonspherical
shape, while the surface tension tries to keep the drop spherical.



p Symmetric and asymmetric fission

1) Symmetric fission to equal fragments with masses M;(A.Z;) = M2(A1,Z,)=M(A/2,Z/2) :

Q, =2W(A/2,Z/2)-W(A, Z) ~ |[E_ (A, Z) +E_(A, Z)| - 2[E (A2, Z/2) + E (A2, Z2) |

Fission is energetically favourable if Q;>0 =@ Fs - WANDHE Cheray

E.— Coulomb energy

fission parameter A - 17 for nuclei with A = 90
i

2) Asvmmetric fission to fragments with nonequal masses M;(A.Z,). M,(A,..Z,).

it produces the fission products at

Ay, ~95£15 and Ay, =135+15.
The reason:
to form closed shells for the fission products!

Thermal Neutron Fission of U-235
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Critical Size
(Fission Parameter)

O For very heavy nuclei, the repulsion is much
stronger.

 so, it was shown that there will be a certain critical

size for nuclei depending on Z?/A217. N e e

 Above that ,the electrostatic repulsion force will
be greater than the surface force holding the
nucleus together.

O The critical size has been calculated to occur for s
Z near 100, so a small excitation should be sufficient _.
to induce breakup into to fragments

(Ratio Z%/A (fission parameter) iscritical for stability
against spontaneous fission e

Neutrons trigger more reactions

Spegtd 04 Paszy Eamn sty w A Aaey



Critical Mass
 The minimum mass of fissionable material
required to generate a self-sustaining nuclear
chain reaction iIs the critical mass.

* In practical terms the effective critical mass
depends on many other attributes, such as
the degree of enrichment of the fuel, its
shape, temperature, density, and whether it
IS contained within a neutron-reflective
< critical mass Aa jall ALS)

G ¥ AU O 0 &8 ilinite IS Allay By o g 280 ol LBV &) ALl 3
AN, LAk AL V) g UiVl e ani Y i critical mass sl A<
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Nuclear Energy

(b)



Nuclear Fission Energy

22U + n ——%Sr + 13Xe + 340 + Energy

Energy = [mass 23°U + mass n — (mass 2°Sr + mass 43Xe + 3 x mass n )] x ¢?

Energy = 3.3 x 10-*1J per 23U
= 2.0 x 1013 J per mole %°U

Combustion of 1 ton of coal =5 x 107 J



Fission chain reactions

Fission chain reactions are used:

Nuclear power plants operate by precisely controlling
the rate at which nuclear reactions occur, and that
control is maintained through the use of several
redundant layers of safety measures.

Moreover, the materials in a nuclear reactor core and
the uranium enrichment level make a nuclear
explosion impossible, even if all safety measures failed.

Nuclear weapons are specifically engineered to
produce a reaction that is so fast and intense that it
cannot be controlled after it has started.

When properly designed, this uncontrolled reaction
can lead to an explosive energy release.




The Chain Reaction of Fission
Process

25U +In — 9%Sr + 43Xe + 3In + Energy | .

O =
Peul

o

Nucleus / \O\‘ o ‘ ou
TO— o

Two neutrons ‘ o,

from fission‘ . ‘ i:
\ o Jeul
o <
~_ @

9 e
\O\‘\o\

Neutron-o—

Zumdahl, Zumdahl, DeCoste, World of Chemistry 2002, page 620



K Reactor Multiplication Constant

o Self-sustainability of chain reaction depends on relative
rates of production and elimination of neutrons.

o Measured by the effective reactor multiplication
constant:

k... = Rate of neutron production/Rate of neutron loss



-

Reactor Multiplication Constant

Three possibilities for k

k.<1:  Fewer neutrons being produced than
eliminated. Chain reaction not self-sustaining, reactor
eventually shuts down. Reactor is subcritical.

Ks=1:  Neutrons produced at same rate as

eliminated. Chain reaction exactly self-sustaining,
reactor in steady state. Reactor is critical.

kis>1:  More neutrons being produced than
eliminated. Chain reaction more than self-sustaining,
reactor power increases. Reactor is supercritical.



Nuclear chain reactions

The effective neutron multiplication factor, k, is the average number of neutrons from
one fission that causes another fission:

number of neutrons in one generation

b=

number of neutrons in preceding generation

The remaining neutrons either are absorbed in non-fission reactions or leave the svstem
without being absorbed.
The value of k determines how a nuclear chain reaction proceeds:

d /< 1 (subcriticality): The system cannot sustain a chain reaction, and any beginning
of a chain reaction dies out in time. For every fission that is induced in the system, an
average total of 1/(1 — k) fissions occur.

d /=1 (criticality): Every fission causes an average of one more fission, leading to a
fission (and power) level that is constant. Nuclear power plants operate with &k =1 unless
the power level is being increased or decreased.

d /= 1 (supercriticality): For every fission in the material, it is likely that there will be &
fissions after the next mean generation time. The result is that the number of fission
(F=DA ywhere t is the

r

reactions increases exponentially, according to the equation ¢
elapsed time. Nuclear weapons are designed to operate in this state.



Nuclear chain for Fission

*The key to keeping the reaction going is that at least one of the neutrons
given off, must cause another fission

How many of created neutrons produced further fission depends on
arrangement of setup with fission material

*Ratio between neutron numbers in n and n+1 generations
of fission is named as multiplication factor k:

May be defined as: the ratio of the average number of fission in one
step or (generation) to the number of fissions in the previous generation

OR the ratio of the number of neutrons in one generation to the number of
neutrons in the previous generation.
Its magnitude is split to three cases:.
Kes <1 =subcritical —without external neutron source
reactions stop — accelerator driven transmutors
— external neutron source
ks = 1 — critical — can take place controlled chain reaction
— nuclear reactors
kot > 1 —supercritical —uncontrolled (runaway) chain
reaction — nuclear bombs




Reactivity (p) of a Reactor

If p IS positive , the
reaction rate will
increase.

If p IS negative , the
reaction rate will
decrease.

If p = 0, the reaction
rate will steady
constant

In nuclear Reactors , It
IS essential that the
reaction rate and p
values is around =0

Excess effective

multiplication factor
/
Ko = Ky —1




=

Critical Mass of Reactor

Critical Mass

Because leakage of neutrons out of reactor increases as
size of reactor decreases, reactor must have a minimum
size to work.

Below minimum size (critical mass), leakage is too high
and k.. cannot possibly be equal to 1.

Critical mass depends on:
— shape of the reactor

— composition of the fuel

— other materials in the reactor.

Shape with lowest relative leakage, i.e. for which critical
mass is least, is shape with smallest surface-to-volume
ratio: a sphere.



Critical Mass

« The minimum mass of fissionable material
required to generate a self-sustaining
nuclear chain reaction iIs the critical mass.

* In practical terms the effective critical
mass depends on many other attributes,
such as the degree of enrichment of the
fuel, its shape, temperature, density, and
whether it Is contained within a neutron-
reflective substance




Control the fission Chain Reaction

The efficiency of
controlling the rate of
fission chain reaction
depend on :

The delayed neutron
fraction

Rate

U blsd
moderator

bedita
moderator

| neutron

T
moderator



Energy from Fission

Energy released per fission ~ 200 MeV [~ 3.2*10" J].

This is hundreds of thousands, or millions, of times
greater than energy produced by combustion, but still
only ~0.09% of mass energy of uranium nucleus!

Energy appears mostly (85%) as kinetic energy of fission
fragments, and in small part (15%) as kinetic energy of
other particles.

e The energy is quickly reduced to heat,
e The heat is used to make steam by boiling water,
e The steams turns a turbine and generates electricity.




Uranium as a Fuel

23 SU 23 8U
92 Protons @ 92 Protons @
143 Neutrons @ 146 Neutrons ®

Two Uranium Isotopes



a2
k Fissionable and Fissile Nuclides

e Only a few nuclides can fission.

e A nuclide which can be induced to fission by an

incoming neutron of any energy is called fissile. Only
one naturally occurring fissile nuclide: 2°U.

e Other fissile nuclides: 2°°U, some isotopes of plutonium,
23Py and 2*'Pu; none of these occurs in nature to any
appreciable extent.

e Fissionable nuclides: can be induced to fission by
heutrons only of energy higher than a certain threshold.
e.d. 28U and #4Pu.

[Note the fissile nuclides have odd A. This is because of the
greater binding energy for pairs of nucleons ]



Nuclear Fuel

— Fissile Material

Fissile materials are those fissionable materials which are
capable of sustaining a chain reaction when struck by
neutrons with low kinetic energy (Slow or thermal
neutrons)

The three most important fissile materials which can be

obtained in large enough useful quantities are Uranium-

233 and Uranium-235, both dense soft silvery metals and
Plutonium-239, also a dense silvery white metal.

— Fertile Material

Fertile materials are isotopes which are capable of
becoming fissile by capturing fast moving neutrons
possibly followed by radioactive decay. Examples are
Uranium-238, Plutonium-240 and Thorium-232.

Fissionable materials are not necessarily fissile. Thus,
although Uranium-238 is fissionable, it is fertile but not
fissile.


http://www.mpoweruk.com/nuclear_theory.htm#chain#chain
http://www.mpoweruk.com/nuclear_theory.htm#slow#slow
http://www.mpoweruk.com/nuclear_theory.htm#slow#slow
http://www.mpoweruk.com/nuclear_theory.htm#fast#fast

Uranium Enrichment

The nuclear fuel is uranium, with its fissionable isotope U-235
enriched to about 3%.

Because the U-235 is so highly diluted with U-238, an
explosion like that of a nuclear bomb is not possible.

Uranium-235 undergoes fission when it absorbs a neutron,
but uranium-238 normally doesn't.

To sustain a chain reaction in uranium, the sample must
contain a higher percentage of U-235 than occurs naturally.

Since atoms U-235 and U-238 are virtually identical
chemically, they cannot be separated by a chemical reaction.
They must be separated by physical means.
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Nuclear Reactions as an Energy
ource

Uranium-235, a source of nuclear
power.




Fission Nuclear Reactors
Classification

According to Neutron Enerqgy:

Thermal Reactors

Fast Reactors

Intermediate Reactors

According to the reactor core structure :

Homogenous Reactors (fuel and moderators are homogenous)
Heterogeneous Reactors

According to Produce new fissionable Material:

Burner (Conversion) Reactors (produce fissionable material less
than consumed in the reactor)

Breeder Reactors (produce fissionable material more than
consumed in the reactor)

According to The applications :
Energy production Reactors
Investigation Reactors
Research Reactors

Military Reactors

Practice (educated) Reactors




The main Components of Nuclear
Reactors for producting Energy

_11-Reactor Core

e Fuel

* moderator

e Control Rods (Safety Rods)
« Cooler System

* Neutrons refractors

12- Heat Exchanger
13- Confinements Shell



The control rods are made of a material
(usually cadmium or boron) that readily
absorbs neutrons.

The moderator may be graphite or it may be
water.

Heated water around the nuclear fuel is kept under
high pressure and is thus brought to a high
temperature without bolling.

It transfers heat to a second, lower-pressure water
system, which operates the electric generator in a
conventional fashion.




Nuclear Reactors

Steam  Steam

Confinement
M) turbine

shell —_

Electric

:E generator

Condenser
e
Reactor iy
< Cooling water
core /
Control
rods _—Warm water
River, lake

Heat or acean
exchanger —

I A Cool water
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Steam generator

Nuclear —
core (

Steam turbine

Power lines
\

© Electric |

‘Control
mechanism

Control
rods ~«=

/Condensed water

g
Condenser

\%
Nuclear fuel rods)\

Circulating, pressurized l Coolant water of lake, T
water (cools the core and | river, ocean, etc.

transfers heat to the

steam generator)

(M

Figure 5.1: Schematic diagram of a nuclear power plant.




Controlling the Chain Reaction

Fuel
L Assemblies -

Control rods =

Withdraw control rods, Insert control rods,
reaction increases reaction decreases



Controlling the Chain Reaction

* Plant operators can control the chain
reaction. Long rods are inserted among
the fuel assemblies.

* These "control rods" are made to absorb
neutrons, so the neutrons can no longer
hit atoms and make them split.

* To speed up the chain reaction, plant
operators withdraw the control rods,
either partially or fully. To slow it, they
insert the control rods.



Energy production Reactors
( Thermal Reactors)

e Cooling Systems

_ight Water Reactor (LWR)

Heavy Water Reactor (HWR)
Pressurized Water Reactor (PWR)
Boiling Water Reactor (BWR)

Gas Cooled Reactor (GCR)

High Temperature Gas Cooled Reactor
(HTGR)




U.S. Reactors

>
BTy .

The Reactors are based on water moderator.
The reactor get hot the water turns to steam
and the reactor stops.

If the reactor cools the water becomes more
dense and the reactor warms up.

This is a “naturally” stable system.



*A diagram of a modern pressurized-water nuclear
reactor.

« Hot water coming from the reactor is converted to steam
when the pressure is reduced in the steam generators.

*The steam turns the turbines, which power the electric
generator.

Containment ngh préssu'ré Low pressure
building steam turbine steam turbines ;
Electric

generator :
) C'é—'}—g

1
E,q M~ [~——-

Reactor




Breeders and Burners Reactors

Nuclear Reactor Types: Breeder Reactors

® A breeder reactor produces more fissile material than it
consumes. The specific reactions that are typically used are
the conversion of 23*U to **?Pu and **?Th to 233 U:

23877 23977 239 a7 2= P 23¢ Q= -
BUan — U SBINpr T+ 2" Put T4 D

232 233 A7 23: Aa— , o 23377, a—
2rhan s BNp 2B Pa T B UL T 4w

# *YPuhasy = 2.1 for thermal neutrons, but up to = 3 for fast
neutrons. For this reason the fast neutrons are not moderated,
|.e. water and other low-Z material is not used as coolant. The
typical coolant is liquid sodium.

#® Breeder reactors are harder to control and carry some risks,
e.g. through the liquid sodium, that other reactor don’t have.
However, also uranium is a limited resource and if one wants to
use nuclear power one eventually will have to use breeder
reactors.



Breeder Reactors

Breeder Reactors in Summary
* Fuelis U 238
Fission process is the same as the U 235 reactor
Breeder process
— U 238 absorbs fast neutrons to become U 239

— U 239 sometimes beta decays twice to form Pu 239, which
fissions

— U 239 sometimes absorbs another neutron to hecome U 240
— U 240 beta decays twice to form Pu 240, which fissions

Advantages of the breeder over a conventional reactor
— U 238 is most abundant isotope, ~99% of all uranium
— Fuel needs much less processing
— Virtually indefinite supply available
— Fuel can be "mined" from oceans
Disadvantages of the breeder reactor
— Pu 239 can be used in nuclear bomb
— Pu is highly toxic and radioactive
— Creates nuclear waste as does U 235 fission reactor
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Courtesy National Archives,
photo no. 77-BT-187

The uranium bomb, 3m (10 ft) long and 0.7 m (2.3 ft) in diameter, was called “Little Boy.”




Nuclear Fission Bomb

A simplified diagram of a uranium fission bomb is shown here.

TNT TO DRIVE URANIUM PIECES
QUICKLY TOGETHER

RADIOACTIVE SOURCE
SUBCRITICAL PIECES THAT SUPPLIES FREE

OF URANIUM NEUTRONS
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Uranium bomb

Conventional

explosive

Subcritical
tube of U-235

Hollow Subcritical Conventional explosive
tube plug of U-235 detonates, sending U-235
plug toward U-235 tube

U-235 plug fits into hole
in U-235 tube forming
critical mass of U-235...

e T
LR = "\_F N

o e i ? "\

/J ) s ( AN B!

(‘ f ? ” ,J {

TLe 4\ = {J {

Plutonium bomb

Conventional

Conventional explosive detonates,

Sphere of Pu-239, subcritical
compressing sphere of Pu-239

because of hole at center

Sphere collapses into
critical mass of Pu-239...

.producing a nuclear explosion

Figure 4.11: The operation of fission bombs.




Uranium cylinder
with neutron source

Explosive / Uranium sphere /
charge with cylindrical hole
Detonators Chemical

explosive

Fusion fuel
(lithium,
deuterium,
tntium)

Additional
fusion fuel

H*+H’= He' +,n'

Campywyhd © Mhe W hww 48 - R il

Detonators Ignition layer

Chemical explosive

Neutron reflector

Plutonium

Neutron source



Advantages and disadvantage of
Nuclear Reactors

 Advantages

« Unlike fossil fuels, nuclear fuels do not produce
carbon dioxide or sulphur dioxide.

« 1Kkg of nuclear fuel produces millions of times more
energy than 1 kg of coal.

 Disadvantages

* like fossil fuels, nuclear fuels are non-renewable
energy resources

- If there Is an accident, large amounts of radioactive
material could be released into the environment.
Although modern reactor designs are extremely
safe.

* Nuclear waste remains radioactive and is hazardous
to health for thousands of years. It must be stored
safely.



http://www.bbc.co.uk/scotland/learning/bitesize/standard/physics/energy_matters/generation_of_electricity_rev2.shtml##
http://www.bbc.co.uk/scotland/learning/bitesize/standard/physics/energy_matters/generation_of_electricity_rev2.shtml##

Nuclear Waste
Disposal

Zumdahl, Zumdahl, DeCoste, World of Chemistry 2002, page 626
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Courtesy Yucca Mountain Project

Construction of a tunnel that will be used for burial of radioactive wastes deep within
Yucca Mountain, Nevada.
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Courtesy Matthew Neal M cVay/Stone/Getty
Images

Disposal of radioactive wastes by burial in a shallow pit.




Pathways Of Exposure To Man From
Release of Radioactive Materials

Internal dosq
inhalation of s
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External dose direct
from radioactive materials
deposited on the ground
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Applications For Nuclear
Chemistry

 Medicine
— Chemotherapy
— Power pacemakers
— Diagnostic tracers

« Agriculture
— lrradiate food
— Pesticide
* Energy
— Fission
— Fusion



Applications of Nuclear Chemistry

Medical Uses of Radioactivity

e |In Vivo Procedures

« Determination of whole-blood volume using red blood
cells labeled with chromium-51.

« Therapeutic Procedures

« Irradiation of tumors using gamma rays emitted from
cobalt-60.
« Betaemission of iodine-131 to treat thyroid disease.



Radionuclide in Medicine

Radionuclides are used in imaging for diagnosis and
treatment.

In addition to PET, there are other nuclides specifically
accumulated in organs for image and diagnoses.

*Radionuclide therapy selectively deliver radiation doses In
target tissues.

Radiopharmaceuticals - DNA, sugar, protein, and drug
molecules, eg. 13 or I-MIBG

*Radionuclide therapy still finds itself in a last position
among other treatments.

3
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X-ray Imaging

Absorption of X-ray and gamma-ray by different material
for image: today, 2-dimensional solid state detectors are
used in place of films for X-ray and gamma-ray imaging
as shown in this image by Varian

Mammography _ss<il
Lg.ém GGMY\
and CT Scan 4mkiall 4ady)

X-rays provide the sharpest images of the
breast's inner structure. Mammogram detects
small tumors and changes in the breast tissues.
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Courtesy Custom
M edical Stock Photo

An image of a thyroid gland obtained through the use of radioactive iodine.
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Courtesy
CNRI/Phototake

Images of human lungs obtained from a y-ray scan.



© 2003 John Wiley and Sons Publishers

Courtesy Kelley Culpepper/Transparencies,

[aYal

A cancer patient receiving radiation therapy.




Irradiation Sterilization

Irradiation by ionizing radiation kills bacteria and cells. This effect
has been applied for the following areas:

sterilize medical equipment

sterilize consumer products such as baby bottle, pacifiers, hygiene
products, hair brush, sewage

sterilize common home and industry products

food preservation

Nuclear Technolo


http://www.google.com.eg/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http%3A%2F%2Fwww.nordion.com%2Four_products%2Fsterilization_update_issue2.asp&ei=FnGQVMKnF4eXatONgegM&bvm=bv.81828268,d.d2s&psig=AFQjCNG0gdLjvfX3b_G8W_y2_IhlQmKTIw&ust=1418838664208062
http://www.google.com.eg/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http%3A%2F%2Fwww.geocities.ws%2Fc_rizescu%2Fproducts.html&ei=VHGQVOedIdXvapCpgLgD&bvm=bv.81828268,d.d2s&psig=AFQjCNG0gdLjvfX3b_G8W_y2_IhlQmKTIw&ust=1418838664208062
http://www.google.com.eg/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http%3A%2F%2Fwww.hkns.org.hk%2Fknowledge.html&ei=v3GQVLPnE4braK-MgagD&bvm=bv.81828268,d.d2s&psig=AFQjCNG0gdLjvfX3b_G8W_y2_IhlQmKTIw&ust=1418838664208062

Irradiation for Food Processing

Soon after discovery, X-rays were used to kill insects and their eggs.

After WWII, spent fuel rod were used to sterilize food, but soon, ¢°Co
was found easier to use in th 1950s.

In 1958, USSR granted irradiation of potatoes for sprout inhibition.
Canada granted irradiation of potatoes, onions, wheat, dry spices.

At 1980 meeting, a committee considered a dose of 10 kGy safe.

However, food processing has many other problems such as
regulation, labelling, marketing and public acceptance to deal with.

10
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*Food can be irradiated with y rays
from %°Co or 13/Cs.

Irradiated milk has a shelf life of 3 mo.
without refrigeration.

USDA has approved irradiation of
meats and eggs.



Applications of Nuclear
Chemistry

Dating with Radioisotopes

Radioactive carbon-14 is constantly being generated
In the upper atmosphere by neutron bombardment:

14 1 14 1
N+ +.nt— C* + | H

Carbon-14 eventually enters the food chain via the
formation of carbon dioxide and its uptake by plants
via photosynthesis. Eating these plants distributes
carbon-14 throughout all living organisms.

The half-life of carbon-14 is 5730 years:

14 14 0
The measured ratio of carbon-14/carbon-12 after
death can determine how long ago the organism died.



Neutron Activation Analysis
(NAA)

Neutron activation analysis is a multi-, major-, minor-, and
trace-element analytical method for the accurate and
precise determination of elemental concentrations in
materials.

Sensitivity for certain elements are below nanogram level.

The method Is based on the detection and measurement of
characteristic gamma rays emitted from radioactive
Isotopes produced in the sample upon irradiation with
neutrons.

High resolution germanium semiconductor detector gives
specific information about elements.

13 Nuclear Technologies



Radioactive Tracers

 Tag molecules or metals with radioactive
tags and monitor the location of the
radioactivity with time.
— Feed plants radioactive phosphorus.

— Incorporate radioactive atoms into catalysts in
iIndustry to monitor where the catalyst is lost to
(and how to recover it or clean up the
effluent).

— lodine tracers used to monitor thyroid activity.




Structures and Mechanisms

« Radiolabeled (or even
simply mass labeled)
atoms can be
Incorporated Iinto
molecules.

 The exact location of
those atoms can
provide insight into the /
chemical mechanism o
the reaction.




Uses of Radioactive Isotopes In industry

« This process is used in common industrial applications such
as:

— the automobile industry—to test steel quality in the
manufacture of cars and to obtain the proper thickness of
tin and aluminum

— the aircraft industry—to check for flaws in jet engines

— construction—to gauge the density of road surfaces and
subsurfaces

— pipeline companies—to test the strength of welds

— oil, gas, and mining companies—to map the contours of
test wells and mine bores,

— cable manufacturers—to check ski lift cables for cracks.

— Measuring the thickness of materials in, for example, a
Paper Mill




Sensor adjusts ) o
rollers based on Detector
data from detector

3

B-particle
Rollers material source
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