Science is facts; just as houses are made of stone, so science is made of facts; but a
pile of stones 1s not a house, and a collection of facts 1s not necessarily a science.
- Jules Henri Poincare

Science is not belief, but the will to find out.
- Anonymous



Energy and Work

Harder you have to work, the more potential energy you produce

Ex: lifting weights

Electrical potential energy: U F k Q1Q2

proportional to the charges,
Inversely proportional to
distance apart

Potential energy is positive if
you have to force the objects together, i.e., they repel each other

Potential energy is negative if
you have to use force to separate the objects, i.e., they attract each other



Example: Make a rough estimate of how the electrical potential energy of
two protons in a carbon nucleus compares to the electrical potential
energy of the outermost electron orbiting outside the nucleus.

U =k 2
d

The outermost electron has a charge of —e

and the effective charge of the nucleus is +e.
The two protons both have charge +e. So there
IS no difference in the size of the charges in the
two cases. But an estimate of the distance
between the proton and the electron is about
10-10 m while an estimate of the distance
between the two protons is 1012 m. So the
electrical potential energy of the two protons is
(10-10/10-13) = 108 = 1000 times the electrical
potential energy of the proton and the electron.



Potential energy can be converted into Aznuetic energy (energy of motion)of atoms.
Often this is the first step to producing other forms of energy.

The average kinetic energy of atoms in a gas 1s proportional to its (absolute)
temperature. So 1if you increase the kinetic energy of a gas by converting some of
the potential energy of its atoms or molecules into kinetic energy, it gets hotter.

This is basically what happens in a coal burning power plant. Or in a nuclear power
plant.



Neutrons (A-Z)

120
100

=
—

=
—

o
=

P2
—

0

stable
nuclei

0 20 40 60 380 100120
Protons (Z)



“Chart of the nuclides”

126

.

164] u -

208Ph

proton-rich nuclei

178H¥F

100§ 166 F

S0

2 1328n

4“Ca neutron-rich nuclei

28 1=
30 78Ni

line of beta stabilty £



Three primary modes of radioactive decay:
- alpha (o) decay
- beta () decay

- gamma (Y) decay



The solution to too many neutrons: beta () decay

. : '] Jir O
Inside the nucleus: nO = p+ +e +v,

Upshot: neutron becomes proton (hence different element!) , electron and neutrino
ejected with much energy, (electron anti)neutrino never heard from again, energetic
electron zs the beta radiation.
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One solution to too many protons: also beta decay, but with a twist.

; _ i
Inside the nucleus: p+ P r]0 Loty v,

Upshot: proton turns into neutron (hence different element!), positive version of the
electron (the positron) and the (electron) neutrino go off with high energy, the neutrino
is never heard from again, energetic positron zs the beta radiation.

2
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Another solution to too many protons: alpha (o) decay

Nucleus spits out the nucleus of a helium-four atom, 4, He (a.k.a. an a/pha particle).

Upshot: Alpha particle shoots out of nucleus carrying two protons and two

neutrons (hence changing element!), the energetic alpha particle s the radiation.

Example: 95 Am — : jP = s O(
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Nuclei are composite objects, hence can be set into vibration. This excitation is often
the result of alpha or beta decay. The excitation energy 1s emitted in the form of very
energetic light called gamma (y) radiation. So y radiation often accompanies alpha or
beta decay.

Example: 22 22 * + 0
1Na—> o Ne +e" +v,

22 2 22 0
o Ne = Ne+y

Upshot: Beta same as before, ejecting energetic electron, but now we see that
energetic gamma 1s also produced. Note that y radiation does 7of change the
identity of the element. Also note that gamma rays are not charged nor do they
have mass.

Another source of y radiation is mwatter-antimatter annihilation. When a particle meets its
antiparticle they both disappear (annihilate) and their energy is converted into two
gamma rays.

Example: :
e +et > +4°



All three forms of radiation are very energetic. Around 10°X more energy than it takes
to break chemical bonds or strip electrons from molecules. Hence, zonizing radiation.

Alpha particles are doubly positively charged and the highest mass. It turns out this
means that it interacts the most strongly with materials. Can be stopped by a piece of

papet.
Beta particles are singly charged and have small mass. This means it interacts fairly

strongly with materials, but not as much as alpha particles. Can be stopped by metal
foil or 1/8” thick piece of plastic.

Gammas are not charged and so interact even less strongly with materials. So very
penetrating radiation

None of this radiation generates significant residual radioactivity.



A collection of a given radioactive nuclei gets less radioactive with time. We say that the
radiation decays with time.

Fundamental rule: in any fixed time interval, there is an constant probability that a given
nucleus will emit radiation.

N
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Equation for radioactive decay:
N 0
t

N (t) =



N(ly A
Activity (rate of decay, decays per second)
Ny
This 1s what we usually can measure. Usually
symbolized by A. N,/2
Note property of N(#) curve that number of
Decays increases with N. In fact, A is proportional 0 >
to IN. 0 Ty, 21,31, 54T,
Ais called the decay constant. At
A and T , are related. Ay
A2
P In2
T2 0 '

0 T, 2T1/23T1/24T1/2 ;



Decay constant gives alternate formulas:

N=Ne™* A=Ae™"

One decay each second is called a becguere/ (Bg).

3.7x10! decays each second is called a curie (Ci).

1 pCi (10°¢ Ci) generally unregulated

1 mCi (107 Ci) is generally regulated, needs to be handled cautiously

1 Ci generally requires government inspections, protocols



