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A Nuclear Intro

The vast majority of chemical reactions that we typically discuss involve atoms
sharing or transferring their electrons, which are located in their outer orbitals. In
contrast, nuclear reactions involve transfers or transformations of neutrons or
protons from the atom’s nucleus. In this video, we will discuss nuclear reactions.

Before getting into that, however,
we have to first review atomic
structure.

electrons

nucleus
(neutrons and protons)



Atomic (Chemical) Symbols

We use abbreviations called atomic symbols to identify elements. For example,
here’s the symbol for Uranium (U):

238

Atomic # (# of |__» 92 U
protons)

The atomic number corresponds to the box in which the element appears on the
periodic table. For example, U appears in box 92 of the periodic table, so its atomic
number is 92. The atomic number is always the same for all elements with the
same letter symbol. In other words, all Mg elements have an atomic number of 12.
Also, the atomic number is equal to the number of protons, so all Mg atoms have
12 protons. The number of protons in a given element never changes.
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Atomic (Chemical) Symbols

We use abbreviations called atomic symbols to identify elements. For example,
here’s the symbol for Uranium (U):

238

Atomic # (# of |__» 92
protons)

U

The atomic number corresponds to the box in which the element appears on the
periodic table. For example, U appears in box 92 of the periodic table, so its atomic
number is 92. The atomic number is always the same for all elements with the
same letter symbol. In other words, all U atoms have an atomic number of 92. Also,
the atomic number is equal to the number of protons, so all U atoms have 92
protons. The number of protons in a given element never changes!




Atomic Weight

An atom’s mass is equal to the combined masses of its protons and neutrons, which
are (once again) located in its nucleus.

Mass # ~—~—238

U

Atomic # (# of |__» 92
protons)

Mass # = (# of protons) + (# of neutrons)






Atomic Weight

An atom’s mass is equal to the combined masses of its protons and neutrons, which
are located in its nucleus.

Mass # ——238

U

Atomic # (# of |__» 92
protons)

Mass # = (# of protons) + (# of neutrons)

So how can you calculate an atom’s number of neutrons?

# of neutrons = Mass # - # of protons
= Mass# - atomic#



Atomic Weight

The mass number CAN change for different atoms of the same element.

Mass # ——238

Atomic # (# of |__» 92 U
protons)

Mass # = (# of protons) + (# of neutrons)

As | already mentioned, all atoms of the same element have the SAME number of
protons and the SAME atomic number. For example, all U atoms have 92 protons.

You CANNOT change the number of protons in an element. If you do, you change
the element.




Atomic Weight

The mass number CAN change for different atoms of the same element.

Mass # ——238

U

Atomic # (# of |__» 92
protons)

Mass # = (# of protons) + (# of neutrons)

However, different atoms of the same element can have different numbers of
neutrons. For example, a 238U atom has 92 protons and 146 neutrons
(92+146=238), but not all U atoms weigh 238. Some weigh 236, and some weigh
235. A 238U atom, for example, has 92 protons and 144 neutrons (92+144=236),
while a 235U atom has 92 protons and 143 neutrons (92+143=235).



Atoms of the same element that have different mass numbers, are
called I1sotopes.

For example, most carbon atoms have 6 neutrons. We call these
“carbon 12” (or 2C) atoms because they weigh 12 amu (6 neutrons + 6
protons = 12 amu). In contrast, other carbon atoms have 7 neutrons.
These are called “carbon 13” (or 3C) atoms because they weigh 13
amu. We would say that 2C and 3C atoms are different isotopes of
carbon. All of these, however, have the same atomic number, 6, and the
same number of protons (6).

Once again, you CAN change an element's number of electrons or
neutrons without changing which element it is, but you CANNOT change
its number of protons. For example, if you change a carbon atom’s
number of protons to 7, it is no longer carbon. It is now nitrogen.



Atomic Weight vs. Mass Number

There is a slight, technical difference between an atom’s atomic weight and an
element’'s mass number (or atomic mass). For example a '°C atom has a mass
number of 12 amu, which means that it weighs 12 amu, end of story.

However, if you look on the periodic table, you'll see that as an element, carbon’s
atomic weight s listed as 12.0107, not 12.

Why? Because in real life, there are four different isotopes of carbon ("C, 12C, 13C,
and 1%C), each present in a different percentage in nature. ?2C is by far the most
abundant.

The atomic weight on the periodic table, then, is a weighted average of all of these
four isotopes’ individual atomic masses, mathematically combined and averaged into
one number. The reason it’s so close to 12 is because >98% of all C atoms are 12C.
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Atomic Weight vs. Mass Number

Thus, an atom’s atomic mass is its exact mass. For example, a 2C atom
weighs exactly 12 amu. A 3C weighs exactly 13 amu, and so forth.

In contrast, an element's atomic weight is the number that appears on
the periodic table, which is the sum of all of its isotopes’ individual atomic
masses, each multiplied by its own abundance percentage.

As | already explained, an individual atom's mass number (atomic
mass) is equal to its number of protons plus its number of neutrons.
Thus:

# of neutrons = mass # — # of protons



Nuclear Particles

In the realm of nuclear chemistry and nuclear physics, for the EXAM, you should
memorize the six nuclear particles’ names and formulas shown below. These are
listed here in order of increasing mass and penetration, which (you'll notice) have
iInverse relationships. We'll discuss and use these nuclear particles more later on.

Particle

-
not true He Alpha Particle Q
atoms o : 8
because they L Neutron n g
have no = : 1 5
electrons Ccn Proton 1H or 1p _8
@ ~ Beta Particle ‘e or 08 >

@} | (high-speed electron) 1 1 2

T : A

= Positron Je =

S

Gamma particle oY




88510, 1Z=p1no¢dyd-xepul/m/b.10 eIpawjim suowwody/:sdpy ‘0'e
VS-Ag DD ‘(abewl ONJ JO UOISISA J0}OBA) YIOM UMQ - Yyoijale| Ag



To Review ...

In a prior video, | taught you that for the EXAM, you need to memorize the six nuclear
particles’ names and formulas shown below, listed here in order of increasing mass
and penetration, which are inversely related.

Particle Symbol

=:
Alpha Particle tHe or %a g
0 Q)
1
% Neutron 'n 7]
: TH or 1 (3
(o) Proton 1 p
= e
= . ‘:,D
S | Beta Particle 0 or OB 3
@} | (high-speed electron) 1 1 2
T . : S
= Positron Je =3
-

Gamma particle 0y




Nuclear Reactions

Unlike traditional chemical reactions, which involve the giving or sharing of electrons,
nuclear reactions involve nuclear particles: specifically, the ones listed in this table.

When an atom gives off (emits) these particles, it's called nuclear emission, decay,

or fission.

Particle Symbol =:
Alpha Particle tHe or %a g
© Neutron h 7]
; 2

o Proton 'H or 1p
= o
= . g
S | Beta Particle 0 or OB 3
@} | (high-speed electron) 1 -1 2
= ; S
= Positron Je =
-

Gamma particle oY




Decay (Fission) Reactions

In general, nuclear decay (fission or emission) reactions look like this:

|

reactant

products

Where A = C + E and B = D + F. The identities of X, Y, and Z are
determined completely by their atomic numbers, B, D, and F.



Capture (Fusion) Reactions

In contrast, nuclear capture (fusion) reactions look like this:

12 505
|

product

reactants

Where A + C = E and B + D = F. The identities of X, Y, and Z are
determined completely by their atomic numbers, B, D, and F.



Nuclear Reactions Involve Mass Change

Just so you know, both classes of nuclear reactions (fission and fusion)
also have an accompanying release of energy. All nuclear reactions,
then, look generically like this:

reactants -> products + energy

This release of energy always involves a change in mass, according to
Einstein's famous equation E = mc?, or (in this context) AE = Amc?.

S0 yes, in nuclear reactions, mass and energy are interchanged. We'll
discuss this more in a later video.



How To Do Nuclear Reaction Questions

For now, please understand that for most nuclear reaction questions, you'll be given
all the reactants and products except for one, and will then be asked to identify the
missing piece.

To do this, you simply have to make sure that your subscript and superscript numbers
all add up to equal each other on both sides of the equation.

AX + §Y > Ez

Please note: Even though, in these problems, we balance these nuclear reactions
completely and usually leave energy out of the equation, there is still some amount of
enerqy qiven off in _every nuclear reaction, which means that in_every nuclear
reaction, some mass is lost. For these problems, we just use rounded numbers that
are so much larger than the lost mass that we don't really have to account for it.




Questions

Please identify the missing atom or particle (???) in the following nuclear
reaction:

131 0
=al 2 4B + 7?77



Questions

Please identify the missing atom or particle (???) in the following nuclear
reaction:

Po + 2%a + 2 9B > 7727
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The Band of Stability

Because nuclei contain a bunch of protons that are squished tightly
together in a very small space, you might wonder why their repulsion for
each other (caused by their all having the same positive charge) wouldn’t
cause the nucleus to simply blow apart.

As it turns out, at close distance, nuclear particles (protons and neutrons)
are actually attracted to each other by a force called the strong force
(also called the nuclear force), notwithstanding the repulsion caused by
protons all having the same charge as each other.

In addition to that, neutrons help offset the repulsive forces between
protons in an atom’s nucleus. Thus, an atom’s ratio of neutrons-to-

protons is intimately connected to its stability.



The Belt of Stability

For reasons that aren’t extremely clear to me, for
the first 20 elements on the periodic table, atoms
must have close to a 1-to-1 ratio of protons-to-
neutrons in order to be stable.

For atoms beyond that, their neutron number can
exceed their proton number, to a point, while still
maintaining stability.

This chart shows a blueish/yellowish-colored
band (called the belt of stability), which
represents all the neutron-to-proton ratios that
are stable. All isotopes that fall outside of this
band are unstable (radioactive) and will
spontaneously undergo nuclear reactions.
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The Belt of Stability
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The Belt of Stability

You can predict what type of nuclear reaction a
radioactive isotope will undergo by looking at its
neutron-to-proton ratio, relative to this belt of
stability. For example:

« Atoms above the belt — These isotopes have too many
neutrons, relative to protons. They decrease this
neutron-to-proton ratio by emitting beta particles through
beta decay. For example:

135 0 135
ssXe 2> 4B + 55Cs
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The Belt of Stability

You can predict what type of nuclear reaction a
radioactive isotope will undergo by looking at its
neutron-to-proton ratio, relative to this belt of
stability. For example:

« Atoms below the belt — These isotopes have too many
protons, relative to neutrons. They fix this problem by
either emitting a positron (positron emission) or
capturing an electron (electron capture). For instance:

Positron emission

118 0 118
saXe 2> e + sl

Electron capture

118 0 118
ssXe + 1B 2> ‘sl
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Emission Summary

This table summarizes the types of radioactive decays or particle captures that
unstable isotopes undergo in their move toward stability. Please note for this table that

N = # of neutrons, and Z = # of protons.

Route of decay Nuclear particle involved Result Likely For?

Alpha (a) decay ‘4He or Z%a reduces mass # Large nuclei (Z>83)
2 2
N/Z ratio too high (too

. 0 0
B decay (3 emission) ,e or _ B neutron - proton many neutrons)
B* decay ‘e or O roton = neutron N/Z ratio too low (too
(positron emission) +1 +1 P many protons)
Electron capture O%e or %8 proton = neutron NiZ ratio is too low (too
-1 - many protons)

Y decay e no N/Z change unpredictable




Questions

Oxygen-17 and a proton combine and then undergo radioactive decay to
emit a nitrogen-14 atom and another particle. What type of radioactive
decay is oxygen-17 undergoing in this scenario?




88510, 1Z=p1no¢dyd-xepul/m/b.10 eIpawjim suowwody/:sdpy ‘0'e
VS-Ag DD ‘(abewl ONJ JO UOISISA J0}OBA) YIOM UMQ - Yyoijale| Ag

(The Kinet

tive Decay)

10AdC

ics o

'0.\\?' .



To Review . ..

Back in our chapter on chemical kinetics, | taught you about zero-order,
first-order, and second-order reactions. | also taught you that when
given a straight-line graph of an integrated rate law, you can quickly
determine the reaction’s order (zero, one, or two) by looking at its y-axis

units:

« Zero-order = [concentration]
 first-order = In [concentration]

« secondorder = 1/[concentration]



To Review . ..

For example:

a b.
In [A] % (Al w-order
time time
¢ d. zero-order
1/[A] 2"""’% B
time time

e.
2
[A] %e of the above

fime




To Review . ..

| also explained that these y-axis units only apply to straight-line graphs of your
integrated rate law. For curved-line graphs:

19 Conc=10M
\\\
In zero order reac
0.8 \ notice that the hal
\ decreases as the

\ concentration dec

Conc=0.125 M
120
time, s
zero-order reactions:

* The plot is a straight line
. lHaIf-Iife = 1concentration

'9Conc=1.0M
In first order reactions,
0.8+ notice that the half life
13 stays constant, and is
independent of the
0.6+ concentration.
=
< e Conc=0.5M
(-3 1st |\
04 t,,

\
@ Conc=025M
0.2 2nd .\.
L ~eConc=0.125M

3rd s ~.

-
0
0 20 40 60 8 100 120

time, s

first-order reactions:

 NOT a straight line
« Half-life constant is in-
dependent of concentration

In second order reactions,
notice that the half life increases
as the concentration decreases.

3rd t,,

0 20 40 60 80 100 120

time, s

second-order reactions:

 NOT a straight line
o | Half-life zlconcentration



The Kinetics of Radioactive Decay

As it turns out, all radioactive ., _. ..; s order reaction = % = 2%
. - k k
decay reactions are first-order.
Thus, their curved-line integrated R TOM
' ' In first ord tions,
rate law graphs look like this. ) KR ORI R
d A stays constant, and is
_ ) independent of the
Please notice that for first-order _ - concentration.
reactions, the half-life (t,,) width E Ty emiam
. . 0.4+
stays constant and is independent of _ |
concentration. 2| 7w C.°n° Oz
Conc=0.125M
l 3rdt, e
e ¥ 1 1




The Kinetics of Radioactive Decay

This means that every time one half- ., ... i order reaction =22 = %%
life goes by, half of your sample
deCayS. '9Conc=1.0M

ot ot el e
For example, if you start off with 100 g 1+ eeiaarnet
of a radioactive sample, then after the 056- concentration.

(X}, M

first half-life, you'll have 50 g left. R Cong0M

After the second half-life (which takes °“1

the same amount of time as the first 02| 700 lj‘: 025M
half-life), you'll have 25 g left. a C‘onf 0.125 M

3rd t._
0

0254'06080160150

Make sense? i



The Kinetics of Radioactive Decay

With that said, the following half-life equation would be really helpful to
remember:

.. . Where:

* t,, is the substance’s half-life.

* k is the radioactive decay’s rate constant.



Questions

Given a half-life of 30 minutes and a starting sample of 100 grams, how
many grams would you have left after 2 hours?



Questions

Given a half-life of 15 minutes, how long would it take for 87.5 grams of
your 100-gram sample to decay?
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To Review . ..

As we discussed in an earlier video in this chapter:

Fission — This happens when larger nuclei decay (break apart) into

smaller nuclei. This is how the first atomic bombs worked and how
nuclear reactors work.

Fusion — This happens when two or more small nuclei combine to form

larger nucleil. This is what happens in stars and is how all the heavier
elements in the universe were formed.



To Review . ..

| also taught you that fission and fusion reactions both have an
accompanying release of energy:

reactants -> products + energy

This release of energy always involves a change in mass, according to
Einstein's famous equation E = mc?, or (in this context) AE = Amc?-.

S0 yes, in nuclear reactions, a small amount of mass is changed into
energy, which means that in every nuclear reaction, some mass iIs lost.

Why?



Nuclear Binding Energies

In the 1930s, scientists discovered that the masses of nuclei are always less
than the masses of their individual nucleons (protons and neutrons) added up.

For example, Helium-4’'s nucleus has a mass of 4.00150 amu, but its
calculated mass (the mass of two protons + two neutrons) should be 4.03188
amu.

So, why is Helium-4’s calculated mass 0.03038 amu higher than its actual
mass?

The answer (as weird as it is) is that protons and neutrons actually weigh a little
bit less when they're bound together in a nucleus than they do when they're
individually separate.



Nuclear Binding Energies

Why? Well, when neutrons and protons combine into a nucleus, a certain amount of
energy Iis required to keep them together. This energy, called the nuclear binding
energy, is obtained by converting some of those protons’ and neutrons’ masses into
energy, according to Einstein’s equation (E = mc?). The difference between a nucleus’
calculated mass and its actual mass, then, is called its mass defect.

In the case of Helium-4, we can calculate its nuclear binding energy from its mass
defect, as follows:

AE = Amc? = c?Am
= (3.0 X108 m/s)?(0.03038 amu) (1 g/6.022 x 1023 amu) (1 kg/1000 g)
= 4.534 X10-'2 kgem?/s?




Nuclear Binding Energies

Why? Well, when neutrons and protons combine into a nucleus, a certain amount of
energy Iis required to keep them together. This energy, called the nuclear binding
energy, is obtained by converting some of those protons’ and neutrons’ masses into
energy, according to Einstein’s equation (E = mc?). The difference between a nucleus’
calculated mass and its actual mass, then, is called its mass defect.

In the case of Helium-4, we can calculate its nuclear binding energy from its mass
defect, as follows:

AE = Amc? = c?Am
= (3.0 X108 m/s)?(0.03038 amu) (1 g/6.022 x 1023 amu) (1 kg/1000 g)
=4.534 X102 J




This means that it takes 4.534 x 10-12 J of energy to keep the
neutrons and protons together in a single Helium-4 atom.

As a result, if we blew up a Helium-4 atom, we would get 4.534

x 10-12 J out of it. This is how nuclear-energy reactors get their
power, except that they use heavier elements than “He.



To Summarize

* The difference between what a nucleus should weigh (based on the
total mass its neutrons and protons) and what it actually weighs is
called its mass defect (Am).

* This mass defect arises from the fact that a very small amount of the
protons and neutrons’ combined masses in a nucleus gets converted
into energy (AE ), to hold that nucleus together. This energy is called
the atom’s nuclear binding energy.

* Thus, if you can figure out Am, then you can use the equation AE =
Amc? to calculate the nuclear binding energy. Am, by the way, must
be in kg (the S| unit of mass).



To Summarize

« When comparing elements’ nuclear binding energies to their total
numbers of protons and neutrons, *°Fe happens to be the most stable
nucleus out of all the elements.




Questions

A proton’s mass is 1.00728 amu. A neutron’s mass is 1.00867
amu.

 What is the mass defect of a '’8Au nucleus, if a ""8Au nucleus
weighs 177.9760 amu?

« What is the binding energy (in J) of a ""8Au nucleus?



