
How The Universe Got That Way
13 billion years ago (more or less) the universe was born in 
what is termed the “big bang”. It was a hot, dense soup of 
particles and photons. Now, the universe is a big, cold, largely 
empty space populated by galaxies, stars, planets—and you 
and me.

How did it get this way? And how did we figure this out? 

These are the topics of this course.

Brian Jones 
physicsjones@gmail.com

As you come in:
• Get a name tent
• Introduce yourself 

to your neighbors
• Start chatting
• Introduce yourself 

to me, if you’d like!

Music: Woodstock by Joni Mitchell

Today’s Class
Inside the Atom:

Nuclear Physics

Nuclear Physics
Radiation and Radioactivity

Nuclear Accounting

Fission & Fusion

Extreme Physics

The dream of the alchemists

The Periodic Table 
of the Elements

A Puzzle

In the early days of the 
universe, 90% of the atoms 
were hydrogen, and there 
were essentially no atoms 
of anything heavier than 
lithium, atomic number 3.

A Puzzle

So where did the heavier 
elements come from?

Iron and nickel are 
abundant in meteorites.

Canadian 
Nickels

Actually made of nickel.
Magnetic.

Extraterrestrial.



Back to the story…
The discovery of 

radioactivity

Nuclear Radiation is Ionizing Radiation

Radiation burn from 
cancer treatment

Radiograph made with 
uranium-glazed plate 
and Polaroid film.

Measuring radioactivity

Operation of 
Geiger counter

People used to think that 
radiation was pretty sexy.

Strangely, some 
folks still do….

Measuring 
Radiation

Things To 
Test

How far away can 
you be to detect 

the radiation?

How can you 
shield against the 

radiation?

The cool 
orange color 

is from 
uranium.

Where 
does the 
radiation 

come 
from?

Things fall apart.
Even atoms.

Anatomy of an Atom

The nucleus is made 
of protons and 
neutrons. A cloud of 
electrons orbits the 
nucleus.



The Simplest Atom

A hydrogen atom 
consists of a single 
positively charged 
proton and a negatively 
charged electron that 
“orbits” it.

Of course, you can have elements 
with more protons in the nucleus.

Question

Do you see any problems 
with this nucleus?

The neutrons are the “glue” that 
lets the nucleus hold together.

You need just the right 
number of neutrons, 
though. Too many or 
too few means the 
nucleus will be 
unstable.

Holding it All Together

neutron proton

Helium nucleus
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Strong nuclear force

Electric force

Holding it All Together

neutron proton

Helium nucleus The number of neutrons 
in the nucleus can vary. 
The number of protons 
determines the element, 
the number of neutrons 
determines the isotope.

4
2He

Number of protons

Atomic Accounting
Number of protons 

+ neutrons

4
2He

Isotopes
Helium has 2 stable 

isotopes.

3
2He

50
112Sn

50
114Sn

50
115Sn

50
116Sn

50
117Sn

50
118Sn

50
119Sn

50
120Sn

50
122Sn

50
124Sn

Tin has 10.



Practice
How many neutrons are in each of the 
following nuclei?

3
11Li 4

11Be 5
11B 6

11C

A. 8
B. 7
C. 6
D. 5
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Stable isotope


Unstable isotope

4He

12C

16O Line of stability

N 5 Z line

Bismuth, Z 5 83

Stability Too big; electric 
repulsion too 

strong

Too many 
neutrons

Too few 
neutrons

Just 
right.

Stability

Stable Not Stable

You Light 
Up My 
Half Life

N = N0
1
2

⎡
⎣⎢

⎤
⎦⎥

t t1/2

Unstable nuclei 
decay in a very 
specific way.

Radioactive Dating

A scrap of 
parchment from the 
Dead Sea Scrolls 
was found to have a 
14C/12C ratio that is 
79.5% of the 
modern value. 

This tells us the 
parchment is about 
1900 years old.

t1/2 = 5730 yr

A Puzzle

All of the helium present 
when the earth was formed 
has escaped into space.

Why do we have helium at all?

Before:

After:

A
X
Z

A24
Y
Z22

Alpha Decay
Parent nucleus

Daughter nucleus Alpha particle

Really large 
atoms tend to 
fall apart—and 
they often do so 
by ejecting a 
helium nucleus.

When one uranium atom decays, you get two atoms!
Uranium

Thorium

Helium



Remember:
Gravitational Time Dilation

Δt (in gravitational field)
Δt (not in gravitational field)

= 1 −
2GM
rc2

Strong gravity 
slows time 

down.

This is always 
less than 1.

Relativity Fact #2:
Gravity affects time

 27.10 Relativistic Energy 973

Actually, at a more fundamental level, c is a speed limit for any kind of causal 
influence. If you throw a rock and break a window, your throw is the cause of the 
breaking window and the rock is the causal influence. A causal influence can be any 
kind of particle, wave, or information that travels from A to B and allows A to be the 
cause of B.

For two unrelated events—a firecracker explodes in Tokyo and a balloon bursts in 
Paris—the relativity of simultaneity tells us that in one reference frame the fire-
cracker may explode before the balloon bursts, but in some other reference frame 
the balloon may burst first.

However, for two causally related events—A causes B—it would be nonsense for 
an experimenter in any reference frame to find that B occurs before A. No experi-
menter in any reference frame, no matter how it is moving, will find that you are 
born before your mother is born.

But according to relativity, a causal influence traveling faster than light could 
result in B causing A, a logical absurdity. Thus no causal influence of any kind—a 
particle, wave, or other influence—can travel faster than c.

The existence of a cosmic speed limit is one of the most interesting consequences 
of the theory of relativity. This speed limit is a well-established law of nature. No 
matter how clever, scientists and engineers can’t create a spaceship that can travel at 
the speed of light or faster, any more than they can create a spaceship that acceler-
ates with no energy input.

STOP TO THINK 27.10 Lauren is flying in her spaceship at 0.3c. If she doubles her 
speed to 0.6c, her momentum

A. Doubles.   B. More than doubles.   C. Less than doubles.

27.10 Relativistic Energy
Energy is our final topic in this chapter on relativity. Space, time, velocity, and 
momentum are changed by relativity, so it seems inevitable that we’ll need a new 
view of energy. Indeed, one of the most profound results of relativity, and perhaps 
the one with the most far-reaching consequences, was Einstein’s discovery of the 
fundamental relationship between energy and mass.

Consider an object of mass m moving at speed u. Einstein found that the total 
energy of such an object is

 E =
mc221 - u2/c2

= gmc2 (27.17)

Total energy of an object of mass m moving at speed u

where g = 1/21 - u2/c2 was defined in Equation 27.15.
To understand this expression, let’s start by examining its behavior for objects 

traveling at speeds much less than the speed of light. In this case we can use the 
binomial approximation you learned in Section 27.7 to write

g =
121 - u2/c2

� 1 + 1
2

 
u2

c2

For low speeds u, then, the object’s total energy is

 E � mc2 + 1
2

 mu2 (27.18)

This fuel rod for a nuclear power reactor 
contains about 5 kg of uranium. Its usable 
energy content, which comes from the 
conversion of a small fraction of the 
uranium’s mass to energy, is equivalent to 
that of about 10 million kg of coal.
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We need a different formula for 
energy too.

E = mc2

Mass can be converted to energy, and vice versa.

And when there is no motion, this reduces to 
the most famous equation in the world:

When uranium decays into thorium and helium, mass is “lost”.

Question
What happens to 
the “lost” mass?

Fusion

 30.2 Nuclear Stability 979

Binding Energy
A nucleus is a bound system. That is, you would need to supply energy to disperse 
the nucleons by breaking the nuclear bonds between them. FIGURE 30.4 shows this 
idea schematically.

You learned a similar idea in atomic physics. The energy levels of the hydrogen 
atom are negative numbers because the bound system has less energy than a free 
proton and electron. The energy you must supply to an atom to remove an electron is 
called the ionization energy.

The energy you would need to supply to a nucleus to disassemble it into individ-
ual protons and neutrons is called the binding energy. Whereas ionization energies 
of atoms are only a few eV, the binding energies of nuclei are tens or hundreds of 
MeV, energies large enough that their mass equivalent is not negligible.

Suppose we break a helium atom into two hydrogen atoms (taking account of the 
two protons and the two electrons) and two free neutrons as shown in FIGURE 30.5. 
The mass of the separated components is greater than that of the helium atom. The dif-
ference in mass ∆m = 0.03038 u arises from the energy that was put into the system 
to separate the tightly bound nucleons. We can use the conversion of Equation 30.2 to 
find the energy equivalent of this mass difference; this energy is the binding energy B:

 B = (0.03038 u)(931.49 MeV/u) = 28.30 MeV

Generally, the nuclear binding energy is computed by considering the mass  
difference between the atom and its separated components, Z hydrogen atoms and 
N neutrons:

FIGURE 30.5 The binding energy of the 
helium nucleus.

A nuclear fusion weight-loss plan The 
sun’s energy comes from reactions that  
combine four hydrogen atoms to create a  
single atom of helium—a process called 
nuclear fusion. Because energy is released, 
the mass of the helium atom is less than that  
of the four hydrogen atoms. As the fusion 
reactions continue, the mass of the sun  
decreases—by 130 trillion tons per year! 
That’s a lot of mass, but given the sun’s enor-
mous size, this change will amount to only a 
few hundredths of a percent of the sun’s mass 
over its 10-billion-year lifetime.

Electron
Separate

into
components

Neutron

Difference in mass:
∆m  =  0.03038 u

Mass:
2 H atoms:
+ 2 neutrons:
Total mass:

Mass:
4.00260 u 2.01566 u

2.01732 u
4.03298 u

Helium atom 2 hydrogen atoms,
2 neutrons

Proton

Nucleus Disassembled
nucleus

Energy

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

FIGURE 30.4 The nuclear binding energy.

 B = (ZmH + Nmn - matom) * (931.49 MeV/u) (30.4)

 Nuclear binding energy for an atom of 
 mass matom with Z protons and N neutrons

EXAMPLE 30.1

What is the nuclear binding energy of 56Fe to the nearest MeV?

PREPARE Appendix D gives the atomic mass of 56Fe as 55.934940 u. Iron has atomic 
number 26, so an atom of 56Fe could be separated into 26 hydrogen atoms and 30 neu-
trons. The mass of the separated components is more than that of the iron nucleus; the 
difference gives us the binding energy.

SOLVE We solve for the binding energy using Equation 30.4. The masses of the hydro-
gen atom and the neutron are given in Table 30.2. We find

  B = (26(1.007825 u) + 30(1.008665 u) - 55.934940 u)(931.49 MeV/u)

  = (0.52846 u)(931.49 MeV/u) = 492.26 MeV ≃ 492 MeV

ASSESS The difference in mass between the nucleus and its components is a small 
fraction of the mass of the nucleus, so we must use several significant figures in our 
mass values. The mass difference is small—about half that of a proton—but the energy 
equivalent, the binding energy, is enormous.

Finding the binding energy of iron

How much energy is 492 MeV? To make a comparison with another energy value 
we have seen, the binding energy of a single iron nucleus is equivalent to the energy 
released in the metabolism of nearly 2 billion molecules of ATP! The energy scale of 
nuclear processes is clearly quite different from that of chemical processes.

As A increases, the nuclear binding energy increases, simply because there are 
more nuclear bonds. A more useful measure for comparing one nucleus to another 
is the quantity B/A, called the binding energy per nucleon. Iron, with B=  492 MeV 
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If you “build” a 
helium atom from 
two hydrogen atoms 
and two neutrons, 
the resulting atom 
has less mass than 
you started with.

Question
What happens to 
the “lost” mass?

Energetic!

 30.2 Nuclear Stability 979

Binding Energy
A nucleus is a bound system. That is, you would need to supply energy to disperse 
the nucleons by breaking the nuclear bonds between them. FIGURE 30.4 shows this 
idea schematically.

You learned a similar idea in atomic physics. The energy levels of the hydrogen 
atom are negative numbers because the bound system has less energy than a free 
proton and electron. The energy you must supply to an atom to remove an electron is 
called the ionization energy.

The energy you would need to supply to a nucleus to disassemble it into individ-
ual protons and neutrons is called the binding energy. Whereas ionization energies 
of atoms are only a few eV, the binding energies of nuclei are tens or hundreds of 
MeV, energies large enough that their mass equivalent is not negligible.

Suppose we break a helium atom into two hydrogen atoms (taking account of the 
two protons and the two electrons) and two free neutrons as shown in FIGURE 30.5. 
The mass of the separated components is greater than that of the helium atom. The dif-
ference in mass ∆m = 0.03038 u arises from the energy that was put into the system 
to separate the tightly bound nucleons. We can use the conversion of Equation 30.2 to 
find the energy equivalent of this mass difference; this energy is the binding energy B:

 B = (0.03038 u)(931.49 MeV/u) = 28.30 MeV

Generally, the nuclear binding energy is computed by considering the mass  
difference between the atom and its separated components, Z hydrogen atoms and 
N neutrons:

FIGURE 30.5 The binding energy of the 
helium nucleus.

A nuclear fusion weight-loss plan The 
sun’s energy comes from reactions that  
combine four hydrogen atoms to create a  
single atom of helium—a process called 
nuclear fusion. Because energy is released, 
the mass of the helium atom is less than that  
of the four hydrogen atoms. As the fusion 
reactions continue, the mass of the sun  
decreases—by 130 trillion tons per year! 
That’s a lot of mass, but given the sun’s enor-
mous size, this change will amount to only a 
few hundredths of a percent of the sun’s mass 
over its 10-billion-year lifetime.
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The binding energy is the energy 
that would be needed to disassemble 
a nucleus into individual nucleons.

FIGURE 30.4 The nuclear binding energy.

 B = (ZmH + Nmn - matom) * (931.49 MeV/u) (30.4)

 Nuclear binding energy for an atom of 
 mass matom with Z protons and N neutrons

EXAMPLE 30.1

What is the nuclear binding energy of 56Fe to the nearest MeV?

PREPARE Appendix D gives the atomic mass of 56Fe as 55.934940 u. Iron has atomic 
number 26, so an atom of 56Fe could be separated into 26 hydrogen atoms and 30 neu-
trons. The mass of the separated components is more than that of the iron nucleus; the 
difference gives us the binding energy.

SOLVE We solve for the binding energy using Equation 30.4. The masses of the hydro-
gen atom and the neutron are given in Table 30.2. We find

  B = (26(1.007825 u) + 30(1.008665 u) - 55.934940 u)(931.49 MeV/u)

  = (0.52846 u)(931.49 MeV/u) = 492.26 MeV ≃ 492 MeV

ASSESS The difference in mass between the nucleus and its components is a small 
fraction of the mass of the nucleus, so we must use several significant figures in our 
mass values. The mass difference is small—about half that of a proton—but the energy 
equivalent, the binding energy, is enormous.

Finding the binding energy of iron

How much energy is 492 MeV? To make a comparison with another energy value 
we have seen, the binding energy of a single iron nucleus is equivalent to the energy 
released in the metabolism of nearly 2 billion molecules of ATP! The energy scale of 
nuclear processes is clearly quite different from that of chemical processes.

As A increases, the nuclear binding energy increases, simply because there are 
more nuclear bonds. A more useful measure for comparing one nucleus to another 
is the quantity B/A, called the binding energy per nucleon. Iron, with B=  492 MeV 
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The amount of energy 
you get this way is pretty 
incredible. Making a 
balloon’s worth of 
helium releases an 
energy equivalent to 
7,000 gallons of gas. 

That’s more gas than I 
have burned in cars in my 
lifetime.

In the core of the sun, hydrogen 
is being converted to helium.
Mass is lost in this process.

That’s where the energy comes 
from.

E = mc2

The sun loses 
350 billion tons 
of mass a day.



And a question:
What happens 
when the sun 
runs out of 
hydrogen?

Can get 
energy by 

fusion

Can get 
energy by 

fission

Binding 
Energy

The Most Tightly Bound Element Is Iron So, where do the 
heavier elements 

come from???

Electrons 
are 

Fermions

One per energy level…. 
So when you have a lot 
packed in, their energies 

are high.

 29.6 Multi-electron Atoms 1035

The Pauli Exclusion Principle
By definition, the ground state of a quantum system is the state of lowest energy. 
What is the ground state of an atom that has Z electrons and Z protons? Because the 
1s state is the lowest energy state, it seems that the ground state should be one in 
which all Z electrons are in the 1s state. However, this idea is not consistent with the 
experimental evidence.

In 1925, the Austrian physicist Wolfgang Pauli hypothesized that no two elec-
trons in a quantum system can be in the same quantum state. That is, no two elec-
trons can have exactly the same set of quantum numbers 1n, l, m, ms 2 . If one 
electron is present in a state, it excludes all others. This statement is called the Pauli 
exclusion principle. It turns out to be an extremely profound statement about the 
nature of matter.

The exclusion principle is not applicable to hydrogen, where there is only a sin-
gle electron, but in helium, with Z = 2 electrons, we must make sure that the two 
electrons are in different quantum states. This is not difficult. For a 1s state, with 
l = 0, the only possible value of the magnetic quantum number is m = 0. But there 
are two possible values of ms —namely, -1

2 and +1
2 . If a first electron is in the spin-

down 1s state 11, 0, 0, -1
22, a second 1s electron can still be added to the atom as 

long as it is in the spin-up state 11, 0, 0, +1
22. This is shown schematically in 

FIGURE 29.20, where the dots represent electrons on the rungs of the “energy ladder” 
and the arrows represent spin down or spin up.

The Pauli exclusion principle does not prevent both electrons of helium from 
being in the 1s state as long as they have opposite values of ms , so we predict this to 
be the ground state. A list of an atom’s occupied energy levels is called its electron 
configuration. The electron configuration of the helium ground state is written 1s2, 
where the superscript 2 indicates two electrons in the 1s energy level.

The states 11, 0, 0, -1
22 and 11, 0, 0, +1

22 are the only two states with n = 1. The 
ground state of helium has one electron in each of these states, so all the possible 
n = 1 states are filled. Consequently, the electron configuration 1s2 is called a 
closed shell.

The next element, lithium, has Z = 3 electrons. The first two electrons can go 
into 1s states, with opposite values of ms , but what about the third electron? The 1s2 
shell is closed, and there are no additional quantum states having n = 1. The only 
option for the third electron is the next energy state, n = 2. Figure 29.19 showed that 
for a multi-electron atom, the next level above the 1s level is the 2s state, so lithi-
um’s third ground-state electron will be 2s. FIGURE 29.21 shows the electron configura-
tion with the 2s electron being spin up, but it could equally well be spin down. The 
electron configuration for the lithium ground state is written 1s2 2s. This indicates 
two 1s electrons and a single 2s electron.

The Periodic Table of the Elements
The Russian chemist Dmitri Mendeléev was the first to propose, in 1867, a periodic 
arrangement of the elements based on the regular recurrence of chemical properties. 
He did so by explicitly pointing out “gaps” where, according to his hypothesis, undis-
covered elements should exist. He could then predict the expected properties of the 
missing elements. The subsequent discovery of these elements verified Mendeléev’s 
organizational scheme, which came to be known as the periodic table of the elements.

One of the great triumphs of the quantum-mechanical theory of multi-electron 
atoms is that it explains the structure of the periodic table. We can understand this 
structure by looking at the energy-level diagram of FIGURE 29.22, which is an expanded 
version of the energy-level diagram of Figure 29.19. Just as for helium and lithium, 
atoms with larger values of Z are constructed by placing Z electrons into the lowest 
energy levels that are consistent with the Pauli exclusion principle.

The s states of helium and lithium can each hold two electrons—one spin up and 
the other spin down—but the higher-angular-momentum states that will become 

2s

1s

In helium, both
electrons are in the
1s ground state.

Each dot
represents an
electron in an
energy level.

The arrow indicates
whether the electron’s
spin is up (ms  =  +   )

or down (ms  =  -   ).1
2

1
2

FIGURE 29.20 The ground state of helium.

2s

1s

The 1s state can hold only two electrons, so the
third electron in lithium must be in the 2s state.

FIGURE 29.21 The ground state of lithium.

0 eV

Each energy level is
called a subshell.

The number of dots indicates the
number of states in a subshell.
A p subshell has six states.

2s

3s

4s

5s

6s

6p 5d
4f

4d

3d

5p

4p

3p

2p

1s

FIGURE 29.22 An energy-level diagram 
showing how many electrons can occupy 
each subshell.
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Question: How does a star keep from collapsing?

Keeping the core warm
In the sun, 4 hydrogen atoms fuse to make 1 atom of helium.

Helium has 2 
neutrons…. 

Where do the 
neutrons 

come from?

 30.2 Nuclear Stability 979

Binding Energy
A nucleus is a bound system. That is, you would need to supply energy to disperse 
the nucleons by breaking the nuclear bonds between them. FIGURE 30.4 shows this 
idea schematically.

You learned a similar idea in atomic physics. The energy levels of the hydrogen 
atom are negative numbers because the bound system has less energy than a free 
proton and electron. The energy you must supply to an atom to remove an electron is 
called the ionization energy.

The energy you would need to supply to a nucleus to disassemble it into individ-
ual protons and neutrons is called the binding energy. Whereas ionization energies 
of atoms are only a few eV, the binding energies of nuclei are tens or hundreds of 
MeV, energies large enough that their mass equivalent is not negligible.

Suppose we break a helium atom into two hydrogen atoms (taking account of the 
two protons and the two electrons) and two free neutrons as shown in FIGURE 30.5. 
The mass of the separated components is greater than that of the helium atom. The dif-
ference in mass ∆m = 0.03038 u arises from the energy that was put into the system 
to separate the tightly bound nucleons. We can use the conversion of Equation 30.2 to 
find the energy equivalent of this mass difference; this energy is the binding energy B:

 B = (0.03038 u)(931.49 MeV/u) = 28.30 MeV

Generally, the nuclear binding energy is computed by considering the mass  
difference between the atom and its separated components, Z hydrogen atoms and 
N neutrons:

FIGURE 30.5 The binding energy of the 
helium nucleus.

A nuclear fusion weight-loss plan The 
sun’s energy comes from reactions that  
combine four hydrogen atoms to create a  
single atom of helium—a process called 
nuclear fusion. Because energy is released, 
the mass of the helium atom is less than that  
of the four hydrogen atoms. As the fusion 
reactions continue, the mass of the sun  
decreases—by 130 trillion tons per year! 
That’s a lot of mass, but given the sun’s enor-
mous size, this change will amount to only a 
few hundredths of a percent of the sun’s mass 
over its 10-billion-year lifetime.
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2 H atoms:
+ 2 neutrons:
Total mass:
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4.00260 u 2.01566 u

2.01732 u
4.03298 u

Helium atom 2 hydrogen atoms,
2 neutrons

Proton

Nucleus Disassembled
nucleus

Energy

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

FIGURE 30.4 The nuclear binding energy.

 B = (ZmH + Nmn - matom) * (931.49 MeV/u) (30.4)

 Nuclear binding energy for an atom of 
 mass matom with Z protons and N neutrons

EXAMPLE 30.1

What is the nuclear binding energy of 56Fe to the nearest MeV?

PREPARE Appendix D gives the atomic mass of 56Fe as 55.934940 u. Iron has atomic 
number 26, so an atom of 56Fe could be separated into 26 hydrogen atoms and 30 neu-
trons. The mass of the separated components is more than that of the iron nucleus; the 
difference gives us the binding energy.

SOLVE We solve for the binding energy using Equation 30.4. The masses of the hydro-
gen atom and the neutron are given in Table 30.2. We find

  B = (26(1.007825 u) + 30(1.008665 u) - 55.934940 u)(931.49 MeV/u)

  = (0.52846 u)(931.49 MeV/u) = 492.26 MeV ≃ 492 MeV

ASSESS The difference in mass between the nucleus and its components is a small 
fraction of the mass of the nucleus, so we must use several significant figures in our 
mass values. The mass difference is small—about half that of a proton—but the energy 
equivalent, the binding energy, is enormous.

Finding the binding energy of iron

How much energy is 492 MeV? To make a comparison with another energy value 
we have seen, the binding energy of a single iron nucleus is equivalent to the energy 
released in the metabolism of nearly 2 billion molecules of ATP! The energy scale of 
nuclear processes is clearly quite different from that of chemical processes.

As A increases, the nuclear binding energy increases, simply because there are 
more nuclear bonds. A more useful measure for comparing one nucleus to another 
is the quantity B/A, called the binding energy per nucleon. Iron, with B=  492 MeV 
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Neutron

Proton

Electron

Neutron 
Decay

A free neutron will decay 
into a proton and an 
electron. Energy is 

released.

Neutron

Proton

Electron

Neutron 
Production

If you smash them together, an 
electron and a proton will 
form a neutron. Energy is 

absorbed.

In the sun, 4 hydrogen atoms fuse to make 1 atom of helium.

When it was formed, almost all of the atoms in the sun were 
hydrogen atoms.

Now, about half the atoms in the sun’s core are helium atoms.

In the sun, 4 hydrogen atoms fuse to make 1 atom of helium.

When it was formed, almost all of the atoms in the sun were 
hydrogen atoms.

Now, about half the atoms in the sun’s core are helium atoms.

Question
The sun is about 4.6 

billion years old. About 
how much longer will 

it continue?

In the sun, 4 hydrogen atoms fuse to make 1 atom of helium.

When it was formed, almost all of the atoms in the sun were 
hydrogen atoms.

Now, about half the atoms in the sun’s core are helium atoms.

Question
What happens then???

When hydrogen in the core runs 
out, the sun can stabilize itself by 

fusing helium atoms.

Betelgeuse
600 light-years away

When hydrogen in the core runs 
out, the sun can stabilize itself by 

fusing helium atoms.

Betelgeuse
600 light-years away

Question
What atom do 

you get when you 
combine 3 helium 
atoms? 4 helium 

atoms?

When this happens, the sun will 
balloon into a red giant.

Betelgeuse
600 light-years away



Red giant stars are 
really big.

Betelgeuse

760 pixelsSun

1 pixel

Time to worry?

Question
What happens when 
the star runs out of 

helium?

White 
Dwarf

Core supported 
by electron 
degeneracy.

Neutron 
Star

Core supported 
by neutron 
degeneracy.

Black Hole

Nothing stops 
the collapse.

We Are Stardust 6 billion 
years ago.

 Problems 1089

 67. |||| The technique known as potassium-
argon dating is used to date volcanic 
rock and ash, and thus establish dates 
for nearby fossils, like this 1.8-million-
year-old hominid skull. The potassium 
isotope 40K decays with a 1.28-billion-
year half-life and is naturally present 
at very low levels. The most common 
decay mode is beta-minus decay into 
the stable isotope 40Ca, but 10.9% of decays result in the stable 
isotope 40Ar. The high temperatures in volcanoes drive argon out 
of solidifying rock and ash, so there is no argon in newly formed 
material. After formation, argon produced in the decay of 40K is 
trapped, so 40Ar builds up steadily over time. Accurate dating is 
possible by measuring the ratio of the number of atoms of 40Ar 
and 40K. 1.8 million years after its formation,
a. What fraction of the 40K initially present in a sample has 

decayed?
b. What is the 40Ar/ 

40K ratio of the sample?
 68. |||| Corals take up certain elements from seawater, including 

uranium but not thorium. After the corals die, the uranium iso-
topes slowly decay into thorium isotopes. A measurement of 
the relative fraction of certain isotopes therefore provides a 
determination of the coral’s age. A complicating factor is that 
the thorium isotopes decay as well. One scheme uses the alpha 
decay of 234U to 230Th. After a long time, the two species reach 
an equilibrium in which the number of 234U decays per sec-
ond (each producing an atom of 230Th) is exactly equal to the  
number of 230Th decays per second. What is the relative con-
centration of the two isotopes—the ratio of 234U to 230Th—
when this equilibrium is reached?

 69. ||| All the very heavy atoms found in the earth were created long 
ago by nuclear fusion reactions in a supernova, an exploding star. 
The debris spewed out by the supernova later coalesced to form 
the sun and the planets of our solar system. Nuclear physics sug-
gests that the uranium isotopes 235U 1t1/2 =  7.04 * 108 yr2 and 
238U 1t1/2 = 4.47 * 109 yr2 should have been created in roughly 
equal amounts. Today, 99.28% of uranium is 238U and 0.72% is 
235U. How long ago did the supernova occur?

 70. |||| About 12% of your body mass is carbon; some of this 
is radioactive 14C, a beta-emitter. If you absorb 100% of the 
49!keV energy of each 14C decay, what dose equivalent in Sv 
do you receive each year from the 14C in your body?

 71. |||| Gamma rays may be used to kill pathogens in ground beef. 
One irradiation facility uses a 60C source that has an activity 
of 1.0 * 106 Ci . 60C undergoes beta decay and then gives off 
two gamma rays, at 1.17 and 1.33 MeV; typically 30% of this 
gamma-ray energy is absorbed by the meat. The dose required 
to kill all pathogens present in the beef is 4000 Gy. How many 
kilograms of meat per hour can be processed in this facility?

 72. ||| A 70 kg human body typically contains 140 g of potas-
sium. Potassium has a chemical atomic mass of 39.1 u and has 
three naturally occurring isotopes. One of those isotopes, 40K, 
is radioactive with a half-life of 1.3 billion years and a natural 
abundance of 0.012%. Each 40K decay deposits, on average, 
1.0!MeV of energy into the body. What yearly dose in Gy does 
the typical person receive from the decay of 40K in the body?

 73. || A chest x ray uses 10 keV photons. A 60 kg person receives a 
30!mrem dose from one x ray that exposes 25% of the patient’s 
body. How many x-ray photons are absorbed in the patient’s 
body?

MCAT-Style Passage Problems

Plutonium-Powered Exploration 

The Curiosity rover sent to explore the surface of Mars has an elec-
tric generator powered by heat from the radioactive decay of 238Pu, 
a plutonium isotope that decays by alpha emission with a half-life 
of 88 years. At the start of the mission, the generator contained 
9.6 * 1024 nuclei of 238Pu.
 74. | What is the daughter nucleus of the decay?

A. 238Am B. 238Pu C. 238Np
D. 236Th E. 234U

 75. || What was the approximate activity of the plutonium source 
at the start of the mission?
A. 2 * 1021 Bq  B. 2 * 1019 Bq  C. 2 * 1017 Bq
D. 2 * 1015 Bq  E.  2 * 1013 Bq

 76. || The generator initially provided 125 W of power. If you 
assume that the power of the generator is proportional to the 
activity of the plutonium, by approximately what percent did 
the power output decrease over the first two years of the rover’s 
mission?
A. 1.5% B. 2.0% C. 2.5% D. 3.0% E. 3.5%

Nuclear Fission

The uranium isotope 235U can fission—break into two smaller-mass 
components and free neutrons—if it is struck by a free neutron. A 
typical reaction is

1
0 n + 235

92U S 141
56Ba + 92

36Kr + 31
0 n

As you can see, the subscripts (the number of protons) and the 
superscripts (the number of nucleons) “balance” before and after 
the fission event; there is no change in the number of protons or 
neutrons. Significant energy is released in this reaction. If a fission 
event happens in a large chunk of 235U, the neutrons released may 
induce the fission of other 235U atoms, resulting in a chain reaction. 
This is how a nuclear reactor works.

The number of neutrons required to create a stable nucleus 
increases with atomic number. When the heavy 235U nucleus fis-
sions, the lighter reaction products are thus neutron rich and are 
likely unstable. Many of the short-lived radioactive nuclei used in 
medicine are produced in fission reactions in nuclear reactors.
 77. | What statement can be made about the masses of atoms in 

the above reaction?
A. m1235

92U2 7 m1141
56Ba2 + m192

36Kr2 + 2m11
0 n2

B. m1235
92U2 6 m1141

56Ba2 + m192
36Kr2 + 2m11

0 n2
C. m1235

92U2 = m1141
56Ba2 + m192

36Kr2 + 2m11
0 n2

D. m1235
92U2 = m1141

56Ba2 + m192
36Kr2 + 3m11

0 n2
 78. | Because the decay products in the above fission reaction are 

neutron rich, they will likely decay by what process?
A. Alpha decay B. Beta decay C. Gamma decay

 79. || 235U is radioactive, with a long half-life of 704 million years. 
The decay products of a 235U fission reaction typically have 
half-lives of a few minutes. This means that the decay products 
of a fission reaction have
A. Much higher activity than the original uranium.
B. Much lower activity than the original uranium.
C. The same activity as the original uranium.

 80. | If a 238
92U nucleus is struck by a neutron, it may absorb the 

neutron. The resulting nucleus then rapidly undergoes beta-
minus decay. The daughter nucleus of that decay is
A. 239

91Pa  B. 239
92U  C. 239

93Np  D. 239
94Pu

Watch Video Solution  Problem 30.69
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4.5 billion 
years ago.

So how did the helium get to you?

Why was 
the early 
universe 

composed 
of nearly all 

hydrogen 
but no 
other 

elements?

Why are all 
of the other 

galaxies 
moving 

away from 
us?

How does 
this all end?

Next Week:
The Big Bang


