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Preface

When I told my friends and colleagues that I was writing a book about Helium I
was met primarily with wrinkled eyebrows and comments like, “Why would you
write a book about Helium?” I pondered the question for quite some time before
deciding to sit down and start typing. I mean, why is helium interesting? I would
speculate that a vast majority of the population only thinks that helium is used in toy
balloons and blimps. Thus, to them, it would be quite boring I assume. That’s when
it hit me. There needs to be some education about the element that is fundamentally
critical to an abundance of high-technology applications in order to help prevent
its wastage. You see, helium is the second most abundant element in the Universe
but it is actually quite rare here on Earth. I will explain this supply polarity in the
subsequent chapters but the point is we currently have a global shortage of the stuff
and without it, many facets of industry and scientific research would screech to a
halt. There are arguments that toy balloons, which normally sell for a dollar or so
should actually sell for higher than US$50 each to essentially prevent its wastage
in the balloon industry. All of that helium inside the latex or foil balloons found in
countless birthday parties ultimately finds its way out of the balloon and into the
atmosphere where it is lost forever. That helium formerly in the balloon will find a
home in our atmosphere for a year or two, mixing with air currents, before it ulti-
mately leaves our atmosphere and enters space.

This book is about the most common isotope of helium, Helium-4 (‘He). When
you hear anything about helium, they are more than likely talking about this com-
mon isotope which has two protons and two neutrons in its nucleus and orbited by
two electrons. Every balloon you see, for instance, contains Helium-4. The same
goes for any other helium used in its abundant array of commercial and scientific
uses. Helium does, however, have a lighter and stable isotope called Helium-3 (*He).
Although any detailed explanation about Helium-3 is beyond the scope of this book,
it is important to note that it is also a very valuable and exceedingly rare commod-
ity that is very important for use in neutron detectors, for example, which are able
to detect radioactive materials crossing country borders. In addition, if you Google
“Helium-3”, you will find an abundance of information about mining the moon for
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viii Preface

Helium-3 for use as a clean nuclear fuel. Whether Helium-3 lunar mining becomes a
reality or not is also beyond the scope of this book so it will not be discussed.

The chances are that if you bought this book, you are aware that there is a
helium (Helium-4 which I will simply call “helium” from now on) shortage. Hold
on, if helium is the second most abundant element in the Universe, how could
there be a shortage of it? That’s a great question and one that I am frequently
asked. Although the explanation will be discussed in greater detail in subsequent
chapters, the short answer is that the Earthly inventory of helium has a different
origin than the cosmic inventory. All of the helium found in the Universe was cre-
ated in the Big Bang, or the birth of our universe, whereas the helium we use here
on Earth is a product of the radioactive decay of the two heaviest natural elements,
uranium and thorium. Indeed if Earth had no supply of these heavy radioactive
elements, we would have no helium to harvest. In fact, if there were no uranium
and thorium, life on Earth would be very different than it is today, if life existed
at all.

As I go back to my balloon example, every helium atom in that balloon was a
product of the radioactive decay of the elements mentioned above. This radioac-
tive decay occurs in both the Earth’s crust and mantle and in rare cases, helium
can migrate up through the crust and collect to form commercial deposits. This
process will be discussed in great detail in Chap. 4. Interestingly, if I were to look
at any balloon at any party in any state in the United States, all of that helium was
produced in the United States. You see, the United States has been the primary
source of helium worldwide since the industry began after World War 1. As I am
writing this, however, the paradigm is shifting and the United States will soon be
a net importer of helium unless new reserves are discovered. In fact, Qatar has just
replaced the United States as the largest exporter of helium in the world.

This book is about Helium and its industry. Although many important aspects
and properties are mentioned, helium is a very complex atom with some very
amazing properties. However, due to the somewhat macro scope of this book,
more micro information such as transition phases between Helium I and II, for
example, will not be discussed. In addition, there are other property terms like
“polarizability” and “diamagnetic susceptibility”, while important when studying
the nature of the helium atom, will not be discussed here. The main objective of
this book is to provide the reader with a general, albeit thorough, text of the pri-
mary industrial aspects of helium without delving too deeply into the heavy details
of the element.

I hope this book satisfies your curiosity about this fascinating element.
Although I tend to use “balloons” as examples, it is merely because they are the
most visible use of helium and something that most can relate to. In the subse-
quent chapters we will discuss what helium is and why it is so important across
various industrial and scientific applications. Next we will learn about the cosmic
abundances of helium and from there move into the history of helium’s discovery.
Lastly, we will delve into how it is formed and produced here on Earth, discuss
its industry, and visit briefly the future of the helium industry. There is simply no
other element like it.
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Preface ix

This book was written to provide a full and comprehensive piece on all aspects
of helium from its cosmic and terrestrial abundance all the way to its end usage.
This text was designed to allow readers to choose what is of interest. Some por-
tions are highly scientific and thus can be skipped if the reader simply wants to
better understand a specific chapter of the text.
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Chapter 1
What Is Helium?

If you look at a periodic table, you will notice helium on the opposite side, but
the same row as hydrogen. Helium and hydrogen alone sit at the top of the entire
spectrum of elements. Why is that? Although this will be discussed in greater
detail in Chap. 2, quite simply, they were the first elements formed during the birth
of our Universe but also the two simplest atoms in the periodic table. Hydrogen
has a single proton in its nucleus while helium has two. Each sequential element
has an additional proton in its nucleus all the way up to the heaviest natural ele-
ment, uranium. Interestingly, uranium (and thorium) is extremely important in
helium generation which will also be discussed in greater detail in Chap. 4. All of
the elements in the periodic table have isotopes which are defined by the number
of neutrons in the nucleus. The number of neutrons is what defines the type of
isotope an element it is while the number of protons identifies the type of atom it
is. Helium-4, which is the most common isotope of helium has two protons and
two neutrons in its nucleus. A common hydrogen atom has no neutrons although
hydrogen does have isotopes where neutrons are part of the nucleus.

When I talk to people about what I do (I'm in the helium exploration business),
I would speculate that around 90 % of the folks I talk to think helium is a fabri-
cated product; something made synthetically. Most of the remaining people know
that helium is a natural element but have no idea where it comes from or how it
is collected. They would see a balloon and not even think twice about where the
helium inside comes from. Who could blame them? Party balloons are everywhere
so it is easy to see why the gas inside is taken for granted. It is (or was) so easy to go
to a supermarket and buy helium balloons for a birthday party that any thoughts of
appreciation of what goes into that balloon are quickly forgotten, if considered at all.

So, what is helium? Helium is a colorless and odorless gas that has some amaz-
ing properties. It is a noble gas and thus completely inert. A noble gas is a very
stable atom whose electron shells are completely filled and are unable to easily
form compounds. The other noble gases include (in order), neon, argon, krypton,
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2 1 What Is Helium?

xenon, and radon. Helium, in particular, has two electrons around its nucleus
called the 1s orbital and these electrons have opposite spins and thus chemically
labeled as (1s)?. To help understand how helium is so unreactive, take hydrogen
for example. Hydrogen only has a single electron and is thus particularly prone
to combine with something to fill the void of the extra electron that it wants.
Hydrogen combines with many things but the most common example here on
Earth is H,O, or water. The combination of a diatomic molecule of hydrogen (H)
with oxygen is crucially important to life on Earth and once hydrogen combines
with oxygen, it is stable and happy in its new atomic structure. In essence, once
hydrogen combines with oxygen, it effectively becomes “inert” in its natural state
because their electron shells are filled. It is this reason why hydrogen is so abun-
dant on Earth while helium is so rare. Helium, on the other hand, has its outer
electron shell completely filled so it does not seek or need electrons thus mak-
ing it completely inert. Helium, due to its inability to form compounds, is unable
to latch onto anything and will ultimately escape Earth’s gravity and be lost into
space forever.

Helium is the second lightest element, behind hydrogen. It is this property
that became the first application for helium ultimately ushering in a new indus-
try after World War I (which will be discussed in greater detail in Chap. 5). The
primary reason why helium was used for lighter-than-air craft after World War 1
was because of its inertness. Hydrogen, being so reactive, can easily ignite and
burn rapidly. The most notable example of this effect was Germany’s Hindenburg
whose hydrogen ignited upon mooring at Lakehurst, New Jersey on May 6, 1937.
That event alone effectively sealed the deal on ending hydrogen’s use in dirigi-
bles (or blimps) ever again. If the Hindenburg were filled with helium, the air-
ship would most certainly have landed safely with no fatalities. Interestingly, the
Hindenburg was built to use helium but as this was a period just before German
aggression in World War II, the United States would not sell Germany any helium.
At the time and through most of the history of the helium industry, the United
States was the only producer of helium in the world. More about this will be dis-
cussed in Chap. 5 (Fig. 1.1).

Helium is lighter than air because it has an atomic weight (mass) of 4.003 g/mol
(grams per mol) while ambient dry air has a molecular weight of 28.966 g/mol
making helium 86.2 % lighter (or less dense) than air. The composition of air is
roughly 78 % nitrogen (molecular nitrogen, N»), 20.9 % oxygen (molecular oxygen,
02), 0.9 % argon, and 0.04 % of trace elements such as carbon dioxide, neon,
helium, methane, krypton, and hydrogen (Fig. 1.2). When we add these atomic
and molecular weights weighted by their percentage of composition, we reach a
molecular weight (dry air) of 28.966 g/mol. So, any element or compound that has
a weight of less than 28.966 is less dense than air. If we were to look at the periodic
table, theoretically all of the elements up to Silicon, which has an atomic weight of
28.085 g/mol are lighter than air. Why can’t any of these elements be used to lift an
airship or balloon? The answer is that most of these elements simply are not light
enough nor are they commonly found outside of molecular compounds. In addition,
elements such as magnesium, sodium, and aluminum are solid metals and would
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Fig. 1.1 Germany’s Hindenburg whose hydrogen ignited upon mooring at Lakehurst, New
Jersey on May 6, 1937

Fig. 1.2 Composition ”
of atmosphere by volre, n parts por milion (Magon,
1966)

N, 780,900 78.08776%
0, 209,500 20.94939%
Ar 9,300 0.928973%
Co, 300 0.028999%
Ne 18 0.001798%
He 52 0.000520%
CH, 15 0.000150%
Kr 1.0 0.000100%
N,O 0.5 0.000050%
H, 0.5 0.000050%
Oy 0.4 0.000040%
Xe 0.08 0.000008%

thus have to be converted into a gas which would require energy and simply be too
hot to fill any lifting device. For example, aluminum vapor (gaseous aluminum) is
actually slightly lighter than air but it is found as a solid in its natural ground state.
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Some examples of elements or compounds that are lighter than air include
(from light to heavy) neon, water vapor, ammonia (NH3), methane (CH4), and
nitrogen. Neon, which is 30 % lighter than air, will actually lift a balloon but it is
very rare and we would not be able to produce enough to use commercially.! Even
if we could, however, helium is 80 % lighter than neon and is far better for lifting.
Evaporation is a good example of how water vapor is lighter than air which ulti-
mately condenses into clouds upon reaching colder temperatures. Ammonia and
methane will both lift balloons and have been used before but they are both dan-
gerous compounds to work with. Lastly, nitrogen (molecular nitrogen, N») is only
3 % lighter than air and is not able to lift anything with any weight. Hot air, of
course, is lighter than dry air because increased temperature reduces the density of
the molecules causing it to rise.

Putting hydrogen against helium, hydrogen is only 7 % more buoyant than
helium which is somewhat negligible when considering other lighter-than-air
gases. When we factor in the danger of using hydrogen as previously demon-
strated using the Hindenburg example, helium is really the only real and safe
option for use as a lifting medium. Thus, it is helium that we are seeing when we
look at the Goodyear blimp flying above a ballgame or when we look at birthday
party balloon. These examples are the most visible uses of helium and are gener-
ally what people think about when they hear the word “helium.”

Ever since the start of World War II, helium has been used as the primary lift-
ing gas for dirigibles, blimps, and balloons. As a matter of fact, nearly all of the
helium produced from 1918 to 1950 was used as a lifting gas. During this time,
there were “other” applications for helium such as a deep-sea diving gas but its
overall consumption in this role was very small. In addition, the production of
high purity helium (>99.0 % pure) was not available until 1949. Other uses for
helium such as arc welding accelerated when higher purities became available in
the 1950s.

Today, helium is still used as the primary lifting medium for applications
such as weather balloons, strategic and advertising blimps, and party balloons.
Although hydrogen can be substituted for weather balloons, helium is still the
most preferred gas due to its inertness. According to the National Academies
Press’, Selling the Nations Helium Reserve (2010), weather balloons are the larg-
est consumer of gaseous helium as a lifting gas consuming roughly 140 million
cubic feet of helium per year as hundreds of weather balloons are released every
day worldwide. Although helium’s use as a lifting medium is its most visible
application, its lifting applications as a whole represents only a small portion of its
overall consumption.

Helium’s use as a lifting medium is obviously found in gaseous form and is the
preferred gas because it is unreactive (inert), unlike hydrogen, and far less dense
than air. These properties alone account for helium’s use as a lifting gas. Other

! Neon is produced by air distillation. It is a very small component of ambient air only represent-
ing 0.001799 % of the atmosphere (18 parts per million).
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properties of helium such as its low boiling point, small atomic radius, and high
thermal conductivity make it useful in gaseous form in many more applications
such as pressurizing and purging rocket engines, welding, semiconductor and fiber
optic manufacturing, chromatography, leak detection, breathing mixtures, and
next-generation nuclear power facilities. These uses are listed in rough order of
overall helium consumption with pressurizing and purging representing the largest
user of gaseous helium while breathing mixtures represents a mere 2 % of gaseous
consumption.

In the United States, the National Aeronautics and Space Administration
(NASA) and the U.S. Department of Defense (DOD) are large consumers of gase-
ous helium for use in rocket propulsion systems. Although the Space Shuttle
program shut down in 2011 and represented a large portion of domestic helium
consumption in this category, helium is still used in other rockets, for example,
such as the Delta IV’s rocket propulsion system. Helium, due to its inertness and
low boiling point, is critical in pressurizing and purging rocket engines that use
liquid hydrogen and liquid oxygen as fuel. Gaseous helium, which will not liquefy
at hydrogen and oxygen temperatures, is the only element that can effectively push
these fuels into the rocket propulsion system while maintaining the pressure of the
fuel tanks as the fuel is burned. Without helium, as the rocket fuel is used in the
rocket engines, the canisters would crumple like a soda can due to the vacuum cre-
ated in the void of these canisters. Even in interstellar space, for example, the
Cassini spacecraft which was launched in 1997 to study Saturn’s moon, Titan, uses
helium to pressurize fuel tanks for trajectory adjustments.? In the United States
alone, pressurizing and purging represents roughly 26 % of domestic helium con-
sumption. It should be noted here that all of the gaseous helium that is mentioned
here and from now on is very high purity helium. Any contaminants could have
severe impacts on its usefulness in this and other applications.

The next largest user of gaseous helium, welding, relies on helium’s chemical
inertness, high thermal conductivity, and ionization potential. When we talk about
welding, however, we are not talking about brazing or soldering which simply join
two metals together. Rather, we are talking about arc welding, for example, that
actually fuses two materials together using very high heat caused by an electric arc
to melt and fuse two adjoining materials in a metallurgical bond. The result of this
type of weld is a product where the joined materials are as strong as the two individ-
ual parts. In these types of welds, any contamination could have dire consequences
on the integrity of the metallurgical bond which is where helium comes in. Helium
is pushed into the weld creating a shield so that any elements in the air are unable
to contaminate the weld and reduce its efficacy. Although argon is commonly used
as a replacement to helium in arc welding, there are some processes where the heat-
ing is so intense that helium is the only element with the thermal conductivity high

2 Helium was also used to pressurize the fuel system during the launching of the Titan IVB/
Centaur rocket which launched the Cassini spacecraft into space.
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enough to handle these processes. Using only United States figures, helium usage
for welding accounts for roughly 20 % of total consumption.

Other important users of high purity gaseous helium are optic fiber manufactur-
ing and semiconductor processing. In both processes, helium is used as the con-
trolling environment to prohibit exposure to ambient air which might compromise
the efficacy of both products. In fiber optic manufacturing, helium’s high thermal
conductivity and inertness is essential for cooling the glass fibers when drawn
from the furnace and is also a crucial component when adding the coating to
the glass fibers. Without helium, the probability of forming gas bubbles would
render the fiber useless. Similarly, all of these atomic properties are useful in
semiconductor manufacturing where helium is needed to create an inert environ-
ment to prevent contamination of wafers and circuits.

In order to gain some perspective from the semiconductor industry itself, this
excerpt from the Semiconductor Industry Association’s testimony for the U.S.
Congressional Hearing titled, “Helium: Supply Shortages Impacting our Economy,
National Defense and Manufacturing” (2012), is a great example on its many
uses in the industry: “Helium’s unique physical and chemical properties have
made it critical to the manufacture of semiconductors. The industry uses helium
because it is very inert, has a very low boiling point (at 4 degrees K, near absolute
zero), and due to its high thermal conductivity. Some of principle uses of helium
in the semiconductor industry are as a carrier gas for deposition processes, as
a dilutant gas in plasma etch processes, and in some specialized wafer cooling
applications. It is also critical in leak detection. Helium is used to achieve ultra-
clean manufacturing and assembly environments that are essential for advanced
semiconductor manufacturing. According to a report of the National Academy of
Sciences, semiconductor and optical fiber manufacturing account for 13 percent of
uses of helium; suppliers to the industry have indicated to us that semiconductor
uses account for approximately 6 percent of helium usage. In some applications,
alternatives such as argon or nitrogen may be used, but this typically results in a
decrease in throughput.”

There are other uses of gaseous helium such as chromatography which is used
in various industries such as pharmaceutical, food, and environmental analysis to
test for individual components in whatever is being tested. For example, a natural
gas well that is tested for gas composition via a gas chromatograph is able to iden-
tify all of the constituents of the gas which would allow for the identification of a
valuable commodity within the gas stream. Helium is used as a carrier gas in these
applications because it is completely inert and thus purges the equipment of any
impurities prior to and during analysis.

Leak detection is another important user of helium that spans across various
manufacturing industries. Because helium has the smallest atomic radius and is
completely inert, it is the ideal element to test for small leaks or micro cracks.
Helium leak detection is used in numerous commercial applications such as
locating small leaks in automotive and aircraft fuel tanks, fuel systems, engines,
compressors in refrigerators, light bulbs, and many other uses where small leaks
can have a detrimental effect on public safety. The method by which helium is
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used to detect leaks in these products is by utilizing a vacuum system where the
product is either placed in a vacuum chamber or the device itself is injected with
helium. A helium mass spectrometer is then used to detect any helium that might
be present on the outside (or inside) of the system being analyzed. If helium is pre-
sent where it is not supposed to be, there is a leak which can be quickly identified.
Hydrogen is oftentimes a replacement for helium in many of these applications.

Helium can also be injected into water, natural gas, or oil pipelines to find
any possible leaks. In these cases, if there is a leak in a pipeline, helium will find
the leak and seep to the surface where surface equipment is able to pick up any
anomalous helium readings. If there is an anomalously high reading of helium
anywhere on the pipeline, the leak is easy to locate where repairs can take place.
In water supply lines, helium is the ideal gas to test for leaks because of its inert-
ness and thus eliminates any public health concern. Helium can be digested with
absolutely no ill effect. The use of helium in water lines (and other pipelines) can
enhance the deliverability of the product without any wastage whose cost is gener-
ally passed down to the consumer.

Rounding off the least abundant user of gaseous helium is for breathing mix-
tures in scuba diving. Most are aware of a condition called nitrogen narcosis, or
“the bends” which results in nitrogen bubbles accumulating in the bloodstream
which can be fatal for divers. Using compressed air is prohibitive for deeper and
lengthy dives because of this condition. To help divers prevent this problem,
helium is often a replacement for nitrogen because it does not diffuse quickly into
the bloodstream thus reducing the possibility of the bends.

Lastly, many automobile owners are unaware their vehicles quite possibly con-
tain small helium cannisters used to fill airbags in the event of an accident. Due to
helium’s small atomic radius, it is an ideal gas for an immediate filling of an air-
bag upon impact. Air, for example, is not used because of the differing (and larger)
sizes of molecules in an air stream thus creating a bottleneck in the filling system
resulting in a slower fill.

Gradually over the past sixty years, helium’s primary use shifted from its
gaseous to its liquid state thanks to the proliferation of superconducting applica-
tions. Helium is the only element in the periodic table which will not solidify at
temperatures approaching absolute zero under standard atmospheric conditions.
More importantly, it becomes a liquid at a far lower temperatures than any
other element making it the only element available to achieve superconductiv-
ity. Superconductivity is, without question, the largest consumer of helium in the
world. So, what is superconductivity and why is helium so important in its use?

In 1908, Heike Kamerlingh Onnes (1853-1926), a Dutch physicist, became
the first person to liquefy helium and upon further experimentation on materials
immersed in liquid helium temperatures discovered superconductivity three years
later in 1911. Onnes’ discovery would ultimately become one of the most impor-
tant discoveries in the 20th century and provide later generations with powerful
medical diagnostic tools that would save millions of lives but also help unlock the
mysteries of the birth of our Universe. To understand what superconductivity is, it
is helpful to understand general conductivity and resistivity (Fig. 1.3).
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Fig. 1.3 Heike Kamerlingh
Onnes (1853-1926)

Fig. 1.4 Johannes Diderik
van der Waals (1837-1923)

Before we delve deeper into superconductivity, now is a good time to discuss
just why helium has the lowest liquefaction temperature (boiling point) than any
other element. There is no other element in the periodic table that boils at such a
low temperature and it is this quality that makes helium crucial for superconduc-
tivity. Why is this? The reason is because of a phenomena called Van der Waals
forces, named after Dutch scientist Johannes Diderik van der Waals (1837-1923)
(Fig. 1.4).

Although there are three types of forces that make up Van der Walls forces, a
good way to demonstrate Van der Waals forces is to think of water molecules in
gaseous form about to condense into liquid form. In gaseous form, the large water
molecules (two hydrogen and one oxygen atom) are moving rapidly when heated
and are far apart. These molecules, when heated, have a high kinetic energy thus
prohibiting any cohesion between the molecules. Although the water molecule is
electrically neutral, the structure of the molecule is not symmetrical creating some-
thing called a dipole moment which is a slight separation of the negative and posi-
tive charges within the molecule. In the case of water, the Van der Waals force
responsible for the attraction between the water molecules is called a Hydrogen
bond (a Hydrogen bond is a Van der Walls bond). The water molecule, being
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unsymmetrical, has a heavy positive and negative side in each molecule meaning
that there is a strong attraction between the positive and negative side of an adjacent
water molecule. As opposite charges attract, these hydrogen bonds between water
molecules are stronger than the other Van der Waals forces making water liquefy at
high temperatures.? Very simply, Van der Waals forces are the intermolecular attrac-
tion between like molecules. Generally, the larger the molecule (or atom), the
greater the Van der Waals force. This attractive force that takes advantage of these
dipole (heavy positive and negative sides of the molecule) moments is called Van
der Waals forces (or bonds). Luckily for life on Earth, the Van der Waals forces
between water molecules are relatively strong allowing for vast stores of water on
our planet. Van der Waals forces in water remain intact until a temperature of
100 °C at which point the Van der Waals forces break to create gaseous water.*

The helium atom, on the other hand, is perfectly symmetrical and is smaller
than any other element in the periodic table. It is symmetrical because its electron
shell is completely filled making the electrons very content in their position. Thus,
unlike our water molecule example above, there is no side of the atom that is pre-
dominately negative or positive. All of the noble gases share this common trait and
is the reason we call them noble gases; they are not willing to bond with each
other or any other element. Because of this, noble gases have a very weak intermo-
lecular attraction between them. Helium, being the smallest of all noble gases (and
any other element) means the attraction is even weaker.

It may seem counterintuitive but the diameter of the helium atom with two pro-
tons, two neutrons, and two electrons is smaller than that of the simplest atom,
hydrogen, which has only one proton and one electron.’ As a result, the tightly
bound atom makes it highly stable, more so than any other atom. These properties
of helium make the Van der Waals forces between the molecules very weak,
weaker than any known substance. The Van der Waals force which is responsible
for helium’s liquefaction is called a London Dispersion Force® which is the weak-
est of the Van der Waals forces. At extremely low temperatures, however, there
arises in the helium atoms a fluctuating dipole moment which leads to an eventual
attraction between the atoms allowing for liquefaction. That is, because electrons
can be anywhere at any single moment, there are moments when a small positive
and negative attraction can occur between the atoms which can only occur at
extremely low temperatures. The London Dispersion Force seizes upon these rare
moments which ultimately group the atoms together to form a liquid. The Van der
Waals force (London Dispersion Force) between helium atoms occurs at the tem-
perature of —269 °C (4 K), which is lower than any other element on the periodic

3 Although we mention “high” temperatures, high is a relative term. As helium is a liquid in its
ground state, the temperature is high compared to other molecules, like helium.

4 The more specific name of the Van der Waals force between water molecules is Hydrogen
Bonding, which is the strongest of the three Van der Waals forces.

5 Hydrogen, helium, and every other element has various isotopes but for the purposes of this
chapter, only the primary isotope is used.

6 Named after the German-American physicist Fritz London.
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table. It is this property of helium which makes it the only element available for
cold temperature research and superconductivity. Every other element will solidify
at these low temperatures because their Van der Waals forces are greater. As a mat-
ter of fact, helium will remain a liquid and will not solidify at temperatures
approaching absolute zero (an unattainable temperature) at normal atmospheric
pressure. Helium will solidify but only when significant pressure is added. Helium
was first solidified by W.H. Keesom of the Kamerlingh Onnes laboratory on June
25, 1926.

Getting back to liquid helium and now that we know why helium liquefies at
such low temperatures, we can see why liquid helium is so important in various
applications where there is no substitute for helium’s atomic properties. By far, the
most common industrial use for liquid helium is superconductivity which is best
represented by the countless MRI machines all over the world and large particle
accelerators such as CERN’s Large Hadron Collider. What exactly is supercon-
ductivity and why is it important for our modern society? Before we answer this
question, it is important to understand the concept of conductivity and resistivity.

In general, conductivity and resistivity are polar opposites of the other. That
is, if a material has low resistivity, it is a “good” conductor of electricity. Low
resistivity = high conductivity; low conductivity = high resistivity. Resistivity
means that a material resists the flow of an electric current and this resistance
usually manifests itself as heat. A common example of a good conductor (and
not very resistive) is copper, which is a commonly used material due to its low
resistivity. Electrons can flow relatively easily through the copper lattice without
bombarding into copper ions so little heat is lost (the heat is generated by the
kinetic energy produced from the bombarding of electrons with the ions in the
copper). If you touch a copper wire while it is transmitting an electric current,
it will not be very hot. It is this quality which makes it such a good conductor.
Silver is also a good and widely used conductor.

There are other materials which are good conductors but what is important to
note is that these conductors allow for an efficient way to pass an electrical cur-
rent. Power lines across the world rely on strands of a good conducting material
sheathed in an insulating material. These power lines, however, rely on a steady
source of power to continue the movement of an electrical current which is all too
familiar when we see our power bills in the summer. Despite the use of these low
resistivity materials, there is always “some” resistivity which results in a loss of
energy down the transmission lines. This loss of energy is precisely what super-
conductivity eliminates.

When Kamerlingh Onnes liquefied helium in 1908, it was the coldest tem-
perature ever reached in a laboratory, or anywhere on Earth for that matter. Prior
to helium’s liquefaction, a challenge was made by the Englishman Michael
Faraday (1791-1867) in the mid 1800s to liquefy all known gases. Faraday was
able to liquefy many various gases such as carbon dioxide, ammonia, and chlo-
rine (to name a few) but quickly realized that gases such as hydrogen, nitrogen,
and oxygen could not be liquefied due to the insufficient means available to him
at the time. By the end of the century, however, every known permanent gas
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except for helium was liquefied as better equipment was made available to the
new generation of scientists. Hydrogen, which was the second to last element to
be liquefied was done so by James Dewar in 1898. Helium was the last on the
list but it should be noted that at this time helium’s existence on Earth was dis-
covered only three years before hydrogen was liquefied. Once helium was able
to be extracted with enough volumes to allow for experimental endeavors, the
race was on to liquefy the last known permanent gas which was achieved by
Kamerlingh Onnes in 1908.

After Onnes successfully liquefied helium, he wanted to better understand
the behavior of materials when immersed in these extremely low temperatures.
To be precise, he wanted to understand what happened to a materials resistivity
when dropped to liquid helium temperatures. It was already known prior to his
experiments that resistivity drops when temperatures are lowered thus his curios-
ity about resistivity in the coldest known substance was palpable. In 1911, Onnes
discovered that when an electric current was passed through pure mercury (solid)
bathed in liquid helium at precisely 4.19 K its resistivity abruptly dropped to zero.
Surprised by this property, he repeated the experiment several times all with the
same result. It wasn’t until the temperature was raised above 4.19 K when there
appeared some resistivity. Onnes called this phenomenon superconductivity
because it was a “super” conductor. Its discovery was monumentally significant
which would ultimately earn him a Nobel Prize (physics) two years later in 1913.

Superconductivity, quite simply, is when a material loses all resistivity to the flow
of an electric current. To use a very common example of pushing a child on a swing,
we all know that in order for the child to continue with their fun is to keep pushing.
If you stop pushing, then several factors will slow the swing down where it will ulti-
mately stop such as the friction on the hinges and simple gravity. Thus, a continuous
amount of energy is required to keep the child swinging. The same is true in our cur-
rent power transmission lines. In order for us to continue to have power in our homes,
we need a continuous source of power, which in the United States, is principally coal-
fired generators. A superconductor, on the other hand and continuing to use our swing
analogy, is when the child is able swing in perpetuity once set in motion.

In today’s applications, some materials become superconductive when bathed
in temperatures below 4.2 K. The reason for this phenomenon is purely a quantum
effect because at these temperatures, free electrons that are flowing through material
form pairs which then interact with other electron pairs resulting in a free flowing
current that exhibits no resistivity. So, once the desired input (power) is achieved,
the power can be turned off while electricity continues to flow as long as these low,
liquid helium temperatures are maintained. Because no heat is released via resistiv-
ity, the superconducting wires can be packed very closely together resulting in a
very tightly compacted and efficient method of electricity transmission.

If we look at a common example of an MRI (magnetic resonance imaging)
device which utilizes superconductivity, we can see how useful superconductivity
is in today’s economy. For those who don’t know, an MRI machine is a medical
diagnostic device which allows for internal body images (particularly soft tissue)
that are vastly superior to X-ray’s which can be quite dangerous and are primarily
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Fig. 1.5 MRI machine. Source U.S. Navy

used for bone images. An MRI works by using very powerful magnets which
help hydrogen atoms in your body, which normally spin in random directions, to
align themselves much like a compass points to north. As specific frequency radio
waves (resonance frequency) tip some of these hydrogen atoms in your body to
the opposite direction, they gain energy. When the radio waves are halted these
atoms turn back to their original direction, releasing energy in the process which
is picked up by antennas and processed in powerful computers to create an image.
The only way these devices are able to function is because of liquid helium.
There is no substitute. Every MRI machine is comprised of very powerful magnets
such as a titanium-niobium alloy that are literally submerged in a reservoir of lig-
uid helium, thus bringing the magnets to a very cold 4.2 K. These magnets, by the
way, are extremely powerful producing anywhere from 0.5 to 3.0 T” which require
enormous amounts of power. At these temperatures, these powerful magnets
become “superconducting” and have zero resistivity as mentioned above. No
energy is lost but more importantly, as long as the temperatures remain at these
very low temperatures, no additional exterior power source is needed. Because
there is absolutely no resistivity, the electric current can theoretically flow forever
as long as the temperatures remain at temperatures 4.2 K or lower (Fig. 1.5).
Helium’s use in its superconductive role is the largest single user of helium
today and accounts for roughly 40 % of total helium consumed. Other

7 Tesla is a unit of measure for magnetic strength. One Tesla is equal to 10,000 Gauss. Earth’s
magnetic field equals roughly 0.5 Gauss. Thus, these MRI magnets have a very powerful mag-
netic field.
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Fig. 1.6 3D cut dipole tunnel montage photo (CERN)

superconductive applications include particle accelerators such as CERN’s Large
Hadron Collider® (Geneva, Switzerland) which use even more powerful magnets
and tremendous power inputs to hurl subatomic particles together to help under-
stand the nature of our Universe. Although particle accelerators are vastly larger,
the principals of superconductivity are the same as the MRI devices mentioned
above. Powerful magnets can handle enormous amounts of energy only as long as
there is no resistivity (Fig. 1.6).

Readers may recall the helium leak at CERN’s LHC in September 2008 which
caused a temporary shutdown of the facility. This event is a good example of what
happens when the temperature of helium rises to the point where superconductivity
is no longer possible. Due to a “faulty electrical connection” between two magnets,
a “quench” occurred resulting in the melting of some of the magnets which were
normally cooled by liquid helium. Due to the tremendous amounts of power and the
loss of liquid helium, resistivity manifested and magnets melted due to the incredible
heat generated. Containing the liquid helium environment is extremely important to
make sure that quenches do not occur thus rendering the superconducting equipment
useless. The LHC finally became operational a year later in November of 2009.

8 CERN’s Large Hadron Collider (LHC) uses approximately 120 tonnes of helium to
cool powerful magnets down to 2.7 K (—271.3 °C). Helium at these even lower tempera-
tures is called a superfluid which has even more amazing properties. For more informa-
tion on helium’s use in the LHC, please visit: http://home.web.cern.ch/about/engineering/
cryogenics-low-temperatures-high-performance.
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In addition to liquid helium’s use as a superconducting medium, it is also used
in low-temperature physics laboratories around the world. Although it is impos-
sible to reach absolute zero, scientists have been able to discover various quantum
phenomenon at temperatures a mere fraction above absolute zero. For this appli-
cation, there is also no substitute for helium because it is the only element that
will never solidify at temperatures approaching fractions of a degree above abso-
lute zero. Although applications and discoveries vary from laboratories around the
world, helium is the only element that allows low-temperature research to flourish.

Another very important use for liquid helium is sensitive space telescopes
which rely on liquid helium temperatures to operate. The Spitzer Space Telescope,
for instance, which was launched in 2003, required a payload of liquid helium for
proper telescope operation. The mission was designed to detect small doses of
cosmic heat radiation which would not otherwise be detected due to the space-
craft’s own self-generated heat. The liquid helium supply ultimately depleted
(as planned) and rendered the most sensitive part of the telescope useless. Other
“warm” phase missions, however, which do not require liquid helium temperatures
allow the spacecraft to continue to send valuable information back to Earth.

More recently (2014), helium was also used to cool the BICEP2 (Background
Imaging of Cosmic Extragalactic Polarization) telescope at the South Pole which
detected evidence of the early expansion of the Big Bang (Big Bang will be dis-
cussed in the following chapter). This equipment was designed, much like the
Spitzer, to measure small amounts of cosmic radiation (CMB, Cosmic Microwave
Background) which represents the leftover energy created from the Big Bang
nearly 14 billion years ago. The BICEP2 was instrumental in enhancing our
knowledge of the period called “inflation” after the Big Bang and was only made
possible because of the cooling properties of liquid helium for which there is no
other substitute.

The examples just mentioned where helium is used in its liquid state represent
the primary consumer of all helium produced worldwide. Outside of these applica-
tions, helium has a very useful role in its gaseous state as well for which there are
few to no substitutes. Now that we know most of the applications where helium is
used, now is a good time to discuss where helium comes from both cosmically and
terrestrially.
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Chapter 2
Where Does Helium Come from?

Cosmic Abundance

Hydrogen and helium are the two most abundant elements in the Universe. As
a matter of fact, the entire cosmic inventory of hydrogen and helium make up
over 98 % of all known matter in the Universe. The remaining 2 % amounts
to every other element combined. Despite the fact that our Earth is a rocky
planet and contains an abundance of additional elements like oxygen, silicon,
and iron, for example, it is not representative of the entire Universe. Our planet
Earth, in the grandest of grand schemes, is nothing more than a speck of cosmic
dust revolving around a medium sized star. It is not until we take the Universe
as a whole until we can understand just how much hydrogen and helium exists
out there.

A hydrogen atom is the simplest element on the periodic table because its
nucleus is nothing more than a single proton which is orbited by a single electron.
It is number one on the periodic table and is, by far, the most abundant element
in the Universe. If we break the hydrogen atom down we are left with a single,
lonely proton. This single proton in the nucleus identifies the element as hydro-
gen because the number of protons equal the element’s atomic number. It is this
atomic number which identifies each specific element. Helium, for example, has
an atomic number of two because it has two protons. As we add another proton
to a nucleus, it becomes a different element. There are 92 naturally occurring ele-
ments from atomic numbers 1 (Hydrogen) to 92 (Uranium). Helium has two pro-
tons, two neutrons, and two electrons.

Leaving neutrons out for a moment, helium has two protons which are noth-
ing more than two hydrogen nuclei. As we venture down the periodic table, every
unique element has varying quantities of hydrogen nuclei in their own nucleus.
Everything around us was born from the nucleus of hydrogen atoms (protons).
Thus, everything starts with the simple proton and this is where we will begin
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the explanation of helium’s abundance in the Universe. In order to see just how
helium came to be, we need to start at the very beginning to an event called the
Big Bang, or the birth of our Universe.

The Big Bang

The Big Bang is the prevailing theory about the birth of our Universe which the-
orizes that as we go back in time nearly 14 billion years, all energy and matter
can be reduced to an infinitesimal point, called singularity. To clarify even fur-
ther, when we think of this explosion, we are not talking about an explosion in
time but rather of time. To ask the question what happened before the Big Bang
would be meaningless because time did not exist before the event. In addition, this
“point” was not in any specific location but it was everywhere at once. There was
no medium in which the universe exploded in, rather it was the explosion of the
medium itself. Although this is a difficult concept to grasp given our perceptions
of such an event, it is nonetheless an important concept. Everything that we see
today started from this single event of unparalleled proportions. All of the mat-
ter that ever existed and ever will be was created from this single event and as the
Universe evolved, the matter from the initial Big Bang would transform into the
elements we see today.

In order to understand the nature of singularity or the single point where space
and time began, think of it this way: if we took the entire Earth, all of the other
planets in our solar system, our Sun, our Milky Way galaxy containing hundreds
of billions of stars, and every galaxy each containing hundreds of billions of stars,
and hit the reverse button to nearly 14 billion years ago, everything would fit into
a point the size smaller than an atom. Of course, this is no ordinary atom, it is
the primeval atom which had infinite energy and temperature. It is the point from
which everything we see today came from. From this infinitesimal point of energy,
all matter was created.

Although we don’t know how or why the Big Bang occurred some 14 billion
years ago, scientists have a fairly good notion of what happened in the moments
immediately after it occurred. By immediately, we mean we know the probable
events all the way up to 10~*3 s after space and time began. Just to give you an
idea in visible form just how small this value is, this is the equivalent of 0.0000000
000000000000000000000000000000000001 s. The period from zero to 10~*3 s is
known as the Planck era, named after the father of quantum theory, Max Planck.
Not much is known over this incredibly small period of time because no current
theory exists that can adequately explain it but we do know that our four elemen-
tary forces of nature (gravity, electromagnetism, strong force, and weak force)
were unified and thus only one force of nature existed. Nevertheless, the period
after 10~*3 s is fairly well known as the universe started to expand and cool.

After the Plank Era, or between 1043 and 1073° s, we know that the uni-
verse, which had already expanded and cooled dramatically (but still a very hot
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1032-10%7 K), was principally full of radiation (energy). During this period,
gravity was able to precipitate out as the temperature dropped and subatomic
particles (and their anti-particles) were able to form via a process called pair pro-
duction. Pair production, explained in an overly simplistic way, is how matter
was created directly from energy. To understand how pair production works, it
might be easier to explain by using a well known example.

We all know Einstein’s equation, E = mc?, which shows the relationship
between mass and energy. This formula states that matter is energy and energy is
mass. The mere fact that mass and energy are on opposite sides of the equal sign
highlights this relationship. It is the “c” in c¢? that shows how much energy mass
contains. ¢ stands for the Latin word celeritas (“swiftness”) and is the symbol
for the speed of light. The speed of light is precisely 299,792,458 m/s (or about
671 million miles per hour). Thus, anything multiplied by this number squared is
going to be a very large number. As you can see when we plug into the equation,
then, the energy equivalent of a small amount of mass is fundamentally huge as is
demonstrated, for example, by the explosion of an atomic bomb. Small amounts of
matter contain vast amounts of energy.

Just as we see how the destruction of matter can produce massive amounts of
energy by using this equation, we can also determine how much energy is required
to produce mass. This is how the most fundamental building blocks of matter were
created in the Big Bang and we call this process, pair production. Pair production
occurs when two photons, which are discrete packets (packets of light) of electro-
magnetic radiation, merge to create a particle-antiparticle pair. In the case of the
moments after the Big Bang, all of the energy in the form of high-energy gamma
radiation could form actual matter and antimatter (we will discuss antimatter in a
moment). So, from the very beginning, there was nothing more than energy from
which we all spawned. This energy ultimately created all of the matter we see
today from a galaxy all the way to the book you are holding in your hand.

Before we go on, it is important to understand the definition of energy as it
relates to the events after the Big Bang. We are all familiar with the visible light
spectrum which is made up of all of the colors of the rainbow. That is, and as will
be discussed later in the book, if we took a beam of light and directed it through a
prism, we would notice the constituent colors of this white light which range from
red to violet. Each of these colors have different energy levels with red having the
lowest energy (low frequency waves) and violet (high frequency waves) having the
most. The entire rainbow makes up the visible spectrum which we see all around
us. The energy levels above and below the visible spectrum like infrared and ultra-
violet are outside of our visible range and we are not able to detect them with-
out proper equipment. Beyond these immediate ranges, however, lie gamma rays
which are the highest energy waves (highest frequency) and radio waves (lowest
frequency) which are the lowest. Although humans can only see the narrow range
of the visible spectrum, the entire electromagnetic spectrum, visible spectrum
included, from radio waves to gamma rays are pure energy (light) and are emit-
ted as photons which are discrete packets of light that have both wave and particle
properties. They all move at the speed of light regardless of their frequency thus
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each can simply be called light rays. Gamma rays are high energy photons while
radio waves are low energy photons. Immediately after the Big Bang, only high-
energy gamma rays existed which, when the Universe cooled, began to lose energy
and fall into other portions of the electromagnetic spectrum (Fig. 2.1).

All of the matter that was created during the Big Bang was formed from high-
energy gamma radiation (photons) that was the only form of light (energy) created
immediately after the Big Bang. It was these gamma ray photons with unfathom-
able energy which created the matter we see around us. As mentioned in the previ-
ous paragraphs, it takes an enormous amount of energy to create matter and it was
these high-energy gamma ray photons which allowed this to happen. Any lower
energy photon would not be able to create matter which is why all the matter in
our Universe was created immediately after the Big Bang.

Getting back to the formation of matter from energy, we are now able to see
how pair production occurs due to the incredible energies surrounding the moment
of the Big Bang. In a moment we will discuss the types of particles created via
pair production but first it is important to understand anti-particles (anti-matter)
which created with equal quantities after the Big Bang.

For those who are unfamiliar, antimatter is the precise opposite of matter. For
instance, an electron is a negatively charged form of matter and is the smallest
elementary particle we know of. Its antimatter opposite is called a positron. Both
an electron and positron are absolute mirror images of one another except that that
a positron is positively charged. They are the same size, have the same mass, and
are otherwise completely identical. Interestingly, when matter meets its antimat-
ter opposite, they annihilate one another in a flash of energy to produce photons,
or electromagnetic radiation (light). Put another way and in human form, we are
all made up of matter. If we could somehow walk out the door and meet our anti-
matter opposite, we would look absolutely and completely identical in every way.
If we were to shake hands with our antimatter opposite, however, we would both
completely disappear and transformed into a burst of pure energy in the form of
electromagnetic radiation.

The early universe created equal amounts of matter and antimatter. A ques-
tion might arise, then, if matter and anti-matter annihilate one another, how is
there any matter in the universe? It is a very good question and there is really
no way to explain it other than somehow we ended up with a slight imbalance
of more matter than antimatter and theories for this phenomenon are beyond the
scope of this book. The fact that we are here means that matter prevailed over
antimatter. One of the most amazing things about the Big Bang is that most of
the matter and antimatter that were created in the moments after the Big Bang
were annihilated. We are all products of that small amount of matter that some-
how survived.

By the end of 1073 s, the strong nuclear force (the force that binds an atomic
nucleus together) began to precipitate out into its individual form but it is also
in this time in which astronomers believe that dark matter became apparent. The
subject of dark matter is also too vast to go into any great detail here but in the
beginning of time, it was less important. As the universe aged, it has become much
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more important because it comprises the vast majority of density in the universe
which holds our galaxies together but scientists have found very little evidence
beyond theory.

In the period between 1073% and 10~ s after the Big Bang, the heavier ele-
mentary particles such as protons and neutrons, and their antimatter opposites,
formed via the pair production process mentioned above. These heavier particles
were the first to form because of the higher temperatures and higher energies of
the photons. Greater energy resulted in more massive particles like protons which
are 2,000 times more massive than electrons. Most of these particles created dur-
ing this time were annihilated, however, converting their mass back into photons
where the chain reaction would continue until there was nothing left but slightly
more matter than antimatter. It was also during this time when both the weak
nuclear force and the electromagnetic force precipitated out thus releasing the
remaining individual components of the forces of nature.

By the time we fast forward to about one second after the birth of the universe,
electrons and positrons (the electrons opposite) were formed by pair production
and, once again, most of these particles were annihilated much like the earlier
and heavier protons and neutrons. Electrons and positrons, which are elementary
particles, required far lower temperatures and subsequently lower energy photons
hence the low mass of the electron (and positron). After the end of this first sec-
ond, all the matter formed through pair production resulted in all of the known
matter in the universe. After the universe cooled below 10'? K, pair production
was no longer possible because there was not enough energy to produce matter
as the temperature after expansion had dropped even further. Thus, the princi-
pal building blocks of matter were all manufactured within one second after the
Big Bang.

After about 100 s (just over a minute and a half) after the Big Bang, protons
and neutrons (the ones that were not annihilated) started to fuse into the heavier
“nuclei” like helium (only the nuclei of protons and neutrons had formed by this
time). This fusion process happened very quickly while the Universe was still hun-
dreds of millions degrees Kelvin. Electrons could not attach to a nucleus until later
due to the still extremely high temperatures that would otherwise tear off electrons
from a nucleus. Within 15 min, however, conditions cooled to the point where the
fusion process ended after which virtually all of the helium nuclei in the entire
universe had already been formed.

From a minute until about 300,000 years after the Big Bang, radiation was
still the predominant make-up of the early universe and this radiation (photons)
would continue to break up nuclei as fast as they could form. The early universe
was a soup of radiation, hydrogen and helium nuclei, and a vast array of elec-
trons. Photons would break up nuclei and create more photons, which would go
on to break more nuclei. Light (photons) could not travel a straight line because
of the temperature and the state of the universe was still a radiation-filled plasma
soup where photons would be absorbed by other photons only to be broken up
again. After 300,000 years, however, the “radiation” era of the Universe ended
and cooled to the point where electrons could latch on to nuclei and form
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full-fledged atoms. Once full atoms were created after the radiation era, larger
structures such as galaxies and stars (and ultimately planets) could form from the
grouping of atoms.

On a cosmic scale, virtually all of the helium that was ever created was born
in the Big Bang. The Universe is still predominantly hydrogen and helium that
was created in the first moments of time and space. After the Universe was around
200 million years old, hydrogen and helium gas clusters would go on form large
clumps of gas where gravity would take hold and form the first generation of stars
and galaxies. Stars were born when large clusters of hydrogen and helium gas
would fall under the weight of its own gravity and compress to the point where
their core temperatures and pressures were high enough for perpetual hydrogen
fusion reactions could occur. This reaction, as can be seen on our own Sun, is a
process called the proton-proton exchange in which hydrogen is fused to produce
helium. Thus, our Sun, along with virtually every star you see in the night sky is a
giant nuclear, helium-producing, life-giving, furnace.

The Sun

Our Sun is a very important topic when considering helium for two reasons. First,
enormous amounts of helium are created every second in the core of the Sun via
hydrogen fusion and second, the Sun is where helium was first discovered many
years before it was ever discovered on Earth. The purpose of this segment is to
discuss the process by which the Sun produces helium but also give the reader a
thorough understand as to why helium was detected on the Sun in the first place.
Both points can be addressed by the process that occurs in the very hot and dense
core of the Sun.

Breaking down the composition of our Sun by mass, ~75 % is hydrogen
and ~25 % is helium which, as you learned in the segment about the Big Bang, is
roughly the composition of our Universe (of course, we are only including visible
matter and are not including dark energy or dark matter). The principal composi-
tion of our Sun is primarily the product of the material produced during the Big
Bang. Interestingly, about 99.86 % of all of the mass of our solar system is housed
completely in the Sun while the giant planet Jupiter has about 66 % of the rest
of the mass. Everything else in our solar system, Earth included, only comprises
0.05 % of the entire mass in the solar system. Thus on a cosmic scale, our Earth is
quite small indeed!

The Sun is a star, just like all of the stars visible to the naked eye on any
clear night. Indeed, if you look at the stars at night, they all shine through the
same process that occurs in our own Sun. This process, nuclear fusion, is at the
heart of every star turning matter into energy much like energy creating matter
in the moments after the Big Bang. Recall that energy and mass are on opposite
sides of the E = mc? equation which highlights the relationship between mass
and energy.
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Our Sun is a second or third generation star that formed from the debris of
stellar explosions before it. Although we will go into greater detail about these
stellar explosions (supernova) and subsequent star formation later, what is impor-
tant to understand that stars are born and die. There is a beginning and an end
during the ever evolving state of our Universe. Our Sun was born roughly five bil-
lion years ago and will ultimately fade into existence in another five billion years.

What does a second or third generation star mean? About 200 million years after
the Big Bang, large clusters of hydrogen and helium began to form creating large
structures like stars and galaxies. These first clusters of gas which formed stars and
galaxies were made from the only raw material the Universe had to offer in the
early Universe, hydrogen and helium. These early stars were massive, hundreds of
times more massive than our own Sun. The result of these larger sizes meant that
these stars burned enormous amounts of hydrogen via nuclear fusion and conse-
quently ran out of fuel faster than a smaller star. After these early stars ran out of
hydrogen as their primary fuel source, the cores would become hotter resulting in
the burning of helium created from the initial hydrogen fusion process (this process
will be discussed in much greater detail later). Needless to say, once the helium fuel
ran out, carbon was created. This process continues where the nuclear ash created in
the previous reaction is used as fuel for the next stage of a stars life all the way up
to the creation of iron when the fusion process ends. Once these early stars’ cores
contained iron in their core, they would explode in an event known as a supernova
which is an event of unparalleled proportions scattering all of the elements up to
iron into the Universe while creating new elements in the process. Thus, most of
these “first generation” stars left material for second generation stars to form. When
second generation stars explode, material is left for third generation stars.

Our Sun was formed from the debris left over from a previous supernova (or
additional supernovas). We know this to be the case because when we analyze the
composition of the sun via spectral analysis, many elements are present such as
oxygen, carbon, nitrogen, silicon, magnesium, neon, iron, sulfur, and many oth-
ers. However, the primary composition of our Sun is still hydrogen and helium
(by far, the most abundant elements in the Universe) which represents 91.2 % and
8.7 % respectively from the standpoint of the total number of atoms in the Sun.
The remaining 0.1 % represents everything else combined. There mere presence
of these other elements means that our Sun was formed from the stellar debris of a
previous supernova(s).

Although iron is the last element created via nuclear fusion in stars, once a star
goes supernova (a very rare event with second and subsequent generation stars),
all of the other elements up to the last natural element, uranium, are created in the
explosion itself via fission. So, where elements are fused together (fusion) in the
main portion of a stars life, fission (or the breaking up of atoms) is the process by
which the heavier elements are formed. This topic will be discussed in greater detail
later. These other heavier elements are also found in our Sun but in much lesser
amounts as one would expect due to the rare event of a supernova. Our Sun, being an
average sized star, will not go supernova but will rather simply fade away at the end
of its life. Only massive stars go supernova and our Sun is a very average sized star.
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Now that we know how our Sun (and by proxy all other stars) formed from the
debris, we can begin the topic of how nuclear fusion takes place in the core of our
Sun (and other stars). When our Sun formed from the debris of a previous stellar
explosion, its mass gained by attracting other nearby material (again, with mostly
hydrogen and helium). Once the gas cluster that formed our Sun became large
enough, gravity began to pull the material in on itself creating a very dense and
hot core. As soon as the pressures and temperature of the core were high enough,
the fusion oven turned on and light (energy) was created. At this point, which
happened about five billion years ago, our Sun was born.

How does our Sun work and how does it produce helium? Our Sun, on a cos-
mic level, is a very average star compared to all others in the Universe but as men-
tioned before, the process that drives our Sun is precisely the same as virtually
every star you see in the night sky and, indeed, across the Universe. The nuclear
furnace that produces helium from hydrogen in the Sun takes place in its core.

The hottest and densest part of our Sun is the core where the nuclear reac-
tions take place that keep it shining. Inside the core, the temperatures (~15 million
degrees Kelvin) and pressures are such that fusion can occur as hydrogen nuclei
(protons) are moving fast enough to fuse together. How does that process work?
In our Sun (and all stars), during the main period of life called the main sequence,
it is a process called the Proton-Proton Chain (or P-P Chain). In larger stars, and
in a small effect in our own Sun, there is another process called the C-N-O Cycle
(Carbon-Nitrogen-Oxygen Cycle).

The P-P Chain is the predominant method of helium production in our own
Sun. It starts with two hydrogen nuclei (or protons) that are moving fast enough to
overcome the repulsion of the two positively charged protons and fuse together! to
form a heavy hydrogen atom called deuteron (*H).2 The collisions of these protons
are nearly head-on and are actually very rare events. Only about one proton in one
hundred million protons are even moving fast enough to be able to fuse together.
Of that one in one hundred million protons which are moving fast enough to fuse,
only about one in ten billion trillion (10?%) protons will actually fuse. This means
that the average lifespan of a proton in the Sun is about 14 billion years before it
will ever fuse with another proton.

The first stage of the P-P Chain is the fusion of two protons. To understand the
formula below, we will call each proton “'H” as it is noted scientifically (recall
that the hydrogen nucleus is nothing more than a single proton). The one in front
of the 'H (Hydrogen) is the atomic weight of the element. As an example, the most
common helium atom is written “*He” because the atomic weight of the nucleus is
4 (*He can also be written as Helium-4 and has two (2) protons plus two

" At very high speeds, when a proton has a head-on collision with another proton, they become
a single nuclei because the strong nuclear force (the force that binds nuclei together) overpowers
the electromagnetic repulsion between the two positively charged nuclei.

2 Deuteron is an isotope of hydrogen that has one proton, one neutron, and one electron.
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(2) neutrons thus having a weight of roughly 4). Getting back to the start of the
P-P Chain, there exists two single protons, one of which turns into a neutron
which fuse together to form a heavy hydrogen nuclei called deuteron (*H; one pro-
ton and one neutron) while releasing energy in the form of gamma radiation and a
neutrino.> The next step uses the product of the first stage to create a lighter iso-
tope of helium. In this step, a single deuteron atom (*H) fuses with a proton to cre-
ate the light isotope of helium (*He) and energy. In the third and final step, two
3He atoms fuse to create “He plus two protons, two neutrons, and energy (gamma
ray photons). In scientific notation, here are the steps:

1. '"H + 'H — 2H + positron* + neutrino
2. ’H + 'H — 3He + energy
3. *He + *He — *He + 'H + 'H + energy

In short form, the equation is simply: 4('"H) — 4He + energy + 2 neutrinos.

This reaction is the primary reaction for all stars you see in the night sky (and
elsewhere in the universe) and is the principal reaction in our own Sun. There is
another reaction that is common in larger stars (and to a much lesser extent in
our own Sun) called the C-N-O (Carbon-Nitrogen-Oxygen) Cycle which utilizes
carbon as a catalyst that ultimately produces helium (*He) and carbon. We won’t
bother going into any detail about this reaction because simply because it is not
the primary fusion reaction in our own Sun.

The energy released by the P-P Chain is clearly very large but in order to
understand just how much energy, we can break it down by looking at a single
P-P Chain event listed above. As you learned from Einstein’s famous equation
E = mc? which showed how mass and energy are equivalent, we can use this
equation to see how much energy is actually produced in this process. The mass
of four individual protons (hydrogen nuclei) equals 6.6943 x 10727 kg. However,
the mass of the product, helium, equals 6.6466 x 10727 kg meaning that a small
amount of mass is lost when fusing hydrogen into helium. You may recall from
chemistry class the Law of Conservation of Energy and Mass which, very sim-
ply states that the sum of energy and mass (matter) on one side of the equation
must equal the sum of energy and mass on the other side of the equation. We can
lose matter as exemplified by the loss of mass just mentioned in the P-P Chain
above as long as this mass is converted to energy. This is precisely what happens
in our Sun; the mass that is lost from the fusion of protons into helium is con-
verted to pure energy. This mass lost in a single reaction when multiplied by the

3 A neutrino (Latin for “little neutral one”) is a particle that has no mass or charge and moves
virtually undetected through matter. We are constantly bombarded by neutrinos produced by the
Sun but they pass through the Earth (and us) as though it was not even there. They are very dif-
ficult to detect and can only be found in deeply buried neutron detectors.

4 Recall that a positron is the antimatter opposite of an electron. Immediately after a positron is
emitted, it will interact with an electron (which are extremely abundant) and quickly annihilate in
a burst of pure energy (gamma-ray photons). So, energy is released in this first phase of the P-P
Chain albeit indirectly via the product of this first stage.
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shear volumes of converted mass in the Sun produces an extraordinary amount of
energy making life possible here on Earth. About 4.3 million tons of matter (the
matter that is lost in the fusion process) is converted into energy every second in
our Sun. The energy created in the P-P Chain is in the form of high-energy gamma
ray photons.

The P-P Chain happens only the core of our Sun where temperatures and pres-
sures are high enough to begin and perpetuate the nuclear reaction mentioned
above. What about the rest of the Sun? This is where things get even more inter-
esting and ultimately explains why we even have a visible spectrum which is
the only form of light energy humans can detect without additional instrumenta-
tion. Surrounding the core of the Sun are several layers each with unique prop-
erties that ultimately transport the energy created in the core to the surface of
the Sun. Although the detailed mechanisms that happen in these outer regions of
the Sun are beyond the scope of this book, immediately surrounding the core is
called the Radiation Zone. Other zones away from the Radiation Zone (in order
from the core to the surface) include the Convection Zone, the Photosphere, the
Chromosphere, and the Transition Zone. Each zone plays an important part in
delivering the energy created in the core of our Sun to the surface and ultimately
to the entire Solar System (Fig. 2.2).

What is important to note about our layered Sun is that the high-energy gamma
ray photons created in the core of our Sun lose energy as these photons make their
way to the surface. Gamma ray photons lose energy because most of these photons
are absorbed by atoms in the outer layers. As soon as an atom absorbs some of the
photons energy, the affected atoms electrons shift to a more excited state which
takes some of the energy away from the gamma ray photons. The resulting lower
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energy photons are then absorbed by more atoms losing more energy along the
way. Because of this phenomena, it can take 100,000 years for photons produced
in the core to ever reach the surface of the Sun. By the time these photons reach
the surface of the Sun to be disturbed across the solar system, the initial gamma
ray photons have lost so much energy that the photons emitted are in the visible
spectrum. In other words, the very high wavelength (high frequency) gamma rays
are spread out to lower wavelength (lower frequency) visible light by the time it
reaches our planet.

What happens to our Sun (and stars) when it runs out of hydrogen as its pri-
mary fuel? The answer to this question is crucial to understanding why we find
helium on Earth which will be described briefly here and in much greater detail
later in the book. As we discussed earlier, in about five billion years our Sun will
leave what is called the main sequence of its life. The main sequence is the period
between when the nuclear furnace begins until it runs out of hydrogen. Most stars
are living in the main sequence of their lives because it is, by far, the longest
period of a stars life. Our Sun, for example, will live in its main sequence for a
total of about 10 billion years. After its main sequence, it will move into what is
known as the Red Giant phase when the hydrogen fuel effectively runs out and is
replaced by the leftover helium ash from the main sequence.’ Once the hydrogen
runs out, a star (and our own Sun) is no longer in the main sequence of its life and
it enters into its elderly years.

After our Sun’s main sequence, gravity will pull the core in on itself making it
much hotter. Immediately outside the inner core, left-over hydrogen will continue
to fuse into helium making the layers beyond the core expand into the orbits of
the inner planets of our Solar System. The energy production from helium burn-
ing is much lower thus creating a red surface appearance but it will shine about a
hundred times brighter than our Sun in its main sequence. The product of helium
fusion in the core of the Red Giant is carbon. Immediately outside the inner core,
hydrogen fuses into helium no longer by the P-P Chain but rather shifts to the
C-N-O Cycle mentioned earlier in the chapter which uses carbon as a catalyst
to produce helium. The Red Giant phase of our Sun lasts only a fraction of the
time of its main sequence, about 150 million years. After this, our Sun’s life will
effectively end because there will not be enough heat, due to its average size, to
continue nuclear reactions and manufacture additional elements. The only ele-
ments that the Sun will produce is carbon, oxygen, and nitrogen. Our Sun will
then cool down, lose much of its outer layer material into space, and retire as a
cool white dwarf star and simply fade away into existence. The nuclear furnace
stops resulting in no more light for our Solar System.

Although our Sun will fade away without providing many elements in the
Universe, the same is not true for stars with a greater mass than our own Sun.
Indeed, many smaller stars will not go beyond the hydrogen burning phase simply

5> Hydrogen burning will still occur in the outer core of a Red Giant star.
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because there is not enough mass to allow gravity to pull itself into create heat
required for helium burning. Larger stars, however, have a much different fate.
Larger stars continue where our Sun left off creating even more elements because
their mass allows gravity to pull in more material to generate more heat. Every
sequential element created after hydrogen requires more heat for fusion. Helium
fusion requires more heat than hydrogen fusion, carbon fusion requires even more
heat, and so on. Thus, greater mass enables these additional reactions.

For stars larger than our Sun, this process continues dependent on the mass of
the star but it should be noted that the larger the atomic mass of the element being
consumed, the greater energy required to continue the fusion process. Although
the actual processes by which this happens is beyond the scope of this book, the
sequential products and fuels are as follows: hydrogen fuses to helium, helium
fuses to carbon, carbon fuses to oxygen and magnesium,® and oxygen fuses to sul-
fur and neon.” After silicon, the primary method of fusion in stars is a process
known as helium capture where helium fuses with the product of the last fused
nuclei. For example, silicon fuses via helium capture to sulfur, sulfur fuses via
helium capture to argon, argon to calcium, calcium to titanium, titanium to chro-
mium, and finally chromium to the last elements produced via fusion, iron and
unstable nickel which decays rapidly.

After iron, however, fusion can no longer continue because there can never be
enough energy to fuse iron which is the most stable element. The internal nuclear
reactor stops when the core fills with iron. Energy cannot be extracted either by
fusion or fission meaning it is the end of the line for large stars. When a large star
reaches this stage, the result is a gravitational inward pull that is so great that the
star will ultimately explode in spectacular fashion in an event known as a super-
nova. The process of supernova will be discussed in greater detail later but these
events are responsible for creating all of the other elements after iron and up to the
last natural element, uranium.

This is not to say that other elements are not created in massive stars, they are.
It is just that the last fusion product in a massive star is iron. Other elements up to
Bismuth (specifically the isotope Bismuth-209) can be created in stars by process
called neutron capture. More specifically, it is called the s-process (s stands for
slow). Because there are an abundance of neutrons in these larger stars, neutrons
are able to enter the nucleus of many elements without much fanfare. That is, neu-
trons are electrically neutral so there is no repulsive force from protons fighting

6 In the carbon stage, two events occur. At extremely high temperatures (~600 million K) and
pressures, carbon (12C) will fuse with another carbon nucleus to create magnesium. This process
is known as carbon burning. Carbon can also fuse with helium (4He) to create oxygen (160) and
this process is called Helium Capture. Helium capture is far more common because it requires
lower temperatures (~200 million K) than carbon burning.

7 Oxygen (160) can fuse into another oxygen nuclei to form sulfur (32S) at the extremely
high temperature of about 1 billion K. The more common oxygen reaction, however, is also via
Helium Capture where oxygen fuses with helium to become neon (20Ne) which occur at lower
temperatures.
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against their entry. Recall that adding a neutron to an element does not change the
element. Rather, it only changes the isotope of the same element. However, with
the addition of several neutrons to a single nucleus can make it unstable, forcing it
to break up into lighter nuclei. This process, specifically the s-process, is how ele-
ments like gold and silver are formed.

It is fascinating to know that all of the carbon in our bodies, the oxygen in our
water, the iron in our blood, the nitrogen in our atmosphere, and indeed all of the
elements that make up our bodies and the world around us were created in the
cores of stars. Early stars used the only raw material available after the Big Bang,
hydrogen and helium, and transformed it into the elements we see every day in our
lives. Our Universe is a living, evolving machine.
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Chapter 3
Foundations of Discovery

The Prism

Helium’s discovery is probably one of the most unique stories in elemental dis-
covery. Its ultimate identification was the culmination of hundreds of years of sci-
entific achievements by countless professional and amateur scientists. The most
distinctive aspect of the discovery of helium lies in the fact that it was the first ele-
ment to be detected on the Sun before it was identified on Earth. Helium was first
detected through a device known as a spectrometer which at its very basic level is
nothing more than an apparatus with a slit to allow the passage of light, a prism to
refract the light, and an eyepiece (or display) to view the results. Although a very
simple apparatus, the spectrometer became one of the most useful tools in atomic
elemental identification and discovery for many years after its discovery in 1860.
Although technology has certainly advanced since that time, the spectroscope is
still used today to determine the composition of stars. At the very heart of spectro-
scopic analysis is the glass prism.

The effects of light passing through a prism had been known for centuries but it
was Isaac Newton who first sought to understand the nature of white light. White
light, or the most pure light, was believed to have no intrinsic color.! Newton, after
receiving his bachelor’s degree wrote:

In the beginning of the year 1666 (at which time I applied myself to the grinding of
Optick glasses of other figures than Spherical) I procured me a Triangular glass-Prism, to
try therewith the celebrated Phenomena of colours. And in order thereto having darkened
my chamber, and made a small hole in my window shuts, to let in a convenient quantity of
the Sun light, I placed my Prism at its entrance, that it might be thereby refracted to the
opposite wall. It was at first a very pleasing divertissement, to view the vivid and intense
colours produced thereby; but after a while applying myself to consider them more

! Isaac Newton, James Gleick, 2003, p. 66.
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circumspectly, I became surprised to see them in an oblong form; which according to the
received laws of Refraction I expected should have been circular. ...

As Newton made calculations regarding the refraction (the bending of light as it
passes through a prism or other medium) of light, he soon began to isolate a spe-
cific refracted colored beam in which to pass through a second prism. When a
beam of sunlight would pass through the first prism, the light would separate into
the colors by their degree of “refrangibility”, with red being the least refrangible
and violet being the most. Newton had subsequently discovered that isolating one
particular beam of color and passing it through another prism would not be further
dispersed, rather it would remain the same color. In order to confirm his findings
he used a biconcave lens to gather the entire spectrum back to a single point,
where the colors disappeared to produce the original white light.? This information
led Newton to finally uncover the nature of white light: “Light consists of Rays
differently refrangible”* Because a prism separates colors, not “creates” them,
white light is a combination of all spectral colors. In Newton’s words, “light itself
is a Heterogeneous mixture of differently refrangible Rays.”

Recall from the previous chapter that the sunlight beam used by Newton was cre-
ated first as gamma ray photons (packets of light) that have been absorbed by atoms
for about 100,000 years inside the Sun before they leave the Sun’s surface in the
visible spectrum. Although we intuitively think of light as only what we see today,
the entire electromagnetic spectrum from gamma rays to radio waves are considered
“light”. Despite the fact that they all have differing wavelengths, they all move at the
speed of light. The visible light that Newton experimented with was the product of
hydrogen fusing into helium as four protons lose mass to become helium.

Although Newtons work was, of course, monumentally significant, further
spectral breakthroughs did not occur again for nearly 140 years. The next “break-
through” occurred when Dr. William Hyde Wollaston (1766—1828) in 1802 made
one simple adjustment to Newton’s optical experiment: he used a narrow slit
instead of a round hole to allow the passage of light. Amazingly, this very minor
change (and a rectangular prism made of flint glass®) produced a spectrum which
was vastly superior, both in quality and color. Wollaston’s experiment further
showed that the spectrum was not continuous as previously thought, rather the
colors in the spectrum were interrupted by a series of dark lines. (Lesser quality
prisms, like that used by Newton were not able to demarcate the solar spectrum.
Rather, the colors would “blend” into one another much like a rainbow.)
Unfortunately, Wollaston did not investigate these dark lines further and it would
take twelve more years before these dark lines would gain significance.

In 1814, a brilliant German optician and producer of achromatic lenses (for use in
telescopes), would use those dark spectral lines to create lenses of unparalleled

2 The Discoverers, Daniel J. Boorstin, 1983, p. 404.
3 Ibid., pp. 404—405.

4 The Discoverers, Daniel J. Boorstin, 1983, p. 404.
5 The Discoverers, Daniel J. Boorstin, 1983, p. 404.
6 Spectrum of Belief, Myles W. Jackson, 2000, p. 31.
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Fig. 3.1 Joseph von Fraunhofer demonstrating spectroscope (public domain)

quality. Germany had long been noted for creating the highest quality glass for use
in achromatic lenses but it was Joseph von Fraunhofer (1787-1826), who through
his glass-making achievements, was able to utilize these dark lines to make accurate
measurements of the refractive and dispersive powers of particular glasses. These
glasses were used for the manufacturing of achromatic lenses used in astronomical
devises such as telescopes. Prior to Fraunhofer’s work, “reflective” telescopes
(invented by Isaac Newton), which use mirrors, were the most popular astronomical
devise because “refracting” telescopes (which use achromatic lenses) would invaria-
bly have chromatic aberration,’ thus creating a blurred image. Chromatic aberration
was eliminated in reflective telescopes by increasing the focal length thus resulting
in very long telescopes which ultimately become somewhat impractical (Fig. 3.1).
Through solar studies, Fraunhofer was able to determine that these dark lines had
fixed positions in the solar spectrum. In order to categorize these lines, he named the

7 Chromatic aberration develops when a lens is unable to focus all the wavelengths of the visible
spectrum to a single convergence point. In a reflective telescope, this is reduced by increasing
the focal point resulting in very long telescopes. The effect of chromatic aberration is a blurred
image. Before Fraunhofer, precise measurements of refracting indices were unknown thus lens
quality was poor. The dark Fraunhofer lines became precise refracting indices for specific wave-
lengths of visible light thereby eliminating chromatic aberration. The precision of refracting indi-
ces allowed for lenses of incredible quality.
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A

Fig. 3.2 Fraunhofer lines

eight most prominent lines the capital letters A thru H. Mapping 700 of these lines
of varying width, Fraunhofer used these lines as “landmarks” in producing accurate
measurements of the refractive indices of glass samples, which in turn, allowed him
to create lenses of incredible quality (see footnote 7). Due solely to Fraunhofer’s
discovery, “refractive” telescopes with advanced lenses quickly replaced the “reflec-
tive” telescopes, which were the most widely used astronomical devices up to that
time. Beyond this remarkable accomplishment, however, Fraunhofer did not delve
further into understanding the nature of these dark lines, which ultimately became
known as “Fraunhofer Lines.” Rather, he only used them as calibration lines for the
glass to craft the highest-quality lenses at the time. Reverend Henry Coddington, an
expert on optics in the early 1820s wrote of Fraunhofer’s discovery (Fig. 3.2):

The [spectral] interruptions, first observed imperfectly by Dr. Wollaston, and afterward

independently, and with great precision, by Professor Fraunhofer of Munich, and by him

termed the fixed lines in the spectrum, are one of the most important discoveries in the
whole range of Optical science.?

Reading the Lines

The year 1859 would mark the date when the mysterious Fraunhofer Lines would
become fully understood, ushering in a new wave of scientific discovery. From
1810 until 1860, the discovery of new elements was at a virtual standstill. From
1830 until 1860, only two elements had been discovered, Lanthanum (La) and
Erbium (Er), and none were discovered in the decade of 1850.° Periodic law (the
systematic grouping of elements), developed by Dimitri Ivanovich Mendeleev
(1834-1907), had not been discovered until 1869.

The mystery of the Fraunhofer lines was finally solved by a German physicist
named Gustav Robert Kirchhoff (1824—1887). Kirchhoff’s work focused on the
relationships between the various kinds of spectra (of which the dark Fraunhofer
lines were one) by using a device he co-invented known as a spectrometer (the
analysis of spectra is called spectrometry). Using the spectrometer, Kirchhoff
experimented on common elements and the spectra derived from each under

8 Ibid., p. 40.
9 The Periodic Table: Its Story and Its Significance, Eric R. Scerri, 2007, p. 7.
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Fig. 3.3 Gustav Robert
Kirchoff (1824-1887) (public
domain)

various conditions. For instance, when Kirchhoff would put sodium salts into a
flame, he would use the spectrometer to analyze the resulting spectrum of heated
sodium. Further, the hot gases which were analyzed were also passed through
colder gases which would reveal a different spectra. In 1859, Kirchhoff developed
three laws which would quickly usher in the discovery of new elements and also
completely change astronomy forever. These laws state (Fig. 3.3):

1. Solid and liquid bodies (also gases under high pressure) yield, when incandes-
cent, a continuous spectrum

2. Gases under low pressure give a discontinuous but characteristic bright-line
spectrum (ermission line spectrum)

3. When white light (i.e. sunlight) passes through a gas, this medium absorbs rays
of identical wave-length with those composing its own bright-line spectrum!?
(absorption line spectrum).

The development of these laws fully explained the dark Fraunhofer lines in the
solar spectrum. As Fraunhofer noted, the dark lines were fixed in the solar spec-
trum which meant that dark lines were actual bright lines absorbed in white light
(daylight). It had been known for over 100 years, for instance, that pouring sodium
salts onto a flame would reveal a yellow “D” line in the spectrum but it was
Kirchhoff and the discovery of his three laws that gave meaning to such phenom-
ena. (Sodium actually produces a double yellow line which would be analyzed
with more precision later). Kirchhoff was able to prove, that the dark “D” sodium
line in the absorption line spectrum corresponded exactly with the “D” emission
line. In other words, they were merely reversals of the same line. Therefore, each
of the dark lines in the absorption line spectrum represented the characteristic sig-
nature of an element or combination of elements that were merely absorbed by the
sunlight. Each element, then, had its own unique spectra, much like human finger-
prints. No two are the same (Figs. 3.4 and 3.5).

10" The Sun, David P. Todd, Science, Vol. 2, No. 28, July 122, 1895, p. 34.
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Fig. 3.4 Sodium spectrum (public domain)

Black body Prism Continuous Spectrum
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Fig. 3.5 Absorption—emission—continuous spectra (Dr. Siobahn Morgan-U. of Northern Iowa)

Armed with this new discovery, Kirchhoff (Kirchhoff and Robert Bunsen
(1811-1899) of Bunsen burner fame) began examining emission spectra of vari-
ous terrestrial elements in order to confirm or deny their presence in the Sun.
Kirchhoff and Bunsen were quickly able to confirm the presence of sodium,
iron, magnesium, barium, copper, zinc, calcium, chromium, nickel, and alu-
minum in the Sun’s atmosphere.“ All of these elements, of course, were in their
gaseous state so when viewed through a spectroscope, the dark “reversal”
Fraunhofer lines appeared, meaning that these elements’ emission lines were
absorbed. Through this work, Kirchhoff had been the first to form a theory of the
constitution of the Sun and conceived the notion that the Sun is surrounded by
vapors of many elements whose emission lines are absorbed by white light emit-
ted by the Sun.!?

T Contributions to Solar Physics, Norman Lockyer, 1874, pp. 116-128.

12 Recall that the Sun is primarily hydrogen and helium. Hydrogen and helium together com-
prise roughly 99.9 % of all the atoms in the Sun. Everything else combined make up only 0.1 %.
That is not to say that the amount of other elements are insignificant in the Sun, they are. The
Sun was formed from a gas cloud that was rich in these other elements, like iron, for example
which were available from a previous star that went supernova. Although these other elements
are present in the Sun, they are not responsible for any nuclear reaction that powers the Sun. This
is why it is possible to see these elements spectroscopically. The presence of these elements are
also clues that our Sun was formed from a supernova of a first or second generation star.
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Although Kirchhoff and Bunsen’s work on solar and terrestrial spectra was
extremely thorough, a problem arose when utilizing a proper method of measure-
ment. All of their results were expressed on an arbitrary scale in that the entire
spectrum was divided into equal portions, which were then numbered, and posi-
tions of various lines were noted on this scale. The units of measurement, there-
fore, were meaningless.'> Anders Jonas Angstrom (1814—1874) in 1868, using a
grating!# instead of a prism, measured the wavelengths of hundreds of lines and
each was placed on a scale of their respective wavelengths. These units became
known as Angstrom Units (A) which equals ten millionths of a millimeter
(1 x 10~10 m).15 For instance, sodium has a wavelength of 5,889 A, in the yellow
region of the spectrum. This yellow emission line is the reason, for example, why
sodium lamps produce such a bright yellow color.

The nature of these emission and absorption lines were not understood until the
development of quantum theory by Neils Bohr many years later. Quantum leaps
(electrons moving from one orbit to another) was the explanation for the bright
lines. When an electron drops to a lower orbit it is moving from a higher energy
orbit to a lower energy orbit. If you recall grade school chemistry, you know
that energy can never be created or destroyed. Thus, in this case of dropping to
a lower energy orbit, some energy has to be released and it is done so in the form
of light. It is not just any light, however, but rather a precise wavelength of light
that corresponds to the energy difference between the two orbits. As this process
is occurring repeatedly with atoms of a single element, it produces a bright line(s)
spectrum. Conversely, if an electron moves from a low energy orbit up to a high
energy orbit, it absorbs energy and thus produces a dark line in the spectrum.
Every element in the periodic table has its own specific electron energy levels and
thus each element has a specific “fingerprint” of spectral lines.

Gustav Kirchhoff and Robert Bunsen were able to make the above mentioned
achievements because of the spectroscope, which was invented by both Kirchhoff
and Bunsen in 1859. Although spectral analysis had occurred long before
Kirchhoft’s time, it was these two scientists who created a devise which would
later become a key component in terrestrial and astronomical observation. The
spectroscope is a simple devise that consists of a small slit to allow the passage
of light, a prism to refract the light, and an eyepiece or display to view the results
(Fig. 3.6).

Shortly after Kirchhoff’s introduction of the spectroscope and three new
laws which bore his name, spectroscopic analysis took center stage where it was
immediately used to map the emission lines of both terrestrial and astronomical

13 Spectroscopy, ECC Bally, Vol. 1, 3rd Ed., 1924, p. all.

14° A grating produces similar results as a prism. A grating is an optical device that separates vis-
ible light through evenly-spaced parallel slits in a material resulting in a higher resolution spec-
trum. A common example of a material that acts like a grating is a CD or DVD. The grooves
on the data side are equidistant and very close together. When you move the CD in the light, a
noticeable spectrum will appear.

15 Spectroscopy, ECC Bally, Vol. 1, 3rd Ed., 1924, p. all.
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Fi. 15. — Spectroscope de MM, Bunsen et Kireholl.

Fig. 3.6 Kirchoff spectroscope (public domain)

substances. Armed with this new ability to find what elements make up the solar
atmosphere, Kirchhoff was also able to discover entirely new elements through
laboratory work. In 1860, one year after delivering his three new laws, Kirchhoff
and Bunsen discovered Caesium using the spectroscope which represented the first
element to be discovered spectroscopically.

After Caesium, three more elements in 3 years were discovered spectroscopi-
cally: Thallium, discovered in 1861 by Sir William Crookes (1832-1919);
Rubidium, discovered in 1862 by Kirchhoff and Bunsen; and Indium, discovered
in 1863 by Ferdinand Reich (1799-1882) and Hieronymous Theodor Richter
(1824-1898). The spectroscope was now able to detect elements which would
have been impossible using general chemistry. Lithium, for example, was only
known to exist in four minerals but after the advent of the spectroscope, it was
found to exist nearly everywhere, mostly in the form of compounds.'®!7

When the spectroscope was used to analyze a substance via emission line spec-
tra, the lines themselves represented a “fingerprint” of the specific substance being
studied. Therefore, both single elements or compounds of different elements,
could now be detected by the lines they emitted. The origin of the lines were not
clearly understood at the time but its ability to identify a specific element was
absolute. An atom or compound, then, could be predicted solely by the line that
was emitted.

16 The Spectroscope, J. Norman Lockyer, 1873, pp. 52-53.

17" Chemical Analysis by Observation of Spectra, G. Kirchhoff, R. Bunsen, Annalen der Physik
und der Chemie (Poggendorff), Vol. 110 (1860), pp. 161-189.
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Fig. 3.7 Solar corona with prominences—NASA

With the success of the spectroscope, the rush was on to understand the nature
of the Sun, especially the composition of the “protuberances” (later to be known
as prominences) seen only during a total eclipse, which puzzled nearly every
astronomer. It wasn’t until 1860 when Father Pietro Angelo Secchi (1818-1878), a
Jesuit priest, and Warren de la Rue (1815-1889) (in separate locations) took the
first photographs of the corona during a total eclipse in Spain, which proved that
the prominences were actually features that were attached to the Sun, rather than
produced by the Earth’s (or moon’s) atmosphere as some had suspected.'® Armed
with this knowledge of the prominences origin and the introduction of the spectro-
scope, scientists could now use the spectroscope to study these events further dur-
ing a solar eclipse. Unfortunately, scientists would have to wait to use their
spectroscopes until the next eclipse, which was due to arrive on August 18, 1868
in parts of India. During this next eclipse, astronomers and scientists viewing the
prominences with a spectrometer should be able to learn if these prominences
were solid, liquid, or gaseous in nature. If they were gaseous, as many had
believed, then a bright emission line spectrum would be revealed (Fig. 3.7).

18 Total Eclipses of the Sun, J.B. Zirker, Science, Vol. 210, No. 4476, December 19, 1980,
p. 1313.
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Understanding the Sun

Until about the middle of the 19th century, very little was known about the Sun.
The Sun was a difficult orb to study because of its brightness; very little was to
be gleaned from visual inspection and eyesight could easily be damaged. Due to
the general lack of knowledge, scientists could dream anything they wished as to
its composition. Sir William Herschel (1738-1822), the discoverer of the planet
Uranus and one of the most respected astronomers of his day, for instance, believed
that the Sun’s composition was Earth-like (i.e. rock) and the interior of the Sun was
cool and that it could very well be inhabited in the cooler regions. He believed that
low level clouds on the Sun protected its inhabitants from the heat above.

It should be noted that during this time, every astronomer believed the compo-
sition of the Sun was Earth-like. Nuclear fusion was an unknown phenomenon at
this time and thus there was no reason to believe that the Sun was made of materi-
als that differ from our own Earth. At the time, there was no method to determine
that the Sun was made of gas and because the Earth was made of rock, so too must
be the Sun.

Given the difficult task of studying the sun in broad daylight, the only time to
perform solar observations among scientists, amateur and professional alike, was
during a total solar eclipse when the moon passes directly in front of the Sun,
which occur with little frequency. Eclipse observations had been noted since the
early 1600s but very little could be learned from these events beyond thoughts
created by the imagination. Observers were mystified by the spectacular halo or
“corona” (the Sun’s outer atmosphere) which would appear during the moment
of totality raising the question of its origin. In addition to the corona, many had
noticed “red flames” that would appear as gigantic fire flames protruding from the
edges of Sun during totality.

In 1842, a stockbroker and amateur astronomer named Francis Bailey made
observations during a total eclipse that were so descriptive that it almost certainly
ushered in a new wave of eclipse observers. Bailey called these red flames “pro-
tuberances” because these flames appeared to protrude from the limb of the Sun.
Bailey wrote:

I was astounded by a tremendous burst of applause from the streets below and at the same
moment was electrified at the sight of one of the most brilliant and splendid phenomena
that can be imagined. For at that instant the dark body of the moon was suddenly sur-
rounded with a corona, a kind of bright glory. I had anticipated a luminous circle around
the moon during the time of the total obscurity but I did not expect from any of the
accounts of previous eclipses that I had read, to witness so magnificent an exhibition as
that which took place. Splendid and astonishing, however, this remarkable phenomena
really was, and though it could not fail to call forth the admiration and applause of every
beholder, yet I must confess there was at the same time something in its singular and won-
derful appearance that was appalling. But the most remarkable circumstance attending
this phenomenon was the appearance of three large protuberances apparently emanating
from the circumference of the moon but evidently forming a portion of the corona.!'?

19 Total Eclipses of the Sun, J.B. Zirker, Science, Vol. 210, No. 4476, December 19, 1980, p. 1313.
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Soon the impetus was given to understand the nature, and composition, of these
protuberances. Solar eclipses became the only way to study the otherwise very dif-
ficult to study Sun. As evidenced by Bailey’s description above, the only evidence
as to the composition of the Sun was what could be dreamed by the imagination.
It was only through the use of a spectroscope where more definitive and concrete
conclusions could be derived. The same general principals of spectroscopy are
still used today to study other stars and galaxies albeit with much more advanced
equipment.

Joseph Norman Lockyer

During the year 1866 a scientist and relatively novice astronomer, J. Norman
Lockyer (1836-1920), became anxious like many other astronomers to learn the
composition of the prominences found only during a total solar eclipse. If, when
viewed for the first time by a spectroscope revealed a continuous spectrum, then
the prominences would be liquid or solid. If, on the other hand, an emission line
spectrum was revealed, they would prove to be of a gaseous nature (Fig. 3.8).

Lockyer had spent several years observing the Sun’s sunspots with a spectro-
scope and quickly learned (with the spectroscope) that in certain parts of the Sun,
more absorption occurred. Due to this observation, both Lockyer and his friend,
Dr. Balfour Stewart (1828—1887), believed the prominences to be of probable gas-
eous nature. [f they were made of gas, then emission lines should be present even
without waiting for the occurrence of an eclipse. The primary problem was view-
ing the Sun during normal daylight hours. Lockyer wrote:

...the conclusion we arrived at was that the red flames were probably masses of incandes-
cent gas. On this hypothesis it became at once obvious that their existence should be
revealed by the spectroscope without the occurrence of a total eclipse, as they are not then
rendered visible by any magical or mysterious process, but simply by the absence of the

Fig. 3.8 Joseph Norman
Lockyer (public domain)
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overpowering light of the sun: for although the red flames are only visible to the eye when
the sun is eclipsed, it does not follow that their existence will not be detected by the spec-
troscope at other times; and for this reason, - the prominences are not visible to the eye
and ordinary sunshine, because the regions near the sun are as bright or brighter than the
prominences; they are, therefore, “put out”, as the stars are in daytime.20

In order to solve this problem of daylight, Lockyer believed if he could make the
slit in the spectroscope even smaller and slimmer, then any light emitted would
be displayed over a wide area thus becoming somewhat diluted as a consequence.
Then as the diluted “background” of the spectrum was reduced in brightness, then
it would be possible for the bright emission lines to appear brighter against this
faded background.

Although Lockyer was confident that this idea would work as he had suggested
in a publication in 1866, he lacked a spectroscope of significant dispersement
powers to prove his hypothesis. Lockyer stated in 1866, “and may not the spectro-
scope afford us the evidence of the existence of the ‘red flames’ which total
eclipses have revealed to us in the Sun’s atmosphere; although they escape all
other methods of observation at other times? And if so, may we not learn some-
thing from this of the recent outbursts of the star and Corona?"?! In order to prove
this hypothesis, Lockyer needed a more powerful spectroscope.

Determined to prove that the prominences were gaseous, Lockyer quickly
approached the Government Grant Committee (United Kingdom) which supplied him
with funds for the construction of a more powerful spectroscope. Construction began
in early 1867 and was delivered, incomplete, on October 16, 1868.22 Unfortunately
for Lockyer, the total eclipse had already occurred nearly two months earlier.

The Solar Eclipse of August 18, 1868

Teams of scientists and astronomers sailed to India armed with spectroscopes
in order to determine the composition of the “red flames” or prominences for
the August eclipse, which was to be the first expedition where a spectroscope
was used. Representatives from the Royal Society, Royal Astronomical Society,
Academy of Sciences, and the Bureau des Longitudes, were just a few of the
teams on attendance for this rare event. During the totality of the eclipse, all an
observer had to do was aim their spectroscope directly at a part of a prominence
and the composition should be revealed in a brief moment (Fig. 3.9).

20 Contributions to Solar Physics, Norman Lockyer, 1874, pp. 116-128.

21 Spectroscopic Observations of the Sun, J. Norman Lockyer, Communicated by Dr. Sharpey,
Received October 11, 1866, Proceedings of the Royal Society of London, Vol. 15, Nov. 15, 1866,
pp- 256-258.

22 Spectroscopic Observations of the Sun, No. II, J. Norman Lockyer, Philosophical
Transactions of the Royal Society of London, Vol. 159, November 19, 1868, p. 425.
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Fig. 3.9 August 18, 1868 (public domain). King Mongut of Siam and English party viewing a
solar eclipse on August 18, 1868

As soon as the moment of full totality arrived, most, if not all, scientists saw the
bright lines immediately. The red flames were made of gas.

Telegraphs began to arrive to the fact that these events were indeed made of gas
because of the “bright lines” that were seen. Several astronomers made remarks of
what they had observed but nearly every witness marked varied positions of each
of the lines.?3 Regardless, all observers had learned that the principle component
of the Sun’s prominences was Hydrogen, as seen by the bright C (red) and F (light
blue) lines which represent that element. Although additional lines were noticed
by these observers, there was one particular bright line in the yellow region of the
spectrum that was unusual. Some of the written accounts of the observers of the
August 18 eclipse are as follows:

Georges Rayet (viewed eclipse at Malacca): ““...je vis immédiatement une série de neuf
lignes brillantes qui”, ...me semblent devoir étre assimilées aux lignes principales du
spectre solaire, B, D, E, b, une ligne inconnue, F, et deux lignes du groupe G.” Translated:
I immediately saw a series of nine brilliant lines, ...seem to me to have to be comparable
with the principal lines of the solar spectrum, B, D, E, b, an unknown line, F, and two
lines of the group G.>*

23 Spectroscopic Observations of the Sun, J. Norman Lockyer, Communicated by Dr. Sharpey,
Received October 11, 1866, Proceedings of the Royal Society of London, Vol. 15, Nov. 15, 1866,
pp. 256-258.

u Comptes Rendus, M.G. Rayet, Vol. 67, August 18, 1868, p. 758.
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Captain C.T. Haig (viewed eclipse at Beejapoor, India): “I may state at once that I
observed the spectra of two red flames close to each other, and in their spectra two broad
bright bands quite sharply defined, one rose-madder and the other light golden”.

Norman Robert Pogson (viewed at Masulipatam): yellow line was “at D, or near D”.23

Lieut. John Herschel (viewed at Jamkandi): “I recorded an increasing brilliancy in the
spectrum in the neighborhood of D, so great in fact as to prevent any measurement of that
line till an opportune cloud moderated the light. I am not prepared to offer any explana-
tion of this.” And, “I consider that there can be no question that the ORANGE LINE was
identical with D, so far as the capacity of the instrument to establish any such identity is
concerned”. 2

Pierre Janssen (viewed at Guntur, India): “Immédiatement apres la totalité, deux mag-
nifiques protuberances ont apparu: 1'une d’elles, de plus de 3 min de hauteur, brillait
d’une splendeur qu’il est difficile d’imaginer. L’analyse de sa lumiére m’a immédiate-
ment montré qu’elle était formée par une immense colonne gazeuse incandescente,
principalement compose de gaz hydrogéne.” Translated: Immediately after totality, two
splendid protuberances appeared; one of them, of more than 3 minute height, shone of a
splendor which it is difficult to imagine. The analysis of its light showed me immedi-
ately that it was formed by an immense incandescent gas column, mainly made up of
hydrogen gas. (Janssen fails to mention anything about the yellow line in this
publication.)?’

The most obvious question when reading the reports of these various astronomers
is: who was the first to see the yellow “helium” line during the eclipse of August
18, 18687 The answer would logically be that nearly all of the astronomers repre-
sented probably saw the yellow line and we know that many did. Because of the
shear volumes of helium in the Sun, the yellow line would have certainly been one
of the most prominent after the hydrogen lines.

It should be noted that although Pierre Janssen (1824-1907) is frequently given
credit for being the first to see the yellow helium line during this eclipse, he failed
to make any mention of it in his September 1868 publication (Comptes Rendus)
detailing his observations. The reason why Janssen is frequently given credit
for its discovery is due to he being the first astronomer to view the Sun’s prom-
iences without an eclipse, as Lockyer had suggested could be done two years prior.
Somehow history has linked this accomplishment with the discovery of the yellow
line during the total eclipse of August 18, 1868. This will be discussed further in a
moment (Fig. 3.10).

25 The Story of Helium, Nature, J. Norman Lockyer, February 6, 1896, p. 320.

26 Account of the Solar Eclipse of 1868, Lieut. J. Herschel, Proceedings of the Royal Society of
London, November 19, 1868, p. 113 and 117.

27 Comptes Rendus, M. Janssen, Vol. 67, September 19, 1868, p. 838.
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Fig. 3.10 Pierre Janssen
(public domain)

After the Eclipse

When J. Norman Lockyer’s new, more powerful, spectroscope was finally deliv-
ered on October 16, 1868, it was still incomplete. Despite its deficiencies, it was
still in a condition which allowed Lockyer to proceed with observations. After
numerous adjustments, Lockyer was finally able to view the emission lines while
scanning the limb of the Sun during normal daylight on October 20, 1868 with
much excitement. His account of this observation was recorded on October 20,
1868 and was received the following day:

SIR, I beg to anticipate a more detailed communication by informing you that, after a
number of failures, which made the attempt seem hopeless, I have this morning perfectly
succeeded in obtaining and observing part of the spectrum of a solar prominence.

As aresult I have established the existence of three bright lines and the following positions:—

1. Absolutely coincident with C.
II. Nearly coincident with F.
III. Near D.

The third line (the one near D) is more refrangible than the more refrangible of the two
darkest lines by eight or nine degrees of Kirchhoff’s scale. I cannot speak with exactness,
as this part of the spectrum requires mapping.

I have evidence that the prominence was a very fine one.

The instrument employed is the solar spectroscope, the funds for the construction of
which were supplied by the Government-Grant Committee. It is to be regretted that its
construction has been so long delayed.

I have &c.,
J.NORMAN LOCKYER28

28 Notice of an Observation of the Spectrum of a Solar Prominence, Proceedings of the Royal
Society of London, J. Norman Lockyer, Vol. 17, October 1868, pp. 91-92.
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This letter written by Lockyer was received by the Academy of Sciences (Paris) on
October 21, 1868. Interestingly, the letter written by Pierre Janssen in India record-
ing his observations of the prominences without an eclipse, also arrived in Paris on
October 21 only a few minutes later than Lockyer’s. Janssen had written his letter on
September 19, 1868 but its travel time from India took over one month.

The emission line observations of the Sun’s prominences without an eclipse,
and not the actual eclipse of August 18, 1868, is what Janssen is given credit for
discovering. In addition, Janssen might not have known to attempt the viewing of
the Sun’s prominences in broad daylight had it not been for Lockyer’s published
hypothesis in 1866. The question arose, then, who should receive the credit for this
particular discovery? The answer was best addressed by M. Faye, a distinguished
astronomical member of the Academie des Sciences:

Instead therefore of endeavoring to apportion, and therefore to weaken the merit of the
discovery, is it not better to attribute the whole honor, without any reservation, to both of
these men of science, who, separated by some thousands of miles, have each been fortu-
nate enough to reach the intangible and the invisible by the method the most astonishing,
probably, that the genius of observation has ever conceived??

This discovery made it possible to further de-mystify the riddle of the Sun’s
atmosphere. The French Academy thus awarded the discovery to both Lockyer and
Janssen and a medal was cast bearing the images of both men commemorating
the analysis of the Sun’s prominences. This award had nothing to do with the dis-
covery of the inexplicable yellow “helium” line. Rather, it was awarded because it
proved that emission lines (many lines) could be seen at any time of the day, rather
than waiting for the next solar eclipse. Both Janssen and Lockyer had now paved
the way to analyzing the Sun on a daily basis.

The Meaning of the D Line

Shortly after the August 18 eclipse, observations in November of the same year by
Father Angelo Secchi, provided the impetus to determine exactly what this D line
represents. Secchi first noticed the yellow D line in his letter, Red Protuberances
on November 4, 1868.3" Secchi was skeptical and believed that this new D line
probably represented hydrogen under intense pressures. Later, in a November 30
publication, it became apparent to Secchi that the line did not belong to hydrogen
because the yellow line could not be reproduced in laboratory studies.

Lockyer also continued his spectroscopic work after the eclipse and had further
defined a new layer on the Sun which he named the Chromosphere (the name was
suggested by Dr. William Sharpey, Sec. of the Royal Society®!) in early November

29 Solar Physics, J. Norman Lockyer, 1874, p. 127.
30 Protubérances rouges, Comptes Rendus, A. Secchi, Vol. 67, November 4, 1868, p. 937.

31 Spectroscopic Observations of the Sun—No. II, J. Norman Lockyer, Philosophical
Transactions of the Royal Society of London, Vol. 159, November 19, 1868, p. 430.
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Fig. 3.11 Edward Frankland
(public domain)

1868. Lockyer was still uncertain as to how to explain the yellow line and in an
effort to confront this issue, recruited the help of Dr. Edward Franklin (1825-
1899) of the Royal College of Chemistry in London to help with laboratory work
of which Lockyer had little experience. It was hoped that with the combined
efforts of Lockyer and Frankland, that they would be able to find the meaning
behind the mysterious yellow line (Fig. 3.11).

Frankland became enamored with the yellow line as soon as it was introduced
to him by Lockyer stating, “there was nothing about that splendid mountain of
glowing hydrogen you [Lockyer] showed me last Sunday, that impressed me so
deeply as the brilliancy of the yellow line and I think we ought not so easily to
give up all efforts to get it from terrestrial hydrogen.”3? By the time of this particu-
lar comment by Frankland, Lockyer had already begun to consider that the yellow
line may represent a new element. The prospect of discovering a new element via
a spectrometer was certainly an exciting possibility because of the four elements
recently discovered through its use.

Determined to learn more about this new yellow line, Lockyer and Frankland
poured themselves into the study of any terrestrial substance that might yield this
same line when viewed through a spectroscope. Although Lockyer held some faith
in that a new element may be present, Frankland was adamantly opposed to agree-
ing to such a statement until all studies had been exhausted. Still a curiosity,
helium finally became known as the D3 line in 1869 due to its proximity to the D
and D» lines of sodium. The new label, given by Father Secchi, first appeared in a
sketch in his paper of May 21, 1869 in the Comptes Rendus.*3

Throughout the 1870s Lockyer appeared to be tormented that this line could
not be reproduced, especially with hydrogen studies. At some point between
January 19, 1871 and August 3, 1871, the name “helium” was finally introduced to

32 Science and Controversy, The MIT Press, A.J. Meadows, 1972, p- 59.
33 Comptes Rendus, A. Secchi, Vol. 68, May 21, 1869, p. 1869.
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the world although there is no written record of its naming. Lockyer had given the
mysterious line the name helium, after the greek sun god, helios, only in order to
differentiate it from hydrogen. Lockyer wrote:

I found that the yellow line behaved quite differently from either the red or the blue line;
so then we knew that we were not dealing with hydrogen; hence we had to do with an ele-
ment which we could not get in our laboratories, and therefore I took upon myself the
responsibility of coining the word helium, in the first instance for laboratory use.3*

Although the above quote implies that Lockyer knew that the D3 line was not a
form of hydrogen, we know that from the time of its detection until its final dis-
covery on Earth, Lockyer could never maintain his complete faith in its full dis-
covery simply because it could not be reproduced anywhere on Earth.

The first public mentioning of the word helium occurred at Sir William
Thomson’s (1824-1907, later known as Lord Kelvin) presidential address to the
British Association at Edinburg in 1871. Kelvin stated:

...it seems to have been proved that at least some sensible part of the light of the “corona”
is a terrestrial atmospheric halo or dispersive reflection of the light of the glowing hydro-
gen and “helium” round the sun. (Frankland and Lockyer find the yellow prominences to
give a very decided bright line not far from D, but hitherto not identified with any terres-
trial flame. It seems to indicate a new substance, which they propose to call Helium.)?’

Although Kelvin had given credit to both Lockyer and Frankland, the credit for the
name belongs solely to Lockyer. Shortly after Kelvin’s address, Frankland, who
was still not convinced of the idea of a new element, appeared to let the implica-
tion of the joint naming pass. One year later as the next president of the British
Association, William Benjamin Carpenter (1813-1885), referred to helium in less
than favorable terms, Frankland quickly distanced himself entirely from the mat-
ter. Frankland, seemingly fearing any damage to his reputation through a poten-
tially bogus claim stated (as a result to Carpenter’s statement):

Surely Dr. Carpenter is wrong and coupling my name with yours in connection with
helium as I remember always protesting in our conversation about the yellow line, against
making this assumption, until we had exhausted every effort to get the line out of
hydrogcn.36

The next public mentioning of the word helium appeared to be by Professor Pietro
Tacchini (1838-1905) at a Public Conference at the Royal University of Palermo
on February 18, 1872. Tacchini stated:

In all therefore eighteen elements (in the protuberances), besides hydrogen and the ele-

ment provisionally named Helium, which is never absent, and represents the constant
material of the entire chromosphere.3

34 The Story of Helium, J. Norman Lockyer, Nature, February 6, 1896, p. 321.
35 Inaugural Address of Sir William Thompson, Nature, August 3, 1871, p. 268.
36 Science and Controversy, MIT Press, A.J. Meadows, 1972, p. 60.

37 Forms of Solar Protuberances, Tacchini, August 8, 1872, p. 293.
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After these two public events where the name helium was revealed, it was again
mentioned by Dr. John W. Draper (1811-1882) in his Inaugural Address as the
first President of the American Chemical Society in November 16, 1876.38
Lockyer, on the other hand, made little mention of the name in the period until its
terrestrial discovery, choosing rather to call it “D3”. Still extremely confused by
the fact that he could not be certain of its existence, his mental gyrations are best
explained in his writings over the period:

February 11, 1869: the bright line near D has apparently no representative among the
Fraunhofer lines. This fact implies that, assuming the line to be a hydrogen line, the selec-
tive absorption of the chromosphere is insufficient to reverse the spectrum...We have alto-
gether failed to detect any line in the hydrogen spectrum in the place indicated, i.e., near
the line D, but we have not yet completed all the experiments we had proposed to
ourselves.>*

March 18, 1869: With regard to the yellow line which Dr. Frankland and myself have
stated may possibly be due to the radiation of a great thickness of hydrogen.*

March 19, 1869: The D line of hydrogen (?) also bore a similar appearance.
January 19, 1871: X (new element)......... near D.*!

Book written in 1874: ...In the first place, we are perfectly certain now that the line D3
has nothing in the world to do with hydrogen.*? (Lockyer makes no reference to “helium”
in this book.)

November 17, 1887: if however, it should eventually be established that the line is really
D3, which probably represents a fine form of hydrogen.*?

December 19, 1889: the evidence tends to show that D3 and f are finer vapours than
hydrogen.*

Although helium was first detected in the summer of 1868, there was still no con-
clusive evidence that a new element was discovered until Sir William Ramsay
found the yellow line in a uranium-based mineral in 1896. Even after its Earthly
discovery its existence was still very much open for debate.

38 Science in America, Inaugural Address of Dr. John W. Draper, as President of the American
Chemical Society, Delivered on November 16, 1876.

3 Contributions to Solar Physics, J. Norman Lockyer, 1874, pp. 526-527.

40" Spectroscopic Observations of the Sun—No. IIT, J. Norman Lockyer, Proceedings of the
Royal Society of London, Vol. 17, March 18, 1869, pp. 350 and 356.

41 The Mediterranean Eclipse, 1870, Nature, J. Norman Lockyer, January 19, 1871, p. 223.
42 Contributions to Solar Physics, J. Norman Lockyer, 1874, p. 406.

43 Researches on the Spectra of Meteorites, Proceedings of the Royal Society of London,
November 17, 1887, Vol. 43, p. 139.

4 Nebulae and Stars with those Comets and Aurorae, Proceedings of the Royal Society of
London, December 19, 1889, Vol. 47, p. 31.
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Fig. 3.12 Francis Hillebrand
(American Chemical Society)

Terrestrial Discovery

Helium’s discovery is most definitely a story of “almosts” in that had several
scientists taken further steps, they might have hastened its ultimate discovery
on Earth. For instance, had Lockyer and Frankland investigated more rock sam-
ples, as opposed to focusing on creating the yellow line from the manipulation
of hydrogen samples, helium might have been discovered on Earth in the 1870s.
Helium, like many other scientific discoveries, was only known to exist thanks to
hundreds of years of scientific advancement that came before it. Unlike any other
previously identified element, helium’s long road to discovery was far from com-
plete and many more years would pass until it was proven decisively.

The road to helium’s terrestrial discovery began in 1887 when William Francis
Hillebrand (1853—1925) of the United States Geological Survey investigated a
uraninite crystal mined from a quarry in Connecticut. As was common in mineral
investigation, Hillebrand crushed a portion of this rock into a powder and then
treated the sample with sulfuric acid. This uraninite sample, upon treatment,
slowly began to emit a gas which was at first blush believed to be carbon dioxide.
However, any carbon dioxide emitted would occur rapidly during the reaction with
sulfuric acid. This particular sample, rather, emitted a slow continuous stream of
gas® (Fig. 3.12).

After Hillebrand collected and analyzed the gas sample with a spectrometer,
he determined that it revealed the spectrum of nitrogen. Not exactly the results
he anticipated, further experimentation continued on more uraninite samples col-
lected from other areas in the United States. Nearly all of the samples he tested
revealed a similar emission of gas. Hillebrand published his findings in 1890 in

45 Biographical Memoir of William Francis Hillebrand, Frank Wigglesworth Clarke, National
Academy of Sciences, 1928, pp. 54-55.
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Fig. 3.13 William Ramsay
(public domain)

the U.S. Geological Survey Bulletin titled, On the Occurrence of Nitrogen in
Uraninite.

Ordinarily, a geological publication of this type would seldom find its way to a
non-geologist but Hillebrand’s paper was presented to Professor William Ramsay
(1852-1916), an English chemist in 1895. Ramsay, who had just discovered argon
through nitrogen experimentation, was introduced to this paper by his friend, Sir
William Miers of the British Museum and at once became intrigued (Fig. 3.13).

Ramsay, the previous year (1894) had discovered the new element, argon, with
Lord Rayleigh (a.k.a. John William Strutt, 1842—1919) which directly paved the
way to helium’s terrestrial discovery. In September 1892, Lord Rayleigh had writ-
ten in Nature asking for suggestions from readers as to why the density of nitrogen
isolated from air was slightly higher that laboratory nitrogen derived from ammo-
nia.*® Ramsay took up the cause and immediately sought, through experimenta-
tion, to either find a heavier gas in the atmosphere or a lighter gas in the nitrogen
derived from ammonia. Ramsay believed that due to periodic law, there was room
for a gaseous element (or elements) at the end of the first column of the periodic
table. His calculations led him to believe that the density of this gas(es) should be
20 (or 1/120th of nitrogen).*” On April 23, 1894, Ramsay revealed in a letter to his
wife that through his work with nitrogen, “it is quite possible that there is some
inert gas in nitrogen which as escaped notice. ...We may discover a new

46 Sir William Ramsay, Sir W.A. Tilden, 1919, p. 125.
47 Sir William Ramsay, Sir W.A. Tilden, 1919, p. 130.
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element.”*® In a May 24 letter to Lord Rayleigh, Ramsay revealed the possible
locations of any new gases (as denoted by asterisks).

Ramsay’s method of isolating atmospheric nitrogen was by first removing the
oxygen, water vapor, and carbon dioxide thus leaving relatively pure nitrogen. By
using heated magnesium to absorb the nitrogen, any remaining residual gas should
be revealed spectroscopically.

One month later, Ramsay revealed in a private letter to Lord Rayleigh that he
believed he may have isolated this residual gas and by early August, he stated
firmly, “I have isolated the gas.” Initially, he identified this gas as “Q”*° but the
name Argon (Greek origin meaning “inactive”) was quickly established. It was so
named because of its inertness (i.e. it would not react with any other known sub-
stance). The story of Argon was publicly revealed on January 31, 1895 to the
Royal Society.

Fresh off this incredible discovery of the first noble gas in 1894, Ramsay
began to focus on Hillebrand’s results after being introduced to his paper.
Ramsay was immediately suspicious that the gas observed by Hillebrand was
nitrogen and stated, “I was skeptical enough to doubt that any compound of
nitrogen, when boiled with acid, would yield free nitrogen.”>° Thus, Ramsay
quickly acquired another uranium-based mineral, cleveite, and upon treating the
mineral in much the same fashion as his argon experiments, a residual gas was
collected in vacuum-tubes for analysis. On March 24, 1895, Ramsay wrote to
his wife:

Let’s take the biggest piece of news first. I bottled the new gas in a vacuum tube, and

arranged so that I could see its spectrum and that of argon in the same spectroscope at the

same time. There is argon in the gas; but there was a magnificent yellow line, brilliantly
bright, not coincident with but very close to the sodium yellow line. I was puzzled, but

began to smell a rat. I told Crookes, and on Saturday morning when Harley, Shields and I

were looking at the spectrum in the dark room a telegram came from Crookes. He had

sent a copy here and I enclose that copy. You may wonder what it means. Helium is the
name given to a line in the solar spectrum, known to belong to an element, but that ele-
ment has hitherto been unknown on earth. Krypton was what I called the gas I gave

Crookes, knowing the spectrum to point to something new. 587.49 is the wave-length of

the brilliant line. It is quite overwhelming and beats argon.>!

Immediately after observation, Ramsay believed he had discovered a new ele-
ment which he very briefly named, Krypton. Later that evening a telegraph from
William Crookes arrived identifying the wavelength of the new line. Crookes
determined that it was, in fact, the D3 line which had tormented Lockyer for years.
At that moment, helium was known to exist on Earth.

48 Sir William Ramsay, Sir W.A. Tilden, 1919, p. 129.
49 Sir William Ramsay, Sir W.A. Tilden, 1919, p. 131.

50 On a Gas showing the Spectrum of Helium, William Ramsay, Proceedings of the Royal
Society of London, Vol. 58, April 25, 1895, p. 65.

ST Sir William Ramsay, Sir W.A. Tilden, 1918, pp. 136-137.



Helium Revealed 53

Helium Revealed

The first public account of the discovery of helium occurred on March 27, 1895
at the Annual Meeting of the Chemical Society in which the Faraday medal was
being awarded to Lord Rayleigh. During the course of the proceedings, Ramsay
was allowed to interrupt and reveal his discovery. In Ramsay’s words, the discov-
ery was revealed as follows:
In seeking a clue to the compounds of argon I was led to repeat experiments of Hillebrand
on cleveite, which, as is well known, when boiled with weak sulphuric acid, gives off a
gas hitherto supposed to be nitrogen; its spectrum in a Pliicker tube showed all the promi-
nent argon lines, and in addition a brilliant line close to, but not coinciding with, the D
lines of sodium. There are, moreover, a number of other lines, of which one in the green
blue is especially prominent. Atmospheric argon shows, besides, three lines in the violet
which are not to be seen, or if present, are excessively feeble in the spectrum of the gas
from cleveite. This suggests that atmospheric argon contains, besides argon, some other
gas which has as yet not been separated and which may possibly account for the anoma-
lous position of argon in its numerical relations with other elements.

Not having a spectroscope with which accurate measurements could be made, I sent a
tube of the gas to Mr. Crookes, who has identified the yellow line with that of the solar
element to which the name ‘helium’ has been given. He has kindly undertaken to make an
exhaustive study of its spectrum.

I have obtained a considerable quantity of this mixture and hope soon to be able to report
concerning its properties. A determination of its density promises to be of great interest.>>

High off this phenomenal discovery, Ramsay quickly went to work attempting to
discover helium in other minerals. Two days before the public revelation of helium’s
terrestrial existence, Ramsay had written to Professor Frank Wigglesworth Clarke
(1847-1931, a colleague of Francis Hillebrand) of the United States Geological
Survey in order to obtain a sample of the American uraninite,>> which was for-
warded to Hillebrand. Ramsay suspected, of course, that helium should be found in
any sample of uraninite as well. Hillebrand, upon reading Ramsay’s letter, replied
expressing his remorse that he had not paid closer attention to the spectrum during
his work with uraninite. Hillebrand was a relative novice to spectroscopic analysis
and therefore placed little importance in his spectral observations. Hillebrand’s
response to Ramsay’s letter addressed to Prof. Clarke April 4, 1895 (to Ramsay):

...and I finally came to the conclusion that the bright lines — since to the best of my recol-
lection they were not constant or always the same in two or three samples of gas exam-
ined — were probably not due to any original constituent of it. For this reason I most
unfortunately made no reference in my published paper to an unusual appearance of the
spectrum, which I so much the more regret because I have thereby laid myself open to
criticism on the score of careless observation.>*

52 Sir William Ramsay, Sir W.A. Tilden, 1919, pp. 137-138.

33 Biographical Memoir of William Francis Hillebrand, Frank Wigglesworth Clarke, National
Academy of Sciences, 1928, p. 56.

34 Biographical Memoir of William Francis Hillebrand, Frank Wigglesworth Clarke, National
Academy of Sciences, 1928, p. 58.
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In this letter, Hillebrand also agreed to provide Ramsay with a sample of the
uraninite mineral so that he could perform his own analysis of the mineral which
Ramsay later proved to reveal the helium spectrum. Ramsay wasted no time ana-
lyzing many more minerals and quickly realized that helium was found in nearly
all minerals that contain uranium.>

Over the course of another month and continued research, Ramsay became
uncertain as to whether helium (and argon) was a single element or rather a com-
bination of elements. Spectral analysis made it difficult to determine, in the case
of helium (and argon), if other lines in a spectral sequence were a fingerprint of
a specific element or a compound of multiple elements. That is, because it was
possible that another element could be present, without being able to isolate that
element, there would be no way to know if the emission lines represented one or
more elements. Ramsay had noted, however, that if they were indeed two unique
gases, both helium and argon possessed similar properties. They appeared to be
completely inert despite repeated efforts to produce some sort of reaction. In part
due to Mendeleev’s periodic system, Ramsay was able to speculate that both ele-
ments, if they were both unique single elements, probably belonged to the same
natural group. Ramsay wrote:

Only one remark may be permitted on a speculative nature: the general similarity of
helium to argon, and not being affected either by red hot magnesium or by sparking with
oxygen in presence of potash, makes the inference probable that they belong to the same
natural group. If the atomic weight of argon be 20, then, on subtracting 16, which is the
average difference between the atomic weights of members of the first line, beginning
with lithium and continued to fluorine, and the second line, beginning with sodium and
ending with chlorine, the number four is obtained; and this closely approximates to the
found density of helium, if that number is not too high.>

More studies by many other scientists attempted to understand the properties of
this newly discovered terrestrial element. By the autumn of 1895, many of these
scientists believed that helium was not a single element but rather a mixture of two
or more unknown gases. The reason for this belief was due to the current arrange-
ments of some elements in the periodic system. Under this 1895 periodic arrange-
ment, it was inferred that several elements existed between hydrogen (atomic
weight of 1) and lithium (atomic weight of 7) of which helium (atomic weight of
4) was only one. Therefore, according to H.N. Stokes in his paper titled, Helium
and Argon, published in Science magazine in October 1895, “...careful spectro-
scopic studies by Crookes, Lockyer, Runge, and Paschen, and others, have shown,
however, that what we now call helium is not a single substance, but a mixture of
two or more hitherto unknown gases.”’

35 Biographical Memoir of William Francis Hillebrand, Frank Wigglesworth Clarke, National
Academy of Sciences, 1928, p. 61.

56 Helium, a Gaseous Constituent of certain Minerals, Part I, William Ramsay, Proceedings of
the Royal Society of London, May 2, 1985, p. 88.

57 Helium and Argon, H.N. Stokes, Science, Vol. 2, No. 43, October 25, 1895, p. 534.
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Undeterred by the fact that helium may represent two or more elements,
Ramsay, now joined by English Chemist, Morris William Travers (1872-1961),
continued to pour himself into his studies where most focus turned to placing
helium and argon on Mendeleev’s periodic system. /f Mendeleev’s system was
correct and if helium and argon were to be identified as individual elements, then
Ramsay believed that another inert gas ought to be present between helium and
argon. After repeated unsuccessful efforts to find this predicted element from any
mineral or meteoric source, Ramsay returned his focus to argon. Ramsay soon dis-
covered that argon, through diffusion, could be separated into a lighter and heavier
portion, thus representing an impurity in argon.>® In the early summer of 1898,
two new atmospheric elements were discovered by William Ramsay and Morris
Travers. A gas lighter than argon, named Neon (meaning “new’) and one heavier
gas named Krypton (meaning “hidden”). Shortly after this discovery, another ele-
ment, Xenon (meaning “stranger”’), was discovered by Ramsay and Travers, thus
nearly completing the noble gas column in the current periodic table.>

X-rays and Radioactivity

As the 19th century was drawing to a close, the pace of scientific progress was
increasing dramatically. After helium’s first detection in 1868 until the close of
the century, eighteen new elements had been discovered including five out of the
six noble gases. Just before the turn of the century, X-rays (discovered in 1895
by Wilhelm Conrad Rontgen), Radioactivity (1896 by Henri Becquerel), and the
electron (1897 by J.J. Thomson) had been discovered. Each of these discoveries,
building on the advancements of the previous discovery, would ultimately help de-
mystify the strange new element called helium.

In early 1896, a French physicist had just learned of the newly discovered X-rays
(ak.a. Rontgen rays) being emitted from phosphorescent cathode tubes. Henri
Becquerel (1852-1908) had for several years been attempting to understand the phe-
nomenon of luminescence (phosphorescence®) but was unable to form any conclu-
sion until learning of the German physicist Wilhelm Rontgen’s (1845-1923)

58 William Ramsay, Benjamin Harrow, The Scientific Monthly, Vol. 9, No. 2, August 1919,
p. 174.

3 These three new gases were found through studies of normal ambient air while helium had
not yet been found to exist in the atmosphere. C. Friedldnder of Berlin and Professor H. Kayser
of Bonn, were given credit for finally discovering helium’s existence in the atmosphere in the
Fall of 1898. Kayser was also given credit for discovering helium gas emitted from a spring in
Wildbad in the Black Forest prior to his detection of helium in the atmosphere.

60" A “phosphorescent” material is one that will immediately absorb light and will then gradually
emit visible light. As the phosphorescent material absorbs light, the atoms within the material
become excited, release this excited state of energy as visible light, and remain in this state until
all of the atoms fall back into their normal state. An example of a phosphorescent material is a
wristwatch with hour/minute hands that glow in the dark after being exposed to normal light.
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Fig. 3.14 Henri Becquerel

discovery. Becquerel began to speculate that there could possibly be a relationship
between phosphorescent minerals and the production of X-rays. That is, he believed
that after a phosphorescent mineral when exposed to sunlight might release X-rays
in its excited state of phosphorescence (Fig. 3.14).

Becquerel’s method of experimentation was to place uranium salts on a photo-
graphic plate covered completely by black paper and then a thin sheet of copper
placed in between the uranium and black paper. Although various minerals were
tested, Becquerel had reported in late February 1896 to the French Academy that
uranium salts, after exposure to sunlight, had emitted rays that had penetrated the
copper and the black paper that enveloped the photographic plate. Unfortunately,
this effect in itself was not terribly insightful because two scientists had already
revealed, earlier that month, a similar experiment revealing the photographic effect
of a phosphorescent material penetrating black paper.®!

The real breakthrough for Becquerel would occur, oddly enough, because of his
inability to work. During a day of overcast skies, Becquerel had placed the experi-
ment inside a desk drawer and waited for a clear day to resume his studies. After
four days Becquerel removed the plates that had been in complete darkness and
developed one of them. To his complete surprise, the plate was completely black
where the uranium and copper sheet had been placed. After several more experi-
ments all showing the same result, Becquerel had shown that invisible rays were
present in the uranium while not in a state of phosphorescence. Numerous experi-
ments on these invisible rays would reveal that they were not X-rays as Becquerel
had initially believed. Rather they were a new form of invisible radiation which
became known as Becquerel rays.

Becquerel was able to conclude that phosphorescence had no bearing on the
production of these new rays. Many of the uranium samples he studied had no
phosphorescent properties, thus the effect noted must be due solely to the presence

61 The Early Years of Radioactivity, G.E.M. Jauncey, 1946, p. 227.
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Fig. 3.15 Marie and Pierre
Curie (creative commons)

of uranium; the uranium itself must be emitting this new radiation. Becquerel had
discovered spontaneous radioactivity.

As soon as Becquerel had revealed these monumental discoveries, he appeared
to have left the scene immediately after his last publication in May of 1896. It
would not be until early 1898, when Marie and Pierre Curie, studying the ray
emitting effects of various uranium compounds, would further explain the phe-
nomena of radioactivity.®?

Before 1898, the element with the highest atomic weight known, uranium, was the
only identified substance that possessed radioactive properties. Interestingly, from the
time of Becquerel’s discovery until early 1898, no one had bothered to test the ele-
ment with the next highest atomic weight, thorium.®® By mid April 1898, it was
revealed by German chemist Gerhard Carl Schmidt (1865-1949) and Polish-French
physicist and chemist Marie Sktodowska-Curie (1867-1934), independently, that tho-
rium possessed radioactive properties as well. Repeating similar experiments with
photographic plates, both thorium and uranium revealed the same results (Fig. 3.15).

62 The word radioactivity was coined by the Curies.

63 The element between thorium and uranium, protactinium, wasn’t discovered until 1910. It
was predicted to exist much sooner by Mendeleev.
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Marie Curie, along with her husband, French physicist Pierre Curie (1859—
1906) were quickly able to discover that the radioactivity of uranium and thorium
was directly proportional to the amount of uranium and/or thorium in a compound.
Through this observation, Marie and Pierre Curie were ultimately able to form the
conclusion that their radioactivity was an atomic property of uranium and thorium.
If this conclusion was correct, then they should be able to understand why other
uranium-based minerals such as pitchblende were far more radioactive than what
their uranium concentrations normally reveal. The Curies believed that another far
more radioactive, and unknown, element must be present in pitchblende.

As predicted, the Curies had found a new radioactive element which they
named Polonium on behalf of Marie’s homeland of Poland; the results being
revealed to the French Academy of July 18, 1898.%% While still working with
pitchblende, they were again able to discover another new element that was even
more radioactive than polonium. Radium, which was discovered to be 900 times
more radioactive than uranium, was revealed to the French Academy on December
26, 1898. The spectrum of radium introduced a new emission line in the ultraviolet
whose wavelength was calculated to be 3,814.8 A,% leaving little doubt of a newly
discovered element.

The Curies, then, were able to conclude that radioactivity originates from the
atom, and not activity between molecules. That is, radioactivity was an atomic
property of the radioactive substance being studied. For their contributions of the
phenomenon of radioactivity, Becquerel and the Curies were awarded the Nobel
Prize in 1903.

Ernest Rutherford

The discovery of radioactivity proved to be the most significant contribution in
unlocking the mysteries of helium. Although the origin of helium was unknown
before the turn of the century, it was the advent of radioactivity and subsequent
studies that led to its rapid explanation. Perhaps one of the most important discov-
eries of a property of helium was discovered by a New Zealand physicist, Ernest
Rutherford (1871-1937), considered by many to be the father of quantum physics
(Fig. 3.16).

In January 1899, while other scientists were trying to find more radioactive
substances, Ernest Rutherford had turned his attention to the actual radiations of
radioactive substances. By studying the radiations after layering successive sheets
of aluminum over a uranium compound, he quickly discovered that the Becquerel

64 Although the results of Polonium’s discovery were revealed at the French Academy in July
1898, there was still some doubt as to its existence. The amount of Polonium collected was so
minute that it could not reveal a unique emission line spectrum. In addition, radioactivity was
still a very new and unknown phenomenon.

95 The Early Years of Radioactivity, G.E.M. Jauncey, 1946, p. 231.
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Fig. 3.16 Ernest Rutherford PRor.EANEST RUTHERFERD

(U.S. Library of Congress)

J‘mmé

rays were actually composed of two differing rays. Addressing this discovery
during his acceptance of the Nobel Prize in Chemistry (1908), Rutherford stated:

These experiments show that uranium, radiation is complex and that there are present at
least two distinct types of radiation — one that is very readily absorbed, which will be
termed for convenience the a-radiation, and the other of a more penetrative character,
which will be termed the B-radiation. When other radioactive substances were discovered,
it was seen that the types of radiation present were analogous to the - and a-rays of ura-
nium and when a still more penetrating type of radiation from radium was discovered by
Villard, the term y-rays applied to them.

(o = alpha, p = beta, and y = gamma)

Rutherford was quickly able to determine that Becquerel rays emitted from ura-
nium consisted of two forms of radiation, with the main difference being in their
penetrating powers. In order to differentiate between the two, he named them
a-radiation (alpha) and B-radiation (beta). Rutherford was awarded the Nobel
Prize in chemistry (despite the fact that Rutherford was a physicist) in 1908 for his
extensive work ushering in the new scientific field of radiochemistry.

After this discovery, many scientists had begun to focus on the beta particle
(beta particles are electrons) because of its penetrating power. A biographer of
Rutherford in 1940% noted that popular interest in particle radiation was directly
proportional to its penetrating powers thus little attention was placed on the lowly
alpha particle. The alpha particle, once expelled from a radioactive nucleus could
only travel 2 or 3 cm in air before it would come to a stop. As the particle was
ejected from the nucleus of the radioactive atom (uranium in this case), it ionized
everything in its path stripping electrons from other matter until it finally came to
a halt. A piece of paper would be perfectly adequate in stopping an alpha particle.
Nevertheless, Rutherford chose to focus on this particle not because of any

66 [ ord Rutherford, Norman Feather, 1940.
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particular property of the particle but rather to understand the nature of the atom
from which it was expelled. His devotion to the alpha particle would later change
the way we would view the atom forever.

Between the years 1900 and 1903, Rutherford and English chemist, Frederick
Soddy (1877-1956) had discovered that radioactivity was the result of the sponta-
neous disintegration of a radioactive, unstable atom. That is, the atom of a radio-
active element would literally transform itself into another lighter element while
emitting a particle and giving off energy (heat) in the process. In other words,
alchemy was finally a reality.

Rutherford had noticed that helium was always present when working with
emanations from uranium or thorium. At first, he believed that helium was the ulti-
mate product of the elements transformation because of its continued presence.
After extensive research, Rutherford began to believe that the alpha particle, which
was positively charged, was actually the nucleus of the helium atom. The mere
weight of the alpha particle was essentially the same as helium.

Further studies involving collection of alpha particles in glass emanated from
radon showed that the spectrum of helium would eventually appear as alpha parti-
cles were accumulating. In his Nobel Prize acceptance speech in 1908 titled, The
Chemical Nature of the Alpha Particles from Radioactive Substances, the 37 year
old Rutherford ended his speech by saying:

Considering the evidence together, we conclude that the a- particle is a projected atom
of helium, which has, or in some way during its flight acquires, two unit charges of posi-
tive electricity. It is somewhat unexpected that the atom of a monatomic gas like helium
should carry a double charge. It must not however be forgotten that the a-particle is
released at a high speed as a result of an intense atomic explosion, and plunges through
the molecules of matter in its path. Such conditions are exceptionably favourable to the
release of loosely attached electrons from the atomic system. If the a-particle can lose two
electrons in this way, the double positive charge is explained.

The next year (1909), German physicist Hans Geiger (1882-1945) and English-
New Zealand physicist Ernest Marsden (1889-1970), under the tutelage of
Rutherford, had discovered using the famous “gold-foil experiment”®’ that alpha
particles could be deflected back in the same direction from which they were emit-
ted. Although this may appear to be an unusual and meaningless discovery to the
non-scientist, it was a discovery of monumental proportions. Prior to this discov-
ery, the common model of the atom was then known as the Plum Pudding model
(coined by English physicist Joseph John “J.J.” Thomson (1856—1940), where the
entire atom consisted of a positive charge which housed the negatively charged
electrons, much like plumbs in a pie. Under this model of the atom, any alpha par-
ticles focused on the atoms should easily pass through with little or no deflection.
This is precisely what Rutherford had expected.

The mere fact that a large alpha particle could be “deflected” back was best
explained by Geiger who said, “it was quite the most incredible event that has

67 Also, known as the Geiger-Marsden experiments. For an active demonstration of this gold-foil
experiment, see: http://www.mhhe.com/physsci/chemistry/essentialchemistry/flash/ruther14.swf.
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ever happened to me. It was almost as incredible as if you fired a 15-in. shell at
a piece of tissue paper and it came back and hit you.”®® This phenomenon meant
that as an alpha particle was shot through matter (gold foil in this case), so