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Requirements

Always check scouting.org for the latest requirements.
1. Do the following:

(a) Explain radiation and the difference between ionizing
and non-ionizing radiation.

(b) Explain the ALARA principle and the measures required by
law to minimize these risks. Describe what safety requirements
you will need to consider while performing the requirements
in this merit badge.

(c) Describe the radiation hazard symbol and explain where
it should be used.

(d) Explain how we are exposed to ionizing radiation from
outside the earth as well as on earth every day. List four
examples of Naturally Occurring Radioactive Materials,
NORM, that are in your house or grocery store and explain
why they are radioactive.

(e) Explain the difference between radiation exposure and
contamination. Describe the hazards of radiation to humans,
the environment, and wildlife. Calculate your approximate
annual radiation dose and compare to that of someone who
works in a nuclear power plant.

2. Do the following:

(a) Tell the meaning of the following: atom, nucleus, proton,
neutron, electron, quark, isotope; alpha particle, beta particle,
gamma ray, X-ray; ionization, radioactivity, radioisotope, and
stability.

(b) Choose an element from the periodic table. Construct 3-D
models for the atoms of three isotopes of this element,

showing neutrons, protons, and electrons. Write down the
isotope notation for each model including the atomic and mass

Py ofCustody@
g able Forestry

35923
ISBN 978-0-8395-3275-0 [@ SUSTAINA

©2024 Scouting America/Boy Scouts of America FORETRLN
2024b Printing S




numbers. In a separate model or diagram, explain or show
how quarks make up protons and neutrons.

. Do ONE of the following; then discuss modern particle
physics with your counselor:

(a) Visit an accelerator, research lab, or university where
scientists study the properties of the nucleus or nucleons.

(b) List three particle accelerators and describe several
experiments that each accelerator performs, including basic
science and practical applications.

. Do TWO of the following; then discuss with your counselor:

(a) Build an electroscope. Show how it works. Place a
radiation source inside and explain the effect it causes.

(b) Make a cloud chamber. Show how it can be used to see the
tracks caused by radiation. Explain what is happening.

(c) Perform an experiment demonstrating half-life. Discuss
decay chains.

. Do ONE of the following; then discuss with your counselor
the principles of radiation safety:

(a) Using a radiation survey meter and a radioactive source,
show how the counts per minute change as the source gets
closer to or farther from the radiation detector. Place three
different materials between the source and the detector,
then explain any differences in the measurements per
minute. Explain how time, distance, and shielding can
reduce an individual’s radiation dose.

(b) Describe how radon is detected in homes. Discuss the
steps taken for the long-term and short-term test methods,
tell how to interpret the results, and explain when each type
of test should be used. Explain the health concern related to
radon gas and tell what steps can be taken to reduce radon in
buildings.

(c) Visit a place where X-rays are used. Draw a floor plan of
this room. Show where the unit, the unit operator, and the
patient would be when the X-ray unit is operated. Explain the
precautions taken and the importance of those precautions.
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6. Do ONE of the following; then discuss with your counselor

how nuclear energy is used to produce electricity:

(a) Make a drawing showing how nuclear fission happens.
Observe a mousetrap reactor (setup by an adult) and use it to
explain how a chain reaction could be started. Explain how a
chain reaction could be stopped or controlled in a nuclear
reactor. Explain what is meant by a “critical mass.”

(b) Visit a local nuclear power plant or nuclear reactor either
in person or online (with your parent or guardian’s
permission). Learn how a reactor works and how the plant
generates electricity. Find out what percentage of electricity
in the United States is generated by nuclear power plants, by
coal, and by gas.

. Give an example of each of the following in relation to how

energy from an atom can be used: nuclear medicine,
environmental applications, industrial applications, space
exploration, and radiation therapy. For each example, explain
the application and its significance to nuclear science.

. Find out about three career opportunities in nuclear science

that interest you. Pick one and find out the education, training,
and experience required for this profession and discuss this
with your counselor. Tell why this profession interests you.
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NUCLEAR SCIENCE: GOING BEYOND CHEMISTRY

Nuclear Science:
Going Beyond Chemistry

Science began when humans first sought to understand nature
as the interactions of forces and matter. What causes seasons?
What are stars? Why do we get sick? These questions once
were dismissed as mysteries: Deities or spirits caused things to
happen for reasons people could not understand. Science pro-
poses to understand nature’s materials and processes so we can
predict and control events in our lives.

6 NUCLEAR SCIENCE



Over 2,000 years of science, researchers learned principles
of matter and how it behaves. Within the last 200 years,
we discovered that all substances are made of about 100
elements—each made of a unique kind of atom. Studying the
characteristics of atoms and their interactions became the field
of chemistry.

Physicists continued to try to understand the structure
of atoms. They learned that all atoms are made of a few sub-
atomic particles. Some atoms transform and give off radiation.
Investigators moved atoms around using electrical charges and
shot atoms or parts of atoms into each other, broke atoms
down, and built them up. They built huge machines to break
atoms apart to study their subatomic particles.

The study of atomic structure is still a part of the field of
nuclear science. Nuclear science also

¢ Investigates natural and manufactured radiation—how they
are produced and their practical uses

¢ Explains the principles applied to protect people
from radiation

e Examines how atomic nuclei behave when they join together
or split apart

e Seeks to understand the processes that occurred at the very
beginning of the universe

Just as with science in general, nuclear science gives us a
simpler—and at the same time more interesting—explanation
of the natural world. The ultimate goal of nuclear science is to
find out if there is one fundamental rule that explains how
matter and forces interact. Earning the Nuclear Science merit
badge is a chance for you to learn about this exciting field at
the cutting edge of science today.

It doesn’t take a nuclear physicist to understand

the basics of nuclear science. A little background in
chemistry and physics will help, but even for the
nonscientific Scout, the Nuclear Science merit badge
lies well within grasp.

NUCLEAR SCIENCE



Structure of an atom

Titus Lucretius
Carus (circa
99-55B.C.E.), a
Roman poet

and philosopher,
mentioned atoms
in his famous Latin
work De Rerum
Natura (On the
Nature of Things).

The Nature
of Atoms

The idea that everything is made of

atoms goes back to the Greek philosopher
Leucippus, who lived about 400 B.C.E.
Leucippus and his student Democritus
were among the first to believe that if you
cut a piece of any material, such as copper,
and cut it again and again many times, you
would finally end up with a piece of the
material that could not be cut. This would
be an atom of that substance. Democritus
believed (mistakenly) that atoms were
held together by little hooks. Later, the
philosopher Lucretius included the work of Leucippus and
Democritus into his work De Rerum Natura (On the Nature

of Things).

An atom is the smallest piece or unit of an element
having the properties of that element. Elements are
fundamental substances that can’t be broken into
simpler substances by chemical means. Familiar
elements include hydrogen, oxygen, copper, and gold.
Each element consists of one basic kind of atom.

Not everyone was convinced. Plato, Aristotle, and other
early scientists did not believe in atoms. Aristotle’s ideas became
the basis of science for more than a thousand years. But in the
15th century, Lucretius’ work was rediscovered. Over many
years scientists like Copernicus, Galileo, Francis Bacon, and Isaac
Newton began to disagree with the great Aristotle on many ideas,
including atoms.

8 NUCLEAR SCIENCE



John Dalton’s Theory of Atoms

By 1803, John Dalton of England had done much work to prove
that atoms exist. He combined his own work with that of other
scientists to show how atoms behave in different conditions and
to estimate the masses of different atoms. His theory of atoms
was the first to explain chemical reactions as atoms combining
and recombining with other atoms.

Atoms are the smallest bit of an element, and differ-
ent elements have atoms of different masses. Mass is
the amount of matter that something contains. Your
mass is always the same, while your weight might
change if you go to a different place. In space, for
instance, your weight is zero, but your mass is the
same as it is on Earth.

Amedeo Avogadro in Italy came up with a better way to
measure the masses of atoms. He showed that Dalton was on
the right track but had made some mistakes. Avogadro was a
good scientist but not a good writer. His work was not under-
stood until another Italian, Stanislao Cannizzaro, explained
Avogadro’s ideas in 1858. Cannizzaro was the first to use the
word molecule to describe chemical combinations of atoms.

By the 1870s, scientists everywhere were studying atoms.
In Russia, Dmitri Mendeleev divided atoms into groups and rep-
resented them on a chart. Some of his ideas were wrong, but
other scientists corrected his chart, and today this is the highly
useful periodic table of the elements.

The Discovery of lons and Electrons

Researchers continued to study the nature of atoms. Svante
Arrhenius of Sweden found that some atoms carry an electric
charge. These atoms could move through water and cause
chemical reactions. He named them ions from the Greek word
for “traveler.”

What Avogadro
discovered the
hard way in the
1800s—that scien-
tists must be able
to write clearly if
they want others
to understand
their findings—is

still true today.
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G.J. Stoney of Ireland studied electricity. He explained
electric current as the movement of extremely small, negatively ~ /onization is
charged particles. In 1891 he used the name electrons for any process that
these particles.

In 1897, the British physicist J.J. Thomson proved the gives atoms an

existence of electrons and showed that all atoms contain them. electric charge.
He believed (mistakenly) that the electrons were stuck in the
atoms like raisins in a cake, and (correctly) that ions happen
I

when an atom has either too many or too few electrons.
Isotopes are atoms

Isotopes—Alike but Different
Scientists learned more by studying different kinds of atoms.
In the early 1900s, Frederick Soddy of England investigated

with the same

number of protons,

lead atoms and found three " a different number

. “ ” — A
different “forms” of lead. smede  of neutrons, different
These atoms had different . il

masses, but they all reacted masses, and have

chemically like lead. Soddy named atoms of the same element the same chemistry.

with different masses isotopes, meaning “same place” in Greek. ey may have very

Parts of the Atom different physics and

At about the same time, Ernest Rutherford of New Zealand made  some isotopes are
the first of his many important discoveries. He confirmed what
others believed—that an atom is mostly empty space with a tiny
core in the center. He called this core the nucleus (plural, nuclei).  ———
Rutherford described the nucleus as being the middle of the

atom, with the electrons going around it like a swarm of bees.

radioactive.

Sir Ernest Rutherford (1871-1937), known as
“the father of nuclear physics,” discovered
and named some of the field’s fundamental
ideas: alpha, beta, and gamma rays; the
nucleus; the proton; and half-life. In 1908,
Rutherford won the Nobel Prize in chemis-
try for showing that radioactive elements
become other elements when they decay.
Most important was his discovery of the
nucleus, the atom'’s core. (Note that during
this time, nuclear science was still considered
a part of chemistry—the study of how
atoms combine.)

NUCLEAR SCIENCE "
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By 1913, Danish physicist Niels Bohr made a major
advance in the understanding of the atom. His model had the
nucleus in the middle but with electrons traveling in rings or
“orbits” around it, like planets orbiting the sun. The further
from the nucleus the electron is, the more energy it has.

About the same time, Henry Moseley of England found a
way to determine the number of positive electric charges in a
nucleus. He called this the atomic number of the atom.

After Moseley’s death in World War I, his work on atomic
numbers continued in Germany, France, and Britain. Ernest
Rutherford predicted scientists would soon find a piece of an
atom that carried one positive charge. Rutherford proved him-
self correct with his discovery of the proton in 1914.

The atomic number, or Z, is the number of protons in the nucleus of an
atom. This defines an element as atoms with the same atomic number. The
atomic number determines the place of the element in the periodic table.

The Neutron

During this period, William Harkins of the United States and
Antoine-Philibert Masson of Australia were working on a big
question: Why was atomic number different from atomic mass?
Based on their work, Rutherford predicted the existence of a
particle in the nucleus that had mass but no electrical charge.

Researchers looked for this neutral particle. Rutherford
and James Chadwick of England tried experiments, which
failed. Finally in 1932, 12 years after Rutherford’s prediction,
Chadwick found the neutron—a particle of an atom about the
mass of a proton but with no electric charge.

The discovery of the neutron helped scientists explain both
the atomic mass of an atom and what isotopes were. The total
number of protons and neutrons of an atom is the mass number.
Isotopes, therefore, are atoms with the same atomic number (the
same number of protons) but different mass numbers (different
numbers of neutrons).

The mass number, or A, of an atom is the sum of the protons and neu-
trons in its nucleus. The atomic mass is the actual measure of mass
(amount of matter) in the nucleus. An oxygen atom, for example, with
eight protons and eight neutrons, has a mass number of 16. The atomic
mass of oxygen is 15.99491461 atomic mass units (AMU). An AMU is a
tiny unit used to measure the masses of atoms and molecules.

NUCLEAR SCIENCE



After the neutron’s discovery, Werner Heisenberg suggested
the nucleus was made of only protons and neutrons. Niels Bohr
changed his own model to explain properties of atoms based on  An electron shell

all three subatomic particles. Protons and neutrons (also called is the region

nucleons) make up the nucleus; electrons swirl around the

nucleus in shells. around the

nucleus in which

New discoveries modified Bohr's idea of orbiting electrons of
electrons. By 1928, physicists had a fuller picture of
the behavior of electrons. The work of Austrians Erwin the same
Schrodinger and Wolfgang Pauli and Germans Max energy move.
Born and Werner Heisenberg showed that electrons
do not move in fixed orbits. An electron moves unpre- ———

dictably within a space that may have a spherical or
dumbbell shape. The shape of the electron’s travel
depends on its energy and the type of shell it is in.

Exploring an Ever-Smaller World

As scientists improve the tools and techniques of nuclear science,
we develop a better understanding of the particles and forces that
make up the natural world. This increases our ability to explain
the behavior of matter and to re-create particles that have not
existed in nature since the beginning of the universe.

Antimatter

Antimatter, once only imagined in science fiction, has been found
to exist in the real world. In 1928, theoretical physicist Paul Dirac
predicted that, for every kind of matter, there existed an equal and
opposite antimatter. If regular matter and antimatter came together,
both would disappear. The only trace of their mutual annihilation
would be a burst of energy left behind.

In 1932 at the California Institute of Technology, Carl
Anderson was studying cloud chamber photographs of particles
passing through a magnetic field. (See “Build a Cloud Chamber”
in the chapter “What Is Radiation?”) One picture showed an
electron that turned opposite the way it should have. This anti-
electron had a positive charge and behaved exactly the opposite
of a normal electron. Anderson called it the positron because of
its positive charge. This was the first observation of antimatter in
our world.

NUCLEAR SCIENCE 13
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Antimatter behaves exactly the opposite of its regular
matter counterpart.

Particle accelerator experiments
discovered more examples of anti-
particles. These confirmed Dirac’s
(= . + earlier predictions. Now, accelera-
tors produce antimatter nuclei and

ENERGY

ELECTRON ANTIELECTRON
atoms. Although antimatter is not
seen as a practical way to generate
When matter meets antimatter, they both useful energy, it is imagined as an
disappear in a burst of energy. efficient energy storage system, and

there are visionary proposals to use antimatter to power future
generations of spacecraft.

Richard Feynman (1918-1988) was a 1965 Nobel Prize winner and one
of the most influential physicists of the 20th century. He described how
charged particles (and their antiparticles) interact through electromag-
netic force—or, simply put, how light and matter interact. To analyze and
accurately predict these particle interactions, he developed a new form
of mathematics.

Neutrinos
In 1930 Wolfgang Pauli predicted a particle with no charge
and almost no mass. Detecting it would be difficult because it
didn’t seem to “do” anything—it didn’t interact with matter like
ionizing radiation did. (See the chapter “What Is Radiation?”)
Pauli envisioned it as a sort of “ghost particle” because it would
pass through regular matter with almost no interaction.

It took 26 years before Fred Reines and Clyde Cowan (1995
Nobel Prize winners) gathered hard evidence that the neutrinos
Pauli predicted really exist. In 1962, Leon Lederman, Melvin

14 NUCLEAR SCIENCE



THE NATURE OF ATOMS

Schwartz, and Jack Steinberger (1988 Nobel laureates) used
the Brookhaven National Laboratory accelerator to produce
evidence of two types of neutrinos.

Neutrinos can pass through solid matter with only a slight
chance of a collision. A beam of neutrinos can travel completely
through Earth without losing intensity. The ability of neutrinos
to penetrate matter makes them useful in the study of particles.
Using particle accelerators, physicists have learned much about
the makeup of neutrons and protons by observing rare collisions
between neutrinos and atomic nuclei.

Continuing Discoveries About the Nucleus

Physicists have learned that the nucleus often behaves as if it
were a raindrop, moving fluidly, constantly changing shape like
a drop of liquid. It can be round like a tennis ball or shaped
like a football. It can vibrate or, if football-shaped, spin. James
Rainwater, Aage Bohr, and Ben Mottelson described the motions
of the nucleus and shared the 1975 Nobel Prize in physics for
their work on the structure of the nucleus.

Some atoms are known to be stable, while other isotopes of
the same element can be unstable. Stability in an atom means
that it does not give off any form of radiation. For example, of
the 14 isotopes of carbon, 12 of them undergo radioactive decay ~ nucleus that exists
and two (carbon-12 and carbon-13) are stable. Maria Goeppert-
Mayer and J. Hans D. Jensen (1963 Nobel laureates) created the
nuclear shell model to explain this. They figured out that protons  'ength of time.
and neutrons in stable nuclei move like pairs of dancers, spin-
ning together clockwise or counterclockwise. As they spin, they ———
move around in “shells” or defined spaces inside the nucleus.

Goeppert-Mayer and Jensen found that a nucleus with its shells
exactly filled tends to be stable.

Nuclear Science :

e

A nuclideis a

for a measurable

NUCLEAR SCIENCE 15



16

The Standard Model:
Elementary Particles

In 1964, Murray Gell-Mann and George Zweig of the California
Institute of Technology proposed that even protons and neutrons
could be broken down into simpler particles.

Quarks

Using particle accelerators, researchers shattered protons and
neutrons into pieces that Gell-Mann named quarks. In 1990,
Jerome Friedman, Henry Kendall, and Richard Taylor shared the
Nobel Prize in physics for showing that protons and neutrons
do indeed have much smaller particles—quarks—inside them.

Quarks determine if proton or neutron.
Protons determine chemical properties.
Ratio of neutrons to protons make a nucleus
stable or unstable.

Experiments have identified six quarks: up and down, which
make up most everyday matter; and the much heavier top,
bottom, strange, and charm quarks, which are unstable. Protons
consist of two up quarks and one down quark. Neutrons have
two down quarks and one up quark. Particles called gluons keep
the quarks from flying away from each other.

Leptons

Quarks are called elementary particles because they have no
known smaller parts. There is another type of elementary
particle called leptons. The best-known lepton is the electron,
but physicists have identified five others. The six leptons are
divided into three families: (1) the electron and its neutrino;

(2) the muon and its neutrino; and (3) the tau and its neutrino.

NUCLEAR SCIENCE



David Gross, David Politzer, and Frank Wilczek won
the 2004 Nobel Prize in physics for showing how the
attraction between quarks is strong when they are far
apart but weak when they are close together. This
discovery showed that a g/luon provides the force that
keeps quarks bound inside a nucleus and the force
that keeps nuclei together. The work is an important
step toward providing a unified (single) description of
all the forces of nature, from the tiny distances within
the nucleus of an atom to the enormous expanse of
the universe.

The electron, the muon, and the tau have electrical charge.
The other leptons—the three neutrinos—do not.

Electrons are stable. The muon and the tau are more massive
than the electron, and they are unstable. They are short-lived and
are not found in ordinary matter at all.

PROTON NEUTRON

Quarks form the fundamental building blocks of protons and
neutrons. Gluons keep the quarks together. Note: The symbols
on the Nuclear Science merit badge reflect the quarks’ structure
of protons and neutrons.

NUCLEAR SCIENCE
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THE STANDARD MODEL: ELEMENTARY PARTICLES

Force Carriers
The elementary particles interact; that is, they affect one another
because of particles called force carriers. The gluon that binds
particles of quarks together is a force carrier. Another force carrier is the
photon, which carries the electromagnetic force that acts between
electrically charged particles. The force carriers W boson and Z
quarks and boson transmit the weak force that acts on quarks and leptons
but only for distances smaller than an atomic nucleus.
Elementary Particles

Elementary

matter—

leptons—have

no measurable

_;‘w_ u c t &
size. thyswlsts § P s b ¥ g
describe them £
as “pointlike.” g Ve i Ur ]
g ¢ n T Z ug_
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The Standard Model

“The Standard Model” is the current theory of the
structure of matter. It says that matter is made up

of quarks and leptons that interact by exchanging
force-carrying particles. The chart shows the elemen-
tary particles that are thought to make up all of the
physical world and make matter behave as it does.

The Higgs boson discovery at the Large Hadron Collider helped
scientists understand the nature of the universe and what it's made of.

18 NUCLEAR SCIENCE



Make 3-D Models of Isotopes

Models that can be touched are called physical models. (The Standard
Model is a mental model—a model of ideas.) You will make physical
models of isotopes to help explain to your merit badge counselor the
difference between mass number and atomic number and the differ-
ence between the atom, nuclear, and quark structures of isotopes.

Begin by studying pictures of the three isotopes of hydrogen.
Hydrogen is the simplest and lightest element. Ordinary hydrogen has
one proton, one electron, and no neutrons. In isotope notation, ordinary
hydrogen is TH. There are two other hydrogen isotopes: deuterium
(written in isotope notation as 2D) with 1 proton and 1 neutron, and
tritium (3T or 3H) with 1 proton and 2 neutrons.

Now use your imagination (and whatever materials are handy)
to make a 3-D model of each isotope. Successful atomic models have
been made with pizza or cookies or Styrofoam balls. On the next
page is an example to get you thinking about the three isotopes of
hydrogen. If you wish, you can make models of three isotopes of an
element other than hydrogen, like carbon.

NUCLEAR SCIENCE
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b H
HYDROGEN DEUTERIUM TRITIUM
1 PROTON 1 PROTON 1 PROTON
1 ELECTRON 7T ELECTRON 1 ELECTRON
ATOMIC NUMBER = 1 1T NEUTRON 2 NEUTRONS
MASS NUMBER = 1 ATOMIC NUMBER = 1 ATOMIC NUMBER = 1
MASS NUMBER = 2 MASS NUMBER = &

How To Build Isotope Models
Materials You Will Need

Q 3 large clear plastic fillable balls or ornaments !;'E\ {
(label one “Proton” and two “Neutron”) ""'“' =

Q 1 small white pompom (the electron) !
Q 1 pipe cleaner (the electric attractive force) N

Build a Hydrogen Atom

Bend one end of the pipe cleaner around the loop of the proton
ball. Bend the other end around the white pompom.

If a hydrogen atom were the size of a football stadium, the proton
would be the size of a marble, and the electron and quarks would be
too small to see.

Build a Deuterium Atom

Add the neutron ball to the pipe cleaner. The neutron and proton
should touch.

The neutron and the proton have about the same mass, but much
more mass than the electron. A proton has almost 2,000 times as much
mass as an electron.

NUCLEAR SCIENCE



Build a Tritium Atom

Connect a neutron ball with a pipe cleaner to the deuterium model
so that it touches both the other neutron and the proton.

Tritium is radioactive, with a half-life of 12.3 years, changing into
Helium-3.

How To Build Quark Models

You could also build a model to represent quarks.
Materials You Will Need

Q 5 medium red pompoms (for the down quarks)
Q 4 medium blue pompoms (for the up quarks).

Build a Proton

Put two red balls and one blue ball in a transparent ball.

Real quarks are not stationary, but are always moving inside their
proton. Quark containment means you cannot separate a single quark
from a proton.

Build a Neutron

Put one red pompom and two blue pompoms in a transparent ball.

In the nucleus of a real atom,
extremely strong forces hold
the protons and neutrons
together. A huge amount of
energy is concentrated in the
nucleus because of these
strong holding forces.
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Learn About Particle Accelerators

Particle accelerators, sometimes called atom smashers, are machines that
can create beams of electrically charged particles and accelerate them
to nearly the speed of light. This acceleration increases the particles’
energy of motion. Think of the difference between catching a baseball
that is gently underhanded to you and catching a fastball fired at you
by a major-league pitcher. Energy is the universal container that holds
things together. If you want to break open a container such as an atom
or a proton to see what’s inside, you must overcome that container’s
energy. From accelerators, scientists get the energy they need to break
open and explore the makeup of atomic and subatomic particles.

The Large Hadron Collider (LHC) in Geneva, Switzerland, is the
world’s largest and highest-energy particle accelerator. Scientists use
the LHC’s 17-mile-long underground ring to smash beams of protons
or heavy ions into one another. Physicists are using the collider to help
explain the interactions and forces among the elementary particles and
to test theories about the structure of the universe.

The Relativistic Heavy lon
Collider at Brookhaven National
Laboratory in Upton, New York, accel-
erates ions to relativistic (nearlight)
speeds and smashes them together.
The goal is to re-create a quark-gluon
plasma—the super-hot, ultra-dense,
soup-like form of matter that existed
in the universe’s first microseconds,
beginning the formation of the
universe as we know it.

The Thomas Jefferson National
Accelerator Facility in Newport
News, Virginia, is a fixed-target
accelerator that creates a continu-
ous stream of high-energy elec-
trons. The machine steers the elec-
trons into stationary nuclei, which
shatter into smaller particles.
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Scientists analyze these fragments to measure and study the quark con-
tent of the nucleus.

The Facility for Rare Isotope Beams at Michigan State University
is the most powerful heavy-ion accelerator where scientists study the
structure of atomic nuclei.

The Advanced Light Source, a division of Lawrence Berkeley
National Laboratory in Berkeley, California, produces light—mainly
X-rays—with special qualities. Scientists use these X-rays to probe the
structure of atoms and molecules, explore the properties of materials,
investigate chemical reactions, analyze samples for trace elements, and
even manufacture microscopic machines.

Other particle accelerators operate at universities and national laborato-
ries across the United States. Your counselor can help you find one to visit.

One example is the: Center for Accelerator Mass Spectrometry (CAMS),
at Lawrence Livermore National Laboratory in Livermore, California. CAMS
is used for a broad range of scientific missions such as climate change,
forensics, radiocarbon-dating, and public health.

Linear accelerators can be used for medicine, too. For instance, using
a beam of protons or particles to destroy hard-to-reach tumors or tumors
resistant to other forms of treatment.

During your visit, ask questions. These will get you started.

* How does the accelerator work? Is it a /inac (linear accelerator) or
a circular accelerator?

e What type of particles does it accelerate?
e How much energy does it take to run the accelerator?

e What type of experiments is it designed to do? What questions does
the research seek to answer?

e What are the most exciting discoveries that have been made here?

e What types of people work here? What is it like to work here? What
training do you need to get a position here?

¢ Are there radiation hazards around this machine? Why or why not?
How are people protected from potential hazards?
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You too can build cloud chamber, a vessel that shows the paths or tracks of
electrically charged particles passing through. See instructions on page 32.



What Is Radiation?

The German physicist Wilhelm Conrad Roentgen discovered ——
X-rays while experimenting with a glass vacuum tube in

1895. He covered the tube with black paper and passed an Roentgen called
electric current through the tube. A dark image appeared on his discovery

a photographic plate nearby.

Roentgen assumed that unknown, invisible rays were
coming from the vacuum tube and darkening his photographic he could not
plates. The rays passed easily through the paper covering the
tube. What other materials would they penetrate?

Roentgen tried to block X-rays and found that some mate-
rials worked and some did not. The bones of a human hand —
blocked the rays, but the soft parts or flesh of a hand did not.

He found he could photograph the bone structure of his wife’s
hand with the rays.

X-rays because

identify them.

Roentgen’s discovery won him the 1901 Nobel Prize
in physics, revolutionized medicine, and opened the
door to future advancement in physics.

X-rays proved to be important not only in medicine, but
also in giving scientists new insights into the nature of radiation
and the structure of the atom. Scientists soon found that X-rays
made ions of the atoms in air. Because of this, we call X-rays
ionizing radiation.

Radiation is any energy or particle that comes from a source and travels
from one place to another. Sunlight, sound waves, and microwaves are
types of radiation. The high-energy kind of radiation produced by X-ray
machines or given off by radioactive elements is ionizing radiation.

Sunlight, sound, and microwaves do not make ions. They are nonionizing.
In this pamphlet, the term “radiation” generally means ionizing radiation.
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WHAT IS RADIATION?

In 1910, Theodore
Wolf, a French
Jesuit priest, used
an electroscope
to show that
radiation is

all around us

every day.

Radioactivity in Nature

Henri Becquerel, a French scientist, discovered that uranium,
like X-rays, would fog a photographic plate. Uranium made
rays of its own. In 1898, Marie Curie named this property
radioactivity. A radioactive element gives off charged particles,
or rays.

Becquerel wanted to know if the radiation from uranium
caused ions in air like X-rays. To find out, he created a box
with two metal leaves hanging from a metal rod. If the rod or
bar is charged with electricity, the metal leaves will become
charged. Because the same types of electrical charges repel
each other, the leaves will repel each other and stand apart.
Becquerel named his invention the electroscope.

CHARGED DISCHARGED

An electroscope can detect ionizing radiation.

If the air in the electroscope becomes ionized, the charge
will leak out of the leaves. Becquerel found that uranium
brought near the electroscope would discharge it. This told
him that uranium radiation was ionizing radiation.
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WHAT IS RADIATION?

Build an Electroscope
Materials You Will Need

Q Balloon

Q 5-inch copper wire

Q Plastic coffee stirrer

Q Pop-Tart® wrapper

QA Pushpin

Q 5-inch square aluminum foil

QWide-mouth glass canning jar

Q Styrofoam plate

Q Masking tape

Q Permanent marker

Q Scissors

O 1 teaspoon of salt or desiccant

Q Gas lantern mantle containing
thorium or a small rock
containing autunite or uranium
(Adults must handle these
radioactive materials!)

Step 1—Clean and dry the
canning jar.

Step 2—Trace around the lid of the jar onto the Styrofoam plate with a pen
and cut out the circle. This will be the lid of the jar.

Step 3—Use the pushpin to poke a small hole in the center of Styrofoam.
Cut a 1%2-inch piece of the plastic coffee stirrer and place into the hole in the
Styrofoam circle.

Step 4—Make a small hook on one end of
copper wire. Thread wire through the plastic
coffee stirrer and place through the hole in
the Styrofoam lid.

If you need a source for the thorium gas lantern mantle for building
an electroscope, visit Gas-Lights.com with your parent or guardian’s
permission and look for Coleman lantern mantles containing
thorium. Thorium makes a bright white light.
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Step 5—Cut two small leaves about an inch
long from the Pop-Tart® wrapper. With the
pushpin, punch a small hole in the pointy end.
Carefully thread both leaves through wire.

Step 6—Heat a spoonful of table saltin an oven
at 350 degrees, then drop the salt into the dry
bottle or use desiccant. This will absorb mois-
ture from the air in the bottle.

Place lid with leaves onto jar, tape around jar
to make airtight. The leaves should not touch
the bottom of the jar. Crumble up a 1-inch ball
of aluminum foil and place on top of the wire

i outside the jar.

To use your electroscope:

Step 1—Comb your hair with a
plastic comb and touch the comb
to the wire’s top loop. This gives
the leaves electrical charges alike.
They will repel each other. As
they lose their charge, they will
come back together. This process
takes about five minutes.

Step 2—Obtain a piece of a

gas lantern mantle made with
thorium or small rock containing
uranium or autunite. All three
materials are radioactive.

Step 3—Put the piece of mantle

into the electroscope and charge it as before.

Step 4—Compare the amount of time it
takes to discharge the electroscope with
the radioactive material in it and without
the radioactive material. Does the thorium

Hint: If you ionize the
air, the charge will
leak faster. Radiation
will ionize air.

radiation discharge the electroscope?
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WHAT IS RADIATION?

Types of Radiation

Ernest Rutherford found that uranium had two types of radia-
tions. One type, which he named alpha rays, would not go
through a sheet of paper. The second kind, beta rays, was
more penetrating. One sheet of paper would stop an alpha ray,
but it took a hundred sheets to stop beta rays.

In 1900, Paul Villard of France discovered a third type of
radiation that was far more penetrating than beta rays. He called
this radiation gamma rays. We now know that these rays are
similar to radio waves, light, and microwaves. The difference
is that gamma rays have much more energy.

More work showed that alpha rays and beta rays are tiny
pieces of atoms. They are more accurately called alpha particles
and beta particles. Alpha particles are made up of two protons
and two neutrons, identical to the nuclei of helium atoms. Beta
particles are free-flying electrons.
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Gamma rays are the most penetrating kind of natural radiation.
Thick concrete or lead is needed to stop them. In 1914, Rutherford
showed that gamma rays and X-rays act alike.
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In 1903, Marie Curie pictured how radiation is bent by magnets.
The paths of alpha particles (positively charged) are bent one way,
and the paths of beta particles (negatively charged) are bent the
opposite way.

In 1903, Marie and Pierre Curie isolated a new
radioactive substance they called radium. To describe
the amount of radiation given off by any material,
scientists needed a new unit. They called it the
curie after the famous researchers. One curie (Ci)
of a radioactive substance will give off 37 billion
radiations each second, an amount equal to the
activity in 1 gram of radium. In Sl units, you may
see the much-smaller becquerel (Bqg) as a unit for
measuring radioactivity: 37 billion becquerel
equal 1 curie, and 1 becquerel equals 1 decay
(disintegration) per second.
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Antoine Henri Becquerel (1852-1908), a French physi-
cist, experimented with phosphorescent uranium
salts to determine if they gave off X-rays. He discov-
ered instead their natural radioactivity. In 1903, he
was awarded half of the Nobel Prize in physics for his
discovery. (The other half went to Marie and Pierre
Curie.) The unit used to measure small amounts of
radioactivity is called the becquerel in his honor.

Marie Curie (1867-1934), born in Poland, became

the first European woman to receive a doctorate in

a scientific field. The first person to use the term
radioactive, Curie also ranks as the first winner of two
Nobel Prizes: in physics, in 1903, for the work she and
her husband, Pierre, did on Becquerel’s discovery; and
in chemistry, in 1911, for her discovery of the elements
polonium and radium. After years of radiation expo-
sure during research, Curie died of leukemia at age 67
Charles Thomson Rees Wilson (1869-1959) received
the Nobel Prize in physics in 1927 “for his method

of making the paths of electrically charged particles
visible by condensation of vapour” —the expansion
cloud chamber. He was a meteorological observer

in Scotland where he tried to reproduce clouds in

his lab by expanding and
cooling air. In 1896, he fired
some newly discovered radium
through a cloud and saw it left
a trail of water droplets in the
gas. Wilson’s cloud chamber
was used for many years in
nuclear physics.

A cloud chamber is a clear-sided
vessel containing alcohol vapor
that shows the paths or tracks of
electrically charged particles
passing through. Shown here
are alpha particle tracks.
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Build a Cloud Chamber

Although ionizing particles are invisible, you can use a cloud chamber to
see the tracks the particles leave behind. You can build a cloud chamber with
household items, or you can buy a kit from an educational supply store.

Materials You Will Need

A Clear polystyrene petri dish*

(available from biological supply

companies)

Methanol or HEET™ (methyl alcohol,

available from automobile parts

stores) or propanol-2*

Black felt strip

Flashlight

Tweezers

Dry ice** (available from some grocery or ice cream stores. Buy dry ice

the morning of the demonstration in order to minimize the

sublimation losses of the dry ice. If you must buy the evening before,

store in a sealed cooler that allows the CO5 gas to vent as it sublimes

from the solid form.The loss rate of dry ice is somewhere between

5-10 pounds in 24 hours.)

Q Thick leather Gloves

Q Scuba-mask defogger

Q Gas lantern mantle containing thorium or a small rock containing
autunite or uranium (Adults must handle these radioactive materials!)

Step 1—Spray the outside of the bottom of the petri dish black. Place a

strip of felt on the inside of the bottom rim.

Step 2—With an eye dropper, carefully add about 3 ml of methanol to

petri dish around felt rim.

*Methanol is flammable and poisonous. Keep it away from
heat and open flame. Use it in a well-ventilated area, wear

plastic gloves to protect your skin, and never drink it.

[
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Step 3—Using tweezers and with adult supervision, place small
radioactive source or rock in center of petri dish. Close dish.
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You can get a small radioactive source at a rock or hobby shop
or an educational supply store to place in the jar and increase the
radiation, rather than depend on natural cosmic rays.

Step 4—Wearing thick leather gloves, place the petri dish on a cake
of dry ice. Seal the chamber and wait 10-15 minutes to allow the
supersaturated zone of alcohol to form a layer near the bottom of the
dish. Be sure the petri dish is in good contact with the dry ice.

**Dry ice can severely damage your skin. Never handle it
bare-handed; always wear thick gloves and eye protection. v
Set the dry ice in a box or on a tray to protect your tabletop

or work surface. Dry ice changes to carbon dioxide gas, so
operate your cloud chamber in a well-ventilated area.

Step 5—Expect to observe particle tracks within 10-15 minutes, though
there are cases where the tracks may appear within