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FOREWORD

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The original guidelines
were published in the Federal Register on April 17, 1987. Each profile will be revised and republished as
necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for the hazardous substance described therein. Each peer-reviewed profile identifies and reviews the
key literature that describes a hazardous substance's toxicologic properties. Other pertinent literature is also
presented, but is described in less detail than the key studies. The profile is not intended to be an exhaustive
document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a public health statement that describes, in nontechnical language, a substance's relevant
toxicological properties. Following the public health statement is information concerning levels of significant
human exposure and, where known, significant health effects. The adequacy of information to determine a
substance's health effects is described in a health effects summary. Data needs that are of significance to
protection of public health are identified by ATSDR and EPA.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and epidemiologic
evaluations on a hazardous substance to ascertain the levels of significant human exposure for the
substance and the associated acute, subacute, and chronic health effects;

(B) A determination of whether adequate information on the health effects of each substance is available
or in the process of development to determine levels of exposure that present a significant risk to
human health of acute, subacute, and chronic health effects; and

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels of
exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDRs assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal scientists have also
reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel and was made
available for public review. Final responsibility for the contents and views expressed in this toxicological

profile resides with ATSDR.

Jeffrey P. Koplan, M.D., M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry



vi

*[ egislative Back

The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public
law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly found at
facilities on the CERCLA National Priorities List and that pose the most significant potential threat to
human health, as determined by ATSDR and the EPA. The availability of the revised priority list of 275
hazardous substances was announced in the Federal Register on November 17, 1997 (62 FR 61332). For
prior versions of the list of substances, see Federal Register notices dated April 29, 1996 (61 FR 18744);
April 17, 1987 (52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619);
October 17,1990 (55 FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); and
February 28, 1994 (59 FR 9486). Section 104(i)(3) of CERCLA, as amended, directs the Administrator
of ATSDR to prepare a toxicological profile for each substance on the list.



IONIZING RADIATION vii

QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation of
available toxicologic and epidemiologic information on a substance. Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for
educating patients about possible exposure to a hazardous substance. It explains a substance’s
relevant toxicologic properties in a nontechnical, question-and-answer format, and it includes a
review of the general health effects observed following exposure.

Chapter 3: Summary of Health Effects of Ionizing Radiation: Specific health effects of ionizing
radiation are reported by route of exposure, by type of health effect (death, systemic,
immunologic, reproductive), and by length of exposure (acute, intermediate, and chronic). In
addition, both human and animal studies are reported in this section.

NOTE: Not all health effects reported in this section are necessarily observed in
the clinical setting. Please refer to the Public Health Statement to identify
general health effects observed following exposure.

Pediatrics: Three new sections have been added to this Toxicological Profile to address child health

issues:
Section 1.6 How Can Ionizing Radiation Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to Ionizing

Radiation?
Section 3.2.2 Children’s Susceptibility

Other Sections of Interest:
Section 3.2.1.4 Teratogenic/Embryotoxic Effects
Section 3.2.3 Carcinogenic Effects from Ionizing Radiation Exposure

ATSDR Information Center
Phone: 1-888-42-ATSDR
or 404-639-6357 Fax: 404-639-6359
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity;, and numerous chemical-specific case studies.
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials incident.
Volumes I and II are planning guides to assist first responders and hospital emergency department
personnel in planning for incidents that involve hazardous materials. Volume III—Medical Management
Guidelines for Acute Chemical Exposures—is a guide for health care professionals treating patients
exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, GA 30341-
3724 « Phone: 770-488-7000 « FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health. ~ Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 ¢ Phone: 800-356-4674 or NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
* Phone: 800-35-NIOSH.

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 « Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues. Contact:
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976 «
FAX: 202-347-4950 * e-mail: aoec@dgs.dgsys.com *  AOEC Clinic Director:
http://occ-env-med.me.duke.edu/oem/aoec.htm

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005 * Phone: 847-228-6850 « FAX: 847-228-1856.
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CONTRIBUTORS

CHEMICAL MANAGER(S)/AUTHORS(S):
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THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review. The Health Effects Review Committee examines the health effects
chapter of each profile for consistency and accuracy in interpreting health effects and classifying
end points.

2. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific minimal risk levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.






IONIZING RADIATION Xi

PEER REVIEW

A peer review panel was assembled for ionizing radiation. The panel consisted of the following
members:

1.  Herman Cember, Ph.D., CHP, Consultant, Lafayette, IN;
2. Richard Toohey, Ph.D., CHP, Consultant, Oak Ridge, TN;
3.  Kenneth Mossman, Ph.D., Professor, Scottsdale, AZ;

4.  John Poston, Ph.D., Professor, College Station, TX; and
5. Darrell Fisher, Ph.D., Senior Scientist, Richland, WA.

These experts collectively have knowledge of ionizing radiation's physical and chemical properties,
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and
quantification of risk to humans. All reviewers were selected in conformity with the conditions for peer
review specified in Section 104(i)(13) of the Comprehensive Environmental Response, Compensation,
and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound. A list of databases reviewed and
a list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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IONIZING RADIATION

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about ionizing radiation and the effects of exposure. It
does not tell you about non-ionizing radiation, such as microwaves, ultrasound, or ultraviolet

radiation.

Exposure to ionizing radiation can come from many sources. You can learn when and where
you may be exposed to sources of ionizing radiation in Section 1.3 of this chapter. One source
of exposure is from hazardous waste sites that contain radioactive waste. The Environmental
Protection Agency (EPA) identifies the most serious hazardous waste sites in the nation. These
sites make up the National Priorities List (NPL) and are the sites targeted for federal cleanup.
However, it’s unknown how many of the 1,467 current or former NPL sites have been evaluated
for the presence of ionizing radiation sources. As more sites are evaluated, the sites with
ionizing radiation may increase. This information is important because exposure to ionizing

radiation may harm you and because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. This release does not always lead to
exposure. Even in the event that you are exposed, it does not necessarily mean you will be

harmed or suffer long-term health effects from exposure to ionizing radiation.

If you are exposed to ionizing radiation, many factors determine whether you’ll be harmed.
These factors include the dose (how much), the duration (how long), and the type of radiation.
You must also consider the chemicals you’re exposed to and your age, sex, diet, family traits,

lifestyle, and state of health.

1.1 WHAT IS IONIZING RADIATION?

To explain what ionizing radiation is, we will start with a discussion of atoms, how they come to

be radioactive, and how they give off ionizing radiation. Then, we will explain where radiation

comes from. Finally, we will describe the more important types of radiation to which you may
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1. PUBLIC HEALTH STATEMENT

be exposed. Of the different types and sources of ionizing radiation, this profile will discuss the

three main types: alpha, beta, and gamma radiation.

The Atom. Before defining ionizing radiation, it is useful to first describe an atom. Atoms are
the basic building blocks of all elements. We have models of an atom that are supported by
measurements. An atom consists of one nucleus, made of protons and neutrons, and many
smaller particles called electrons. The electrons normally circle the nucleus much like the
planets or comets circle the sun. The number of protons in the atom’s nucleus determines which
element it is. For example, an atom with one proton is hydrogen and an atom with 27 protons is
cobalt. Each proton has a positive charge, and positive charges try to push away from one
another. The neutrons neutralize this action and act as a kind of glue that holds the protons
together in the nucleus. The number of protons in an atom of a particular element is always the
same, but the number of neutrons may vary. Neutrons add to the weight of the atom, so an atom
of cobalt that has 27 protons and 32 neutrons is called cobalt-59 because 27 plus 32 equals 59. If
one more neutron were added to this atom, it would be called cobalt-60. Cobalt-59 and cobalt-
60 are isotopes of cobalt. Isotopes are forms of the same element, but differ in the number of
neutrons within the nucleus. Since cobalt-60 is radioactive, it is called a radionuclide. All
isotopes of an element, even those that are radioactive, react chemically in the same way. Atoms
tend to combine with other atoms to form molecules (for example, hydrogen and oxygen
combine to form water). Radioactive atoms that become part of a molecule do not affect the way

the molecule behaves in chemical reactions or inside your body.

What lonizing Radiation Is. lonizing radiation is energy that is carried by several types of
particles and rays given off by radioactive material, x ray machines, and fuel elements in nuclear
reactors. lonizing radiation includes alpha particles, beta particles, x rays, and gamma rays.
Alpha and beta particles are essentially small fast moving pieces of atoms. X rays and gamma
rays are types of electromagnetic radiation. These radiation particles and rays carry enough
energy that they can knock out electrons from molecules, such as water, protein, and DNA, with

which they interact. This process is called ionization, which is why it is named “ionizing



IONIZING RADIATION 3

1. PUBLIC HEALTH STATEMENT

radiation.” We cannot sense ionizing radiation, so we must use special instruments to learn
whether we are being exposed to it and to measure the level of radiation exposure. The other
types of electromagnetic radiation include radiowaves microwaves, ultrasound, infrared
radiation, visible light, and ultraviolet light. These types of radiation do not carry enough energy
to cause ionization and are called non-ionizing radiation. This profile will only discuss ionizing

radiation.

What lonizing Radiation Is Not. Ionizing radiation is not a substance like salt, air, water, or a
hazardous chemical that we can eat, breathe, or drink or that can soak through our skin.
However, many substances can become contaminated with radioactive material, and people can

be exposed to ionizing radiation from these radioactive contaminants.

How Does an Atom Become Radioactive? An atom is either stable (not radioactive) or
unstable (radioactive). The ratio of neutrons to protons within the nucleus determines whether
an atom is stable. If there are too many or too few neutrons, the nucleus is unstable, and the
atom is said to be radioactive. There are several ways an atom can become radioactive. An
atom can be naturally radioactive, it can be made radioactive by natural processes in the
environment, or it can be made radioactive by humans. Naturally occurring radioactive
materials such as potassium-40 and uranium-238 have existed since the earth was formed. Other
naturally occurring radioactive materials such as carbon-14 and hydrogen-3 (tritium) are formed
when radiation from the sun and stars bombards the earth’s atmosphere. The elements heavier
than lead are naturally radioactive because they were originally formed with too many neutrons.
Human industry creates radioactive materials by one of two different processes. In the first
process, a uranium or a plutonium atom captures a neutron and splits (undergoes nuclear fission)
into two radioactive fission fragments plus two or three neutrons. In a nuclear reactor, one of
these “fission neutrons” is captured by another uranium atom, and the fission process is repeated.
In the second process, stable atoms are bombarded either by neutrons or by protons that are
given a lot of energy in a machine called an accelerator. The stable atoms capture these

bombarding particles and become radioactive. For example, stable cobalt-59, found in the steel
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surrounding a nuclear reactor, is hit by neutrons coming from the reactor and can become

radioactive cobalt-60. Any material that contains radioactive atoms is radioactive material.

How Does a Radioactive Atom Give off lonizing Radiation? = Because a radioactive atom is
unstable, at some time in the future, it will transform into another element by changing the
number of protons in the nucleus. This happens because one of several reactions takes place in
the nucleus to stabilize the neutron-proton ratio. If the atom contains too many neutrons, a
neutron changes into a proton and throws out a negative “beta” (pronounced bay’ tah) particle.
If the atom contains too many protons, normally a proton changes into a neutron and throws out
a positive “beta” particle. Some atoms that are more massive than lead, such as radium,
transform by emitting an “alpha” (pronounced al’-fah) particle. Any excess energy that is left
can be released as “gamma” rays, which are the same as x rays. Other reactions are also
possible, but the final result is to make a radioactive atom into a stable atom of a different
element. For example, each atom of cobalt-60 is radioactive because it has too many neutrons.
At some time in the future, one of its neutrons will change into a proton. As it changes, the atom
gives off its radiation, which is a negative beta particle and two gamma rays. Because the atom
now has 28 protons instead of 27, it has changed from cobalt into nickel. In this way, unstable

atoms of radioactive cobalt-60 give off radiation as they transform into stable atoms of nickel-60.

How Long Can Radioactive Material Give Off lonizing Radiation? Theoretically, it gives
off ionizing radiation forever. Practically, however, after 10 half-lives, less than 0.1% of the
original radioactivity will be left and the radioactive material will give off infinitesimally small
amounts of ionizing radiation. The half-life is the time it takes one-half of the radioactive atoms
to transform into another element, which may or may not also be radioactive. After one half-life,
Y5 of the radioactive atoms remain; after two half-lives, half of a half or 1/4 remain, then 1/8,
1/16, 1/32, 1/64, etc. The half-life can be as short as a fraction of a second or as long as many
billions of years. Each type of radioactive atom, or radionuclide, has its own unique half-life.

For example, technetium-99m and iodine-131, which are used in nuclear medicine, have 6-hour
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and 8-day half-lives, respectively. The naturally occurring radionuclide, uranium-235, which is
used in nuclear reactors, has a half-life of 700 million years. Naturally occurring potassium-40,
which is present in the body, has a half-life of 13 billion years and undergoes about 266,000
radioactive transformations per minute in the body. Thus, technetium-99m will remain
radioactive for 60 hours, and iodine-131 will remain radioactive for 3 months. On the other
hand, long-lived naturally occurring uranium and potassium will remain, practically speaking,

radioactive forever.

What Are the Three Types of Radiation? The three main types of ionizing radiation are
called alpha, beta, and gamma radiation. These are named for letters of the Greek alphabet, and

they are often symbolized using the Greek letters a (alpha), B (beta), and y (gamma).

Alpha Radiation (or Alpha Particles). This type of radiation can be called either alpha radiation
or alpha particles. Alpha radiation is a particle, consisting of two protons and two neutrons, that
travels very fast and thus has a good deal of kinetic energy or energy of motion. The two
protons and neutrons make an alpha particle identical to a helium atom, but without the
electrons. Although it is much too small to be seen with the best microscope, it is large
compared to a beta particle. The protons give it a large positive charge that pulls hard at the
electrons of other atoms it passes near. When the alpha particle passes near an atom, it excites
its electrons and can pull an electron from the atom, which is the process of ionization. Each
time the alpha particle pulls an electron off from an atom in its path, the process of ionization
occurs. With each ionization, the alpha particle loses some energy and slows down. It will
finally take two electrons from other atoms at the end of its path and become a complete helium
atom. This helium has no effect on the body. Because of their large mass and large charge,
alpha particles ionize tissue very strongly. If the alpha particle is from radioactive material that
is outside the body, it will lose all its energy before getting through the outer (dead) layer of your
skin. This means that you can only be exposed to alpha radiation if you take radioactive material
that produces alpha radiation into your body (for example, if you breathe it in or swallow it in

food or drink). Once inside the body, this radioactive material can be mixed in the contents of
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the stomach and intestines, then absorbed into the blood, incorporated into a molecule, and
finally deposited into living tissue such as the bone matrix. The alpha particles from this

radioactive material can cause damage to this tissue.

Beta Radiation (or Beta Particles). This type of radiation can be called either beta radiation or
beta particles. Beta particles are high-energy electrons that some radioactive materials emit
when they transform. Beta particles are made in one of two ways, depending on the radioactive
material that produces them. As a result, they will have either a positive charge or a negative
charge. Most beta particles are negatively charged. They are much lighter and much more
penetrating than alpha particles. Their penetrating power depends on their energy. Some, such
as those from tritium, have very little energy, and can’t pass through the outer layer of dead skin.
Most have enough energy to pass through the dead outer layer of a person’s skin and irradiate
the live tissue underneath. You can also be exposed to beta radiation from within if the beta-
emitting radionuclide is taken into the body. A beta particle loses its energy by exciting and
ionizing atoms along its path. When all of its kinetic energy is spent, a negative beta particle
(negatron) becomes an ordinary electron and has no more effect on the body. A positive beta
particle (positron) collides with a nearby negative electron, and this electron-positron pair turns
into a pair of gamma rays called annihilation radiation, which can interact with other molecules

in the body.

Gamma Radiation (or Gamma Rays). This type of radiation can be called either gamma
radiation or gamma rays. Unlike alpha and beta radiation, gamma radiation is not a particle, but
isaray. Itis atype of light you cannot see, much like radio waves, infrared light, ultraviolet
light, and x rays. When a radioactive atom transforms by giving off an alpha or a beta particle, it
may also give off one or more gamma rays to release any excess energy. Gamma rays are
bundles of energy that have no charge or mass. This allows them to travel very long distances
through air, body tissue, and other materials. They travel so much farther than either alpha or
beta radiation that the source of the gamma rays doesn’t have to be inside the body or near the

skin. The gamma ray source can be relatively far away, like the radioactive materials in nearby
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construction materials, soil, and asphalt. A gamma ray may pass through the body without
hitting anything, or it may hit an atom and give that atom all or part of its energy. This normally
knocks an electron out of the atom (and ionizes the atom). This electron then uses the energy it
received from the gamma ray to ionize other atoms by knocking electrons out of them as well.

Since a gamma ray is pure energy, once it loses all its energy it no longer exists.

More information about alpha, beta, and gamma radiation can be found in Chapter 2 of this

profile.

1.2 HOW DOES RADIOACTIVE MATERIAL ENTER AND SPREAD THROUGH THE
ENVIRONMENT?

Radioactive material can be released to the air as particles or gases as a result of natural forces
and from human industrial, medical, and scientific activities. Everyone, with no exception, is
exposed to ionizing radiation that comes from natural sources, such as cosmic radiation from
space and terrestrial radiation from radioactive materials in the ground. Ionizing radiation can
also come from industrially produced radioactive materials (such as iridium-192); nuclear
medicine (such as thyroid cancer treatment with iodine-131 and thyroid scans using iodine-125,
or bone scans using technetium-99m); biological and medical research using carbon-14, tritium,
and phosphorus-32; the nuclear fuel cycle (producing fission products such as cesium-137 and
activation products such as cobalt-60); and production and testing of nuclear weapons.
Radioactive material released into the air is carried by the wind and is spread by mixing with air.
It is diluted in the atmosphere and can remain there for a long time. When the wind blows across
land contaminated with radioactive materials, radioactive particles can be stirred up and
returned to the atmosphere. Radioactive material on the ground can be incorporated into plants

and animals, which may later be eaten by people.
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Water can contain man-made and naturally occurring radioactive materials that it dissolves from
the soil it passes over or through. Rain and snow also wash man-made and naturally occurring
radioactive material out of the air. Radioactive material may be added to water through planned
or accidental releases of liquid radioactive material from sources such as hospitals, research
universities, manufacturing plants, or nuclear facilities. Radioactive material can also reach
surface waters when airborne radioactive materials settle to the earth or are brought down by rain
or snow, and when soil containing radioactive material is washed away into a river or lake. The
movement of liquid radioactive material is limited by the size of the bodies of water into which
the radioactive materials have drained. Like silt, some radioactive material may settle along the
banks or in the bottoms of ponds and rivers. In public health and ecological contexts, it is
sometimes important to distinguish between dissolved radioactivity and radioactivity bound to
suspended or settled solid particles. Radioactive material may also concentrate in aquatic
animals and plants. Eventually, radioactive material in liquid runoff that goes into rivers and
streams may reach the oceans (there are approximately one million radioactive transformations

per minute of the naturally occurring radioactive potassium in one cubic meter of ocean water).

Radioactive material moves very slowly in soil compared to its speed of movement in air and
water. Radioactive material will often stick to the surface of the soil. The organic material in
soils can bind radioactive material, which slows its movement through the environment. If crops
are watered with water containing radioactive material, the radioactive material may be taken up
through the roots of the plant or may contaminate the outside of the plant. The plants may then
be eaten by both animals and people. Radioactive materials that occur naturally in the soil
(uranium, radium, thorium, potassium, tritium, and others) are also taken up by plants, and

become available for intake by animals and people.

More information about what happens to radioactive material when it enters the environment can

be found in Chapters 5 and 6 of this profile.
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1.3 HOW MIGHT | BE EXPOSED TO IONIZING RADIATION?

The earth is continually irradiated with
low levels of ionizing radiation, so all
animals, plants, and other living
creatures are exposed to small amounts
of ionizing radiation from several
sources every day. Figure 1-1 shows
that most of your radiation dose comes
naturally from the environment. Smaller
portions come from medicine, consumer

products and other sources.

Natural
Background
81%

Medical
15%

Consumer
Products
Nuclear 3%
Power,
Fallout, etc.
1%

Figure 1-1. Sources of Radiation Exposure to the Average U.S. Citizen
(adapted from NCRP 1987a)

Figure 1-2 is another breakdown of the
sources of radiation dose to the average
American. The natural background
levels (81%) shown in Figure 1-1
include the radon, terrestrial, cosmic,
and natural internal sources shown in
Figure 1-2. Most of your daily
radiation dose is from radon (55%),

which is found in all air. Higher levels

are normally found indoors (especially

Natural
Internal
11%

Consumer
Products 3%

Cosmic
8%

Terrestrial
8%

Radon
54%

Other
1%

X Rays
11%

Nuclear
Medicine 4%

in the basement). Figure 1-3 shows

Figure 1-2. Detailed Breakdown of Radiation Exposures
(adapted from NCRP 1987a)

that indoor levels of radon vary depending on where you live. Higher levels can be found in

underground areas, such as mines. You are always exposed to radiation from cosmic sources

(mostly from outer space, some from the sun, 8%), terrestrial sources (rocks and soil, 8%), and

natural internal sources (radioactive material normally inside your body, 10%). You may also be

exposed to radiation from x ray exams (11%), nuclear medicine exams such as thyroid scans (4%),

and consumer products including TV and smoke detectors (3%), as well as other sources.



EPA Map of Radon Zones

Zone 1, predicted indoor screening level = 4 pCijfL

Zone 2, predicted indoor screening level between 2 and 4 pCi/L

Zone 3, predicted indoor screening level < 2 pCifL

Figure 1-3. EPA Map of Indoor Radon Levels in the United States
(adapted from EPA 1999b)

b

ININILVLS H1TV3H O118nd

NOILVYIAVY ONIZINOI

ol



IONIZING RADIATION 11

1. PUBLIC HEALTH STATEMENT

Less than 1% of the total ionizing radiation dose to people living in the United States comes from
their jobs, nuclear fallout, the nuclear fuel cycle, or other exposures. However, people in some types
of jobs may have higher doses (pilots and flight attendants, astronauts, industrial and nuclear power
plant workers, x ray personnel, medical personnel, etc.). Some groups of people have been exposed
to higher-than-normal levels of ionizing radiation from weapons testing, and some individuals from
accidents at nuclear facilities or in industry. Some of these exposures are discussed in Chapter 3 of

this profile.

Not everyone will be exposed to every source or the same percentage of radiation shown in
Figure 1-2. Since the percentages shown in Figure 1-2 are averages, half of the population will
receive greater doses and half will receive smaller doses from the several sources shown in the
figure. For example, if you are not regularly x rayed, you may receive less total radiation dose than
what is shown. However, if you live in a town or city at a high altitude, you may receive a greater
radiation dose from outer space cosmic rays than someone who lives in a town or city near the ocean
at sea-level. Table 1-1 shows you that where you live and what you do determines how much

ionizing radiation you will receive.

“Dose” is a broad term that is often used to mean either absorbed dose, or dose equivalent,
depending on the context. The absorbed dose is measured in both a traditional unit called a rad
and an International System (S.1.) unit called a gray (Gy). Both grays and rads are physical units
(1 Gy = 100 rad) that measure the concentration of absorbed energy. The absorbed dose is the
amount of energy absorbed per kilogram of absorber. Physical doses from different radiations
are not biologically equivalent. For this reason, a unit called the dose equivalent, which
considers Both the physical dose and the radiation type, is used in radiation safety dosimetry.
The unit of dose equivalent is called the rem in traditional units and the sievert (Sv) in S.I. units
(1 rem =0.01 Sv). For beta and gamma radiation, 1 rad = 1 rem (1 gray = 1 sievert). For alpha
radiation, however, 1 rad = 20 rem (1 gray = 20 sievert). Small radiation doses can be expressed
using small dose units such as the millirem (mrem) and the millisievert (mSv), where 1 mrem =
0.001 rem and 1 mSv =0.001 Sv.

The average annual dose to a person in the United States is about 360 mrem (3.6 mSv). An

individual’s exact dose depends on several factors, such as the natural background where the
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person lives, and the person’s medical history and occupational experience with sources of

radiation.

More information about exposure to ionizing radiation can be found in Chapters 2 and 6 of this

profile.
Table 1-1. Approximate Doses of lonizing Radiation to Individuals
Approximate doses of
Activity radiation received Comments
Average American exposure to ionizing radiation®
Total yearly dose 360 mrem/yr (3.6 mSv/yr)
From natural sources 300 mrem/yr (3.0 mSv/yr)
From man-made sources 60 mrem/yr (0.6 mSv/yr)
From nuclear power Less than 1 mrem/yr
(<0.01 mSvl/yr)
Approximate doses of ionizing radiation (cosmic + terrestrial) for different locations
Kerala, India, resident 1300 mrem/yr (13 mSv/yr) Concentrated radioactive material in
the soil
Colorado state resident 179 mrem/yr (1.79 mSv/yr) High altitude above sea level
Boston, Massachusetts, resident 100 mrem/yr (1 mSv/yr)
Louisiana state resident 92 mrem/yr (0.92 mSv/yr) Low altitude above sea level
Approximate doses of ionizing radiation above background radiation and some activities®
Anyone near a patient released after a Less than 500 mrem/patient Guidance for medical facilities.
nuclear medicine test. (5 mSv/patient) Quantity depends on the quantity of
radioactive material.
A person who works inside a nuclear < 300 mrem/yr (<3 mSv/yr)
power plant
A person who gets a full set of dental 40 mrem (0.4 mSv)
X rays
A flight attendant flying from New York 5 mrem/flight
to Los Angeles (0.05 mSvf/flight)
Watching a color TV set 2-3 mreml/yr
(0.02—-0.03 mSvl/yr)
A person who lives directly outside of 1 mrem/yr (0.01 mSv/yr)
a nuclear power plant
A person who lives in a multi-storied ~1 mrem/yr for each Difference between Los Angeles and
apartment building 5 stories above the Denver = 87 mrem/5000 feet =
ground floor 2 mrem/100 feet = 1 mrem/5 stories
(<0.01 mSvl/yr)
A person who watches a truck carrying Less than 0.1 mrem/truck
nuclear waste pass by (0.001 mSv)

#Taken from NCRP 1976a
®Taken from NCRP 1987b, 1987e, 1989a, 1989c

mrem = millirem for each occasion; mrem/yr = millirem per year
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1.4 HOW CAN IONIZING RADIATION ENTER AND LEAVE MY BODY?

Ionizing radiation exposure can occur from a radiation source outside of the body. Exposure can
also occur as a result of taking radioactive material into your body. The answer to the question
of how you can be exposed to ionizing radiation can be broken into two parts. The first
paragraph below describes ionizing radiation that comes from a source outside your body and
some distance away (external radiation). The second paragraph describes ionizing radiation that

comes from a source inside your body (internal radiation).

External radiation comes from natural and man-made sources of ionizing radiation that are
outside your body. Part of the natural radiation is cosmic radiation from space. The rest is given
off by radioactive materials in the soil and building materials that are around you. As a result of
human activities, higher levels of natural radioactive material are left in products or on the land.
Examples of such activities are manufacturing fertilizer, burning coal in power plants, and
mining and purifying uranium. Ionizing radiation from human activities adds to your external
radiation exposure. Some of this radiation is given off by x ray machines, televisions,
radioactive sources used in industry, and patients who have had recent nuclear medicine tests
and therapy. The rest is given off by man-made radioactive materials in consumer products,
industrial equipment, atom bomb fallout, and to a smaller extent by hospital waste and nuclear
reactors. Gamma rays are the main type of ionizing radiation that are of concern when you are
exposed to external sources of ionizing radiation. Gamma rays (like x rays) are special bundles
of light energy that you cannot see, feel, or smell. Gamma rays from natural and man-made
sources pass through your body just like x rays do, at the speed of light. Gamma rays may pass
directly through your body without hitting anything. When one gamma ray hits a cell, it leaves a
small bit of energy behind that can cause damage. Other types of ionizing radiation, like alpha
and beta particles, hit your body but normally do not have enough energy to get inside to harm
you. Your external radiation dose depends on the amount of energy that ionizing radiation gives
to your body as it passes through. Exposure to external radiation does not make you radioactive.
The average yearly dose from external radiation in the United States is about 100 mrem per

person (1 mSv/person).

Internal radiation is ionizing radiation that natural and man-made radioactive materials give off

while they are inside your body. You take radioactive materials into your body every day since
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they are in the air you breathe, the food you eat, and the water you drink. Examples of natural
radioactive materials that enter, reside in, and leave your body every day include potassium-40,
carbon-14, radium, and radon. Man-made radioactive materials also get into your body from the
decreasing amounts of fallout from past nuclear weapons testing. Sometimes, natural conditions
or industrial activities concentrate radioactive materials. If you are exposed to these, you will
take in more radioactive material. Low amounts of material that act as sources of ionizing
radiation may also be put into your body for medical purposes to test for or treat some types of
disease, such as cancer. Scientists and clinicians have made sure that the benefits of exposing
you to ionizing radiation far outweigh any bad health effects you may get from the ionizing
radiation by itself. (Medical tests use small amounts of radiation or radioactive material, but
some radiotherapy uses large doses that are beneficial to the patient.) Hospitals, coal-fired
electricity generating plants, and nuclear reactors release radioactive materials in ways that keep
your dose low. Radioactive materials build up in your body if you take them in faster than they
leave in urine and feces and by radioactive transformation. Ifthe internally deposited
radioisotope is short lived and decays before the body eliminates it, then, of course, it will
disappear faster from the body than by biological elimination alone. Thus, retention or
elimination of internally deposited radioisotopes is measured by the effective half-life, which

considers the combined effect of biological elimination and radioactive decay.

Internally deposited radioisotopes may emit gamma rays, beta particles, or alpha particles,
depending on the isotope. Many gamma rays escape your body without hitting anything. When
a gamma ray does hit a cell, it transfers energy to the cell. When all their energy is transferred,
they vanish. Alpha and beta particles travel short distances, giving energy to cells they hit.
They lose energy and quickly come to a stop. Their energy is totally absorbed inside your body.
When alpha particles come to a stop, they become helium that you breathe out later. When beta
particles come to a stop, they become electrons and attach to atoms near them. Your internal
dose is a measure of the energy deposited by all the ionizing radiation that is produced inside
your body. The average yearly dose in the United States from internal radiation is about 260

mrem per person (2.6 mSv/person).

More information about how ionizing radiation enters and leaves your body can be found in

Chapters 2, 3 and 5 of this profile.
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1.5 HOW CAN IONIZING RADIATION AFFECT MY HEALTH?

How radiation affects your health depends on the size of the radiation dose. Scientists have been
studying the effects of ionizing radiation in humans and laboratory animals for many years.
Studies so far have not shown that the low dose of ionizing radiation we are exposed to every
day causes us any harm. We do know that exposure to massive amounts of ionizing radiation
can cause great harm, so it is wise to not be exposed to any more ionizing radiation than

necessary.

Overexposure to high amounts of ionizing radiation can lead to effects like skin burns, hair loss,
birth defects, cancer, mental retardation (a complex central nervous system functional abnorm-
ality), and death. The dose determines whether an effect will be seen and its severity. For some
effects such as skin burns, hair loss, sterility, nausea, and cataracts, there is a certain minimum
dose (the threshold dose) that must be exceeded to cause the effect. Increasing the size of the
dose after the threshold is exceeded makes the effect more severe. Psychological stress has been
documented in large populations exposed to small doses of radiation (Three Mile Island and
Chernobyl). Neurological injury (CNS syndrome) resulting in compromised mental function has

also been documented in individuals exposed to several thousand rads of ionizing radiation.

Ionizing radiation is called a carcinogen because it may also increase your chance of getting
cancer. Increasing the size of the dose increases your chance of getting cancer. Scientists base
radiation safety standards on the assumption that any radiation dose, no matter how small, carries
with it a corresponding probability of causing a cancer. This is called a “zero threshold” dose
response relationship. Cancers that are actually caused by radiation are completely
indistinguishable from those from other causes, so we can never be certain whether any
individual cancer was not caused by radiation. To determine how likely it is that a certain dose
of radiation will cause cancer, scientists measure the radiation dose to a group of exposed
people, like the Japanese atomic bomb survivors. Then they compare the frequency of cancers
(the observation period for cancer extends over decades) in this exposed group with a similar
group of people who were not exposed. They also look at factors like age, sex, and time since
the exposure ended. Finally, they calculate risk factors for various cancer types. Using these
factors, it is possible to estimate the chance of getting cancer from a dose of radiation. Even

though they assume a zero threshold, researchers have not actually seen an increase in cancer
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frequency for people in the exposed Japanese group who had a radiation dose below 20 rad (0.2
Gy). No increase in any type of leukemia has been found in people whose radiation dose was
below 1040 rad (0.1-0.4 Gy).

The effects of internally deposited radioactive material are similar to those of external radiation.
The effects depend on the size of the dose and factors like your sex and age when you were
exposed. The radiation absorbed dose, in turn, depends on the radioactive material, the amount
of activity, the type and energy of the radiation, the effective half-life of the radioactive material,

its chemical form, how it was taken into your body, and how quickly it leaves your body.

Many people are exposed to radiation and radioactive materials used in medical testing and
therapy. Radiation treatments for medical reasons carry the same risk as radiation from other
sources. As with any medical treatment, the potential health benefits should be balanced against

the potential harmful health effects.

One way to better understand the effects of radiation is to study its effects on test animals.
Without laboratory animals, scientists would lose a basic method to get information needed to
make informed decisions to protect public health. Scientists have the responsibility to treat
research animals with care and compassion. Laws today protect the welfare of research animals,

and scientists must comply with strict animal care guidelines.

More information about the biological effects of ionizing radiation can be found in Chapters 2, 3,

and 5 of the profile.

1.6 HOW CAN IONIZING RADIATION AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception
to maturity at 18 years of age in humans. Potential effects on children resulting from exposures

of the parents are also considered.

Like adults, children are exposed to small background amounts of ionizing radiation that comes

from the soil around where they live, in the food and water that they eat and drink, in the air that
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they breathe, and from sources that reach earth from space. How much background radiation
you receive depends on where you live. Some places naturally have more than others. There are
no reports that say exposure to background levels of ionizing radiation causes health effects in

children or adults.

If a pregnant woman is exposed to high levels of ionizing radiation, it is possible that her child
may be born with some brain abnormalities. There is an 8-week period during early pregnancy
when an unborn child is especially sensitive to the effects of higher than normal levels of
ionizing radiation. As the levels of ionizing radiation increase, so does the chance of brain
abnormalities. These abnormalities may eventually result in small head size, decreased
intelligence as measured by Intelligence Quotient (IQ) tests, and other defects. These effects are

not reversible.

A child will be exposed to small amounts of radiation from the environment all during prenatal
development and throughout its life. There are no reports that say children suffer health effects
from normal amounts of background radiation. If children are exposed to higher than

background levels of ionizing radiation, they are likely to have the same possible health effects

as adults exposed to similar levels.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO IONIZING
RADIATION?

If your doctor finds that you have been exposed to significant amounts of ionizing radiation, ask
whether your children might also be exposed. Your doctor might need to ask your state health

department to investigate.

The best way to reduce your risk of exposure to higher than background amounts of radiation is
to not let yourself be exposed at all. However, this is not always possible or sensible. A common
way to be exposed to ionizing radiation is by receiving an x ray, but a few x rays every year will
not hurt you. When you or your children receive an x ray, be sure to correctly wear any
protective garments that are provided. The technician will make sure that only the area that

needs to be x rayed will be exposed to the x ray beam.
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It may be necessary to inject you with a chemical that has some amount of radioactive material
in it to help a doctor diagnose or treat a disease. Many studies have shown that these drugs, used
correctly, will not harm you. Be sure to follow the doctor’s directions after you have been

treated with these drugs.

Many places make or use various types of radioactive material or ionizing radiation for medical
or research purposes. If you visit one of these facilities, be sure to follow all of the
recommended safety precautions. Do not go into unauthorized areas. You may be asked to wear
a special device on your shirt that records the amount of ionizing radiation you are exposed to
while in the facility. This is a safety precaution. Do not put it in your pocket or let someone else

wear it.

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN
EXPOSED TO IONIZING RADIATION?

There are no easy or accurate medical tests to determine whether you have been exposed to low
doses of ionizing radiation, but tests are available for determining whether you have been

exposed to radioactive material.

Tests for Recent Exposure to lonizing Radiation. A great degree of overexposure is
necessary to cause the clinical signs or symptoms of radiation exposure. In the absence of
clinical signs or symptoms there are two kinds of tests scientists use to see if you have been
overexposed to ionizing radiation; they look for changes in blood cell counts and changes in
your chromosomes. If you are exposed to no more than 10 rad (0.1 Gy) of ionizing radiation,
there are no detectable changes in blood cell counts. The most sensitive measure of radiation
exposure involves a study of your chromosomes. This is a special test for doses that are too low
to produce clinically observable signs or symptoms; this test may be useful for doses greater
than about 3 times the maximum annual permissible dose for radiation workers. Changes in the
white blood cell count may be seen in people whose doses exceeded about 5 times the
occupational maximum permissible annual dose. Radiation doses at or above these levels can be

reliably estimated using these two special tests.
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Tests for Radioactive Material Inside Your Body. Scientists can also examine your blood,
feces, saliva, urine, and even your entire body to see if measurable amounts of radioactive
material are being excreted from your body. Different tests are used for different types of
radioactive material. Several types of instruments are available to look for each type of
radiation. These instruments are not available at your doctor’s office. They are normally large,
heavy, and available only in laboratories. Equipment usually consists of a “detector,” electrical
cables, and a “processor.” The detector contains material sensitive to one or more types of
radiation, so the detector is chosen based on the type of radiation to be measured. Alpha, beta,
and gamma radiation have different energies that depend upon the radioactive isotope from
which they come. By determining the type and energy of the radiation, scientists can tell which

radioisotope is on your skin or inside your body.

More information about the detection of ionizing radiation and biomarkers for ionizing radiation

exposure can be found in Chapter 2 of this profile.

1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

Recommendations and regulations are periodically updated as more information becomes
available. For the most current information, check with the federal or state agency or

organization that provides it.

The current federal and state regulations limit radiation workers' doses to 0.05 Sv/year

(5 rem/year). The limit for the unborn child of a female radiation worker is 0.005 Sv (0.5 rem)
per 9-month gestation period. For the general public, the limit is 0.001 Sv/year (0.1 rem/year),
with provisions for a limit of 0.005 Sv/year (0.5 rem/year) under special circumstances. The
public dose limit is set at least 10 times lower than the occupational limit to give the public an

extra margin of safety. A factor of 10 is also used for public protection in other industries.

We have seen health effects from very high doses of ionizing radiation, but not at normal
everyday levels. To be cautious, scientists and regulating agencies assume that there could be

some harmful effects at any dose, no matter how small. Because ionizing radiation has the
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potential to cause harmful health effects in overexposed people, regulations and guidelines have
been established for ionizing radiation by state, national, and international agencies. The basic
philosophy of radiation safety is to allow only a reasonable risk of harm using the concept of “as
low as reasonably achievable” (ALARA). More specific information about the regulations in the
United States and in your state can be found in Chapter 7 of this profile. Some regulations and

recommendations for ionizing radiation include the following:

Radiation protection standards for radiation workers and members of the public are
recommended by the International Commission on Radiological Protection (ICRP) and the
National Council on Radiation Protection and Measurements (NCRP). These standards are not
regulations, but they provide the scientific basis for the making of regulations by federal
agencies. The ICRP and NCRP are authoritative bodies that analyze current scientific and
epidemiological data and make recommendations to government and non-government

organizations that set standards. ICRP and NCRP do not issue standards themselves.

Federal agencies, such as the EPA, the Nuclear Regulatory Commission (NRC), and the
Department of Energy (DOE), as well as individual states are responsible for making federal and
state regulations about exposure to ionizing radiation. The NRC regulates nuclear power plant
operations and regulates the use of radioactive material in research and medical applications.

The DOE has issued employee dose limits for its facilities.

The EPA is responsible for federal radiation protection guidance for environmental radiation
standards and regulations to implement specific statutory requirements, such as the Safe
Drinking Water Act and the Clean Air Act. Natural background radiation, of course, cannot be
regulated but EPA recommends that the concentration of indoor radon not exceed 4 picocuries
per liter (4 pCi/L) of air. EPA's National Emission Standards for Hazardous Air Pollutants
(NESHAPs) contain regulations that limit the dose from radionuclides released to the air to 0.1
mSv/year (10 mrem/year). The EPA sets limits on the maximum acceptable concentration of
radionuclides in public drinking water supplies. Based on the Safe Drinking Water Act, the EPA
has issued drinking water standards for radionuclides, which include dose limits of

0.04 mSv/year (4 mrem/year) for man-made sources of beta and gamma emitters. EPA also sets

limits on several alpha emitters in drinking water, such as radium and radon.
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The NRC regulations apply to all types of ionizing radiation that are emitted from special
nuclear material (such as nuclear reactor fuel) and from by-product material (materials made
radioactive in the use of special nuclear material), and from source material (material from which
nuclear fuel is made). The NRC sets limits on the total dose of ionizing radiation above
background from these sources. It also sets limits for the amounts and concentrations of
radioactive material that will give these doses if taken into the body. These are called Annual

Limits on Intake (ALI) and derived air concentrations (DAC).

The NRC has also issued a standard for cleaning up sites contaminated with radioactive
materials. It requires that the radiation dose to the public from these sites will not be more than

0.25 mSv per year (25 mrem per year).

Radiation doses from procedures used by licensed physicians in diagnosis and treatment of
disease is not limited by regulations. However, physicians and medical technicians must be
specially trained and licensed to use radiation-producing machines and licensed to use
radioisotopes for these purposes. They are required to limit exposures to the members of the
public who are inside their facilities to 100 mrem per year, which is the same level as required
by the NRC. Also, patients with radioactive materials inside their bodies from the treatment are
kept until it is likely that they will not expose anyone around them to more than 0.5 mSv (500

mrem) from that radioactive material.

States also regulate radioactive materials and other sources of radiation that are not regulated by
the NRC. These include sources of natural radioactivity, such as radium, and
radiation-producing machines, such as x ray machines and radioactive material produced by

particle accelerators.

1.10 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or
environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, GA 30333
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* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: (404) 639-6315 or 6324

ATSDR can also tell you the location of occupational and environmental health clinics. These

clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to
hazardous substances.

* To order toxicological profiles, contact

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161
Phone: (800) 553-6847 or (703) 605-6000

22
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2.1 INTRODUCTION

This chapter provides an overview of the principles of ionizing radiation before a discussion of the health

effects in Chapter 3.

The primary purpose of this chapter is to provide public health officials, toxicologists, and other
interested individuals and groups with an overall perspective of the health physics and toxicology of
ionizing radiation. It contains descriptions and evaluations of radiological and toxicological studies and
epidemiologic investigations and provides conclusions, where possible, on the relevance of health
physics, toxicity, and toxicokinetic data to public health. A glossary and list of acronyms, abbreviations,
and symbols can be found at the end of this profile, along with an index. This profile focuses on “ionizing
radiation” (alpha, beta, gamma, x ray) as opposed to “non-ionizing” radiation (radio waves, microwaves,
radar, ultrasound, visible light, ultraviolet light), so the term “radiation” without further qualification refers

only to ionizing radiation.

“Radioactive material” is defined as any material containing radioactive atoms that emit radiation as they
transform into other radioactive or stable atoms. The frequently used terms “radiation,” and “ionizing
radiation” are defined in this toxicological profile as a specific form of radiation that possesses sufficient
energy to remove electrons from the atoms in the tissues that they penetrate (Borek 1993). This process is
called ionization and is the reason for the name “ionizing radiation.” When this energy is received in
appropriate quantities and over a sufficient period time, it can result in tissue damage. The clinical
manifestations of radiation can be negligible (no effect), acute (occurring within several hours after very
large doses), or delayed or latent (occurring several years after the exposure), depending on the dose and

the rate at which it was received and the type of damage produced.

All organisms (i.e., bacteria, plants, or animals, including humans) are exposed each day to some amount
of radiation. In the United States, as shown in Figure 1-2, 81% of the dose received from radiation comes
from natural sources: 55% from radon; 8% from cosmic radiation; 8% from rocks and soil; and 10% from
internal exposures to radiation from the radioactive materials in food and water consumed in the daily
diet, such as potassium-40 (*’K) (NCRP 1987). The remaining 19% of the daily dose may originate from
man-made sources; it is composed of medical x ray exposure (11%), nuclear medicinal exposure (4%),
consumer products (3%), and other sources (<1%). This last category includes occupational sources,
nuclear fallout, the nuclear fuel cycle radioactive waste, hospital radioactive waste, radioactively

contaminated sites, and other miscellaneous sources.
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Radiation dose is expressed in units of rad and millirad (mrad) (1 rad = 1,000 mrad), or grays (1 Gy =
100 rad) and milligrays (mGy). For administrative, regulatory, and radiation safety purposes, a unit
called the rem or the sievert (Sv) (1 rem = 0.01 Sv) is used. For beta and gamma radiation, 1 rad = 1 rem,
while for alpha radiation, 1 rad =20 rem. For the population of the United States, the average annual
total effective dose equivalent (natural and anthropogenic), is approximately 360 millirem (mrem)

(3.6 mSv) per year (BEIR V 1990).

A survey of the open literature found comprehensive information and many discussions of the biological
and toxicological effects of radiation. Much of the information on these effects was obtained from
laboratory animal studies and human epidemiological studies (see Chapters 3, 4, and 5). The human data
are mostly from studies of World War II atomic bomb survivors, medical patients exposed to radiation
and radioactive material, uranium miners and millers, and radium dial painters. A great deal is currently
known about the biological, toxicological and toxicokinetic aspects of radionuclides, as well as the
general mechanisms of action of radiation. Although much remains to be learned about the specific
mechanisms by which radiation exerts its effects, how these effects can be minimized in living tissues,
and what the effects of very low doses of radiation over long periods of time will be (see Chapter 3), we
know enough to safely use radioactive materials and radiation in commerce, industry, science, and
medicine. For the purposes of this toxicologic profile, discussions on the effects of radiation will be
limited to alpha (a), beta (B), and gamma (y) radiation, since these three types of radiation are the most
likely to be encountered at Department of Energy (DOE) National Priorities List (NPL) hazardous waste
sites (see Chapter 3, Table 3-1). This profile provides an in-depth discussion of radiation biology and
radiation toxicology. Chapters 3 and 5 provide a comprehensive overview of a representative cross-
section of the available literature that pertains to the effects of radiation, both in humans and laboratory
animals. Data on specific radionuclides were used to demonstrate how toxicological effects can occur,
but these effects can also be caused by other radionuclides that emit the same or other types of radiation
(see Chapters 3 and 5). Several excellent texts and review documents are currently available in the open
literature that provide important background material used in developing other sections of this profile
(BEIR IV 1988; BEIR V 1990; Cember 1996; Faw and Shultis 1993; Harley 1991; Roesch 1987;
UNSCEAR 1993).

This toxicological profile contains tables that summarize the effects of radiation for both humans and
laboratory animals (see Observed Health Effects from Radiation and Radioactive Material tables in
Chapter 8). In radiation biology, the term "dose" has a very specific meaning. The term "dose" used in
these tables refers to the amount of radiation energy absorbed per unit mass by the organ, tissue, or cell;
dose is typically expressed either in grays (Gy) or in rad (1 Gy = 100 rad). For example, estimation of the

dose to lung tissue or specific cells in the lung from a given exposure to plutonium-239 (**°Pu) is
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accomplished by modeling the sequence of events involved in the inhalation, deposition, clearance, and
transformation of **’Pu within the lung. While based on the current understanding of lung morphometry
and experimental data for other radionuclide toxicokinetics, different models make different assumptions
about these processes, thereby resulting in different estimates of dose and risk coefficient. The units of
measure in the studies that describe the health effects of radiation vary from one report to another. Some
studies reported the amount of radioactive material introduced into the body (curies [Ci] or becquerels
[Bq] where 1 Ci =37 billion Bq) when describing the biological effects related to radiation, while other
authors reported units of absorbed dose (rad, Gy) or dose equivalent (rem, Sv). Although the units did
differ among the many reports, attempts were made to standardize the reporting of doses in units of rad in
order to minimize confusion and provide a basis by which dose responses could be determined and

evaluated.

An understanding of the basic concepts in radiation physics, chemistry, and biology is important to the
evaluation and interpretation of radiation-induced adverse health effects and to the derivation of radiation
safety principles. This chapter presents a brief overview of radiation physics, chemistry, and biology and
is based to a large extent on the reviews of Eichholz (1982), Hendee (1973), Early et al. (1979), Faw and
Shultis (1993), Harley (1991) and Roesch (1987).

2.2 HISTORY, BACKGROUND INFORMATION, AND SCIENTIFIC PRINCIPLES OF
IONIZING RADIATION

2.2.1 Historical Perspective on lonizing Radiation

Ionizing radiation has been present since the earth was created. Before the 1890s, there were only natural
sources of radiation such as radiation from cosmic sources, and radioactive material inside the body and
in rocks, soil, and air. Much of the radiation exposure was in the form of low-level cosmic and terrestrial
radiation. Since radiation cannot be observed using any of the five senses, humans were not aware of its

existence.

About 1,800,000 years ago, the only known natural "nuclear reactor” operated for about 100,000 years in
the uranium-rich soil around what is now Oklo, Gabon. The first known use of uranium occurred in

79 AD, when Roman artisans were producing yellow-colored glass in a mosaic mural near Naples; this
activity produced low levels of radiation. The first reports of adverse health effects that were probably

related to radiation from inhaled radon gas and its radioactive progeny occurred around 1400 AD, when a
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mysterious malady resulted in the deaths of miners at an early age in the mountains around Schneeberg
and Joachimsthal in the Sudetenland (The Czech Republic). This mysterious disease was known as

"mountain sickness” and is now believed to have been lung cancer. When mountain sickness was first
described, radon was not known and was not linked to the disease until the 1920s, when radon gas was

identified as a cause of lung cancer.

It was not until the discovery of mystery rays or “x rays” in 1895 that people began to be aware of the
almost magical presence of these invisible “rays” that could allow us to see inside the body. In the
summer of 1894, Wilhelm Roentgen began experiments with cathode ray tubes; on November 8, 1895, he
observed that a few crystals of barium platinocyanide, which were lying on a table, produced a
fluorescent glow. He subsequently discovered that some unknown component (“X”) from the cathode ray
tube could also penetrate solid substances, and that “x rays” had the same effect on a photographic plate
as visible light. What followed was the first "Roentgen exposures," or “Roentgenograms,” which were
photographs that were able to show the shapes of metal objects locked in a wooden case and the bones
inside his wife’s hand. A month after his discovery, Roentgen sent a manuscript about his extraordinary
findings to the Physical-Medical Association in Wuerzburg, titled Concerning a New Kind of Ray:
Preliminary Report. Other periodicals such as Nature and Science published the report in the following
year, and Roentgen received wide acclaim for his discovery, both in the scientific and lay communities, in
the years to come. Others quickly found practical applications for x rays (also called “Roentgen rays”).
In 1896, the first diagnostic x ray in the United States was performed by E. Frost. Within the next 2
years, the first x ray picture of a fetus in utero was taken; this was followed by the first use of an x ray in
dentistry. Adverse health effects due to exposure to x rays were soon reported. These included a report
by Thomas Edison asserting that eye injuries can be produced by exposure to x rays, and a report by
Daniel identifying alopecia and erythema (skin reddening) 3 weeks after he radiographed the head of
Edison’s assistant, Mr. Dudley.

Roentgen’s discovery of x rays was followed by Henri Becquerel’s discovery of radioactivity in
November 1896. Becquerel found that photographic plates that were lying near pitchblende (a uranium
ore) were exposed despite being sealed in light-tight envelopes. The exposure, he found, was due to
radiations emitted from the pitchblende. Subsequent studies showed that there were three uniquely
different radiations, which he called alpha, beta, and gamma. Later, it was shown that Roentgen’s x rays

and Becquerel’s gamma rays were the same kind of radiation.
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After these discoveries, scientific interest in the properties of radiation increased dramatically.
Radioactive thorium (Th) was discovered by Schmidt in 1898. A few months later, Marie and Pierre
Curie isolated polonium (Po) from pitchblende, a variety of the mineral uraninite (largely UO,), that
occurs as a constituent of quartz veins and is a source of radium (Ra) and uranium (U). The Curies later
isolated radioactive ***Ra from pitchblende and explained the natural transformation of an unstable atom
of a higher atomic number to one of a lower atomic number, referred to as transformation or “decay.”
The Curies ultimately coined the word “radioactivity.” In the years to come, other notable scientists
contributed to this new area of science: Villard discovered gamma rays; Rutherford discovered
radioactive gas emanating from thorium and coined the term “half-life”” and used alpha particles to
develop a new theoretical model of the atom (Friedlander et al. 1964); Planck created quantum theory;
Einstein discovered mass-energy relationship and photoelectric effect; and Hess reported the existence of

“cosmic rays” (ionizing radiation) at high altitudes.

In 1904 Ernest Rutherford said, “If it were ever possible to control at will the rate of disintegration of
radio-elements, an enormous amount of radiation could be obtained from a small amount of matter.” This
statement expressed the obvious implications for the use of radionuclides (in particular uranium and
plutonium) in generating large amounts of electric energy in nuclear reactors and in the production of
nuclear weapons approximately 40 years later. The use of the “atomic bomb” (this term is somewhat of a
misnomer since it is the nucleus from which this energy derives) would make an important contribution to
ending the second World War. Much scientific research was required to move from theory to application.
“The Manhattan Project” was the code name for the project responsible for taking many of the theoretical
ideas on atomic energy proposed since Roentgen’s discovery and applying them in a real-world

application that would result in the creation of the first atomic weapon.

The Manhattan Project was named for the Manhattan Engineering District of the U.S. Army Corps of
Engineers, because much of the early theoretical research on the potential of nuclear energy was done at
Columbia University and because the Manhattan District of the U.S. Army Corps of Engineers was
located near Columbia University in New York City. Initiated by President Roosevelt on the
recommendation of several physicists who had fled Europe, the program was slowly organized after
nuclear fission was discovered by German scientists in 1938. Many U.S. scientists began to express the
fear that the Germans, under their dictator Adolf Hitler, would attempt to build a fission bomb which

would pose a serious threat to the world. It was subsequently decided that the United States must be the
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first country to harness this new technology in order to maintain the future balance of world power. In
1942, General Leslie Groves was chosen to lead the Manhattan Project. He immediately purchased a site
at Oak Ridge, Tennessee, and constructed the facilities to extract and purify the U isotope fuel needed
to power the weapon. He also secured a 550-square mile site in Eastern Washington State, later called the
“Hanford Works,” for the highly secret reactor production and chemical refinement of plutonium metal.
The first plutonium in gram quantities was produced in early 1945 by the Hanford “B” reactor, which has
been designated a National Historic Site. Groves appointed theoretical physicist Robert Oppenheimer as
director of a weapons laboratory built on an isolated piece of land at Los Alamos, New Mexico. In 1945,
#3U of adequate purity was shipped to Los Alamos and was used in the testing in the first of two
prototype weapons. In the first prototype, one subcritical piece of uranium was fired at another
subcritical piece down a gun barrel; the combined pieces formed a supercritical, explosive mass. The
second prototype was constructed using plutonium. In the plutonium prototype, the plutonium was
surrounded with explosives to compress it into a superdense, supercritical mass far faster than could be
done in a gun barrel. The result was tested (Pu weapon only) at Alamogordo, New Mexico, on July 16,
1945, and was the first detonation of an atomic-type weapon. Two more atomic weapons were
subsequently manufactured in the United States and detonated over Hiroshima and Nagasaki, Japan, in
August 1945. The use of these devices, the most destructive weapons at the time, quickly brought the war
in the Pacific to an end, thus saving Allied and Japanese soldiers who would have been lost in a ground

invasion of the Japanese mainland using only the conventional weapons of the time.

The two bombs detonated over Japan in the final days of World War II were made from two different
types of explosive material. The Hiroshima bomb was made from the highly enriched **°U, extracted
from ore containing the much more abundant isotope ***U. This bomb, which was released over Japan's
seventh largest city on 6 August 1945, contained approximately 60 kg of highly enriched uranium,; its
detonation destroyed 90% of the city. The explosive charge for the bomb detonated over Nagasaki 3 days

later was provided by about 8 kg of **’Pu, which caused a similar amount of destruction.

Both atomic devices were detonated in the air over the cities. The devastating effects of the bombs
depended essentially upon the blast, shock, and heat released at the moment of the explosion, causing
immediate fires and destructive blast pressures. Since the bombs were detonated about 600 meters above
the ground, only a relatively small proportion of the radioactive fission products was deposited on the

ground near the “ground zero” point below the site of detonation. Some deposition occurred in areas near
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each city due to local rainfall soon after the explosions, specifically at positions a few kilometers to the
east of Nagasaki and in areas to the west and northwest of Hiroshima. Generally, the majority of the
fission products were carried into the upper atmosphere by the heat generated by the explosion. When the

fallout returned to earth, it contributed to global human radiation exposure.

In Hiroshima, with a resident civilian population of about 250,000 people, an estimated 45,000 died on
the first day after the bombing and an additional 19,000 died during the subsequent 4 months. In
Nagasaki, with a resident population of about 174,000, an estimated 22,000 died on the first day and an
additional 17,000 deaths were reported within the next 4 months. Actual totals may be higher due to
unrecorded deaths of military personnel and foreign workers. Teratogenic effects on fetuses were severe
among those heavily exposed, resulting in many birth deformities and stillbirths over the next 9 months.
No genetic damage has been detected in the survivors' children and grandchildren, despite careful and
continuing investigation by the Radiation Effects Research Foundation (RERF), which is a joint
Japanese-U.S. foundation. Since then, some of the surviving adults developed leukemias and other
cancers (see Chapter 3). The major source of radiation dose to the population in both cities was from the
penetrating gamma radiations. The study of the Japanese survivors has proven to be an important
historical confluence for major health effects studies at low doses. Prior to World War II, radiation
mutagenesis, teratogenesis, and carcinogenesis studies developed along separate lines. The study of the
atomic bomb survivor populations allowed these separate lines of research to converge with studies in a

single population.

The atomic bombs used in Japan in 1945 and the bombs tested during the following 7 years used **°U or
*%Pu. The explosive power of the Hiroshima bomb was about 15 kilotons (equivalent to 15,000 tons of
trinitrotoluene [TNT]) and that of the Nagasaki bomb was approximately 25 kilotons. For comparison,
the total TNT equivalent explosive power of all atmospheric weapon tests made by the end of 1951 was

approximately 600 kilotons.

After 1951, the atomic bombs being tested included hydrogen bombs, which became more sophisticated
and had explosive effects about a thousand times greater than those of the Hiroshima and Nagasaki type
bombs; by the end of 1962, the total of all atmospheric tests had risen from the 1951 value of 0.6 million
tons of TNT equivalent, to about 500 million tons of TNT equivalent. This vast increase in scale was due
to the testing of the “thermonuclear” weapons or (hydrogen bombs or “H-bombs”), which depended not

on the fission of a critical mass of fissile material alone, but on a two- or three-stage process initiated by a
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fission reaction. Briefly, the hydrogen bomb uses the same process that the sun uses to release its
tremendous amounts of energy. In the hydrogen bomb, the nuclei of two light atoms (usually hydrogen)
are fused together to form a heavier atom, helium. A fission reaction, in which a heavier atom is split into
lighter ones, generates the energy to trigger the fusion reaction. The United States exploded its first
hydrogen bomb in November 1952 at Eniwetok Atoll in the South Pacific. Atomic weapons development

by the United States and other nations continues in the 1990s.

The development of the “atomic bombs” has frequently received more attention than the peaceful use of
atomic energy and radiation. Peaceful uses of radiation have also been developed quite successfully. An
important application has been in the generation of safe, controlled and long-term power sources for the
civilian population. On December 20, 1951, the first usable electricity produced from nuclear energy was
manufactured at the National Reactor Testing Station, now called the Idaho National Engineering and
Environmental Laboratory (INEEL), in Idaho Falls, Idaho. The electricity produced lit four light bulbs
across a room of the Experimental Breeder Reactor I (EBR-I). In 1953, these scientists demonstrated that
a reactor could create more fuel than it used, "breeding" fuel from **U as it created electricity with **U.
EBR-I operated as a research reactor until 1963, at which time EBR-II became active; EBR-II is now a
historical monument. In July 1955, Arco, Idaho, became the first U.S. town to be powered by nuclear
energy, supplied by power from the Borax-III reactor, an early prototype of a boiling water-type nuclear
reactor. The Sodium Reactor Experiment in Santa Susanna, California, generated the first power from a
civilian nuclear reactor on July 12, 1957, using sodium instead of water as the primary coolant. The first
large-scale nuclear power plant in the world began operating in Shippingport, Pennsylvania, in December
1957. Today, nearly 25% of the electricity generated in the United States (75% in Maine and Illinois and
50% in South Carolina) comes from nuclear power. Other countries generate much larger proportions of
their electricity with nuclear energy. In oil-poor countries, such as France, 80% of the electricity is
generated with nuclear energy and in Japan nuclear energy accounts for 30% of the electricity generated.
Other countries using nuclear power include Canada (17%), Germany (29%), Sweden (47%), and the
former Soviet Union (42%) (USNRC 1997b). Although nuclear reactors continue to be used as a source
of power for many states and countries, public concerns about nuclear reactor safety have intensified due
to well-publicized accidents (see Chapters 4 and 6). However, only two of these accidents involved
nuclear power reactors: Three Mile Island and Chernobyl. At Three Mile Island, although the reactor

melted down, no one was overexposed or injured, and there was no significant contamination outside the
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containment and auxiliary buildings. At Chernobyl, the reactor melted down, causing serious public
health consequences which could have been prevented if the reactor design had included a containment

building.

Medical uses of machine-produced radiation and radionuclides emitting radiation have also been
developed that play a significant role in medical diagnosis and treatment. Controlled amounts of
radiation in the form of x rays have been used for a century, and beta particles have used more recently,
as an aid in the diagnosis and treatment of diseases in humans and animals. Today, much is known about
the health effects of high doses of x rays, as well as other radiation; however, this has not always been the
case. In 1947, doctors in Isracl and many other countries treated ringworm of the scalp with up to 400 rad
(4 Gy) of x rays to cause the hair to fall out (alopecia); it was later found that this treatment regimen led
to a greater than expected incidence of thyroid tumors and brain cancers. Radium-224 (***Ra) was used in
the treatment of ankylosing spondylitis in Germany in the 1940s; these treatments later were associated
with an increased incidence of bone cancers. In addition to x rays, radionuclides such as iodine-131 (**'T)
and metastable technetium 99 (**"Tc) are being used to successfully diagnose and/or treat a wide range of
diseases. Laboratory research has benefitted from the use of radionuclides, typically in the form of
radiolabeled tracers that enabled us to learn the details of the biochemistry of health and disease, and to
develop new diagnostic techniques and new (non-radioactive) drugs for treatment of disease. Carbon 11
is a short half-life (20 minutes) radionuclide produced in cyclotrons in conjunction with several medical
facilities and used in positron emission tomography (PET) studies that enable physicians to see inside the

body and precisely locate sites of medical concern.

2.2.2 Basic Information on lonizing Radiation

Ionizing radiation is any of several types of particles and rays given off by radioactive material, nuclear
reactions, and radiation producing machines. Those that are primarily addressed in this profile because
of their relevance to public health are alpha particles, beta particles, and gamma rays, which are also
called alpha, beta, and gamma radiation. The term “ionizing” refers to the ions or charged atoms and
molecules that radiation produces along its path by knocking electrons from atomic orbits. The term
“radiation” refers to the way these particles and rays move away or radiate from their sites of production
at speeds ranging from a few tenths of the speed of light to the speed of light. Our senses cannot detect

radiation since it is odorless, tasteless, and invisible, and cannot be heard or felt.  All life on earth is
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exposed to low levels of ionizing radiation from terrestrial and cosmic sources every day. This profile will
not address non-radiation, such as radiowaves, microwaves, infrared light, visible light, ultrasound, and

ultraviolet light.

To explain exactly what radiation is, we begin at the atomic level with atoms, how they come to be
radioactive, and how they give off radiation. The materials we call elements are composed of atoms,
which in turn are made up of neutrons, protons, and electrons. Protons (positively charged particles) and
neutrons (neutral particles with no charge) reside in and primarily comprise the nucleus of any atom,
while electrons exist in a “cloud” of orbits around the nucleus. Nuclide is a general term referring to any
atom. All atoms of an element have the same number of protons (the number of protons = the atomic
number) but may have different numbers of neutrons (this is reflected in the atomic mass or atomic
weight of the element). Atoms with the same atomic number but different atomic masses are referred to
as isotopes of an element. An isotope is a specific nuclide that is characterized by the composition of its

nucleus (by the number of protons and neutrons in the nucleus).

Radioactivity is the characteristic of any atom that is unstable due to the binding of the protons and
neutrons within its nucleus. If the number of neutrons is too small or too large for the number of protons,
the nucleus is unstable and the atom is said to be radioactive. Radioisotope refers to any radioactive
isotopes of an element, and radionuclide is a generic term applying to any radioactive species of any
element. Every radioactive nucleus will eventually change its neutron/proton ratio by one of four basic
methods and simultaneously emit radiation to obtain a more stable energy configuration. These methods
can involve the ejection of an alpha particle (a 2-proton 2-neutron packet) directly from the nucleus, the
conversion within the nucleus of a neutron to a proton or a proton to a neutron with the emission of a beta
particle and gamma rays, or the splitting or spontaneous fission of the nucleus. Each radionuclide has a
unique configuration, so the radiation types, energies, and intensities are unique to it, and these are keys
to its identification. The unstable radionuclide is transformed during this process into a new nuclide,
which is typically stable. Radionuclides that are still radioactive after one transformation, continue
through a series of one or more further transformations until a stable atom is formed. This series of
transformations, called a “decay” chain, is typical of the very heavy natural elements like uranium and
thorium. The first radionuclide in the chain is called the parent radionuclide, and the subsequent products
of the transformation are called progeny, daughters, or transformation products. To summarize, radio-

active decay results in a stable nuclide or a less unstable nuclide than the parent.
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Naturally-occurring radionuclides can be classified as either primordial (present from ancient times) or
cosmogenic (produced by cosmic rays). Primordial radionuclides include *’K, >**U, #°U, and ***Th, which
have existed since the earth was formed, and the series of radionuclides which each of the last three
isotopes transform through before becoming stable isotopes of lead. *’K and about half of the decay chain
radionuclides emit beta and gamma radiation while >**U, **U, **Th and the other half of their decay chain
isotopes emit alpha particles. Cosmogenic radionuclides CH, 'Be,'*C, etc.) are those which are constantly
being formed in the atmosphere as cosmic rays and particles from space interact with and transform

atmospheric gases. All of these transform by emitting beta and gamma radiation.

Natural background radiation is the combined radiation field produced by the primordial and cosmogenic
radioactive materials that are around us plus cosmic radiation from space. Everyone is exposed to this
background radiation throughout their lives, at levels that depend on the ambient concentration of those
radioactive materials and the altitude at which we live. This background radiation is the major source of
radiation exposure to humans and arises from several sources. Natural background dose rates are
frequently used as a standard of comparison for doses from various man-made sources of radiation. Man-
made radiation is that which is produced by machines, such as x ray machines, and from the decay of
radioactive materials that we make. Man-made radioactive materials are those associated with nuclear
reactor operation (fission products of uranium and plutonium, and neutron activated by-product material)
and high-energy physics equipment (cyclotrons and particle accelerators that bombard targets with
charged particles). A number of short-lived radionuclides are produced and used daily in the medical
field to diagnose and treat illness. Currently-available equipment and methods can be used to produce
radionuclides of any known element, and to even create new elements as scientists attempt to understand
the atom more completely. Both naturally occurring and anthropogenic radionuclides have numerous
applications in diagnostic and therapeutic medicine, industrial products, consumer products, and in
scientific and industrial research. Trace amounts of some specific radionuclides remain in the
environment, or have been redistributed in the environment, as a result of these applications and also from

the production, testing, and use of nuclear weapons.
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The stability of an atom is the result of the balance of the forces among the components of the nucleus.

High-energy physicists exploring the nucleus have developed the field of quantum mechanics and

semiempirical equations to express the binding energies or stability of nucleons in the nucleus. One

general finding of those studies is that a nucleus with too many or too few neutrons for a given number of

protons is unstable (radioactive) and will eventually undergo transformation to achieve a more stable

energy state. Most radioactive atoms can achieve stability in one transformation, but most with atomic

masses greater than lead require several successive transformations and are said to be in a decay chain.

Any radionuclide can be uniquely characterized by its rate of transformation and the types, energies, and

intensities of its radiations. Table 2-1 summarizes the basic characteristics of the more common types of

radiation.
Table 2-1. Characteristics of Nuclear Radiations
Typical Path length
energy range
Radiation Rest mass® Charge Air Solid Comments
Alpha (a) 4.0026 amu +2 4-10 MeV 3-10cm  25-80 um An electron-stripped
He nucleus
Negatron () 5.48x10™ amu; -1 0—4 MeV 0-15m 0—1cm Identical to electron
0.51 MeV
Positron (B*) 5.48x10* amu; +1 0-4 MeV 0-15m 0-1cm Identical to electron
0.51 MeV except for sign of
charge
Neutron 1.0086 amu; 0 0-15 MeV b 0-100 cm Free half-life:
939.55 MeV 10.4 min
X 1aY (¢.m. photon) - 0 5 keV-100 keV b b Photon from transition
of an electron
between atomic orbits
- 0 10 keV-3 MeV b b Photon from nuclear

Gamma (p),

e.m. photon)

transformation

®The rest mass (in amu) has an energy equivalent in MeV that is obtained using the equation E=mc?, where 1 amu = 9 32 MeV.
®Path lengths are not applicable to x- and gamma rays since their intensities decrease exponentially

amu = atomic mass unit; e.m. = electromagnetic; keV = KiloElectron Volts; MeV = MegaElectron Volts
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The mode of transformation refers to the way the parent radionuclide undergoes its transformation. The
modes that are most significant to public health are alpha and beta decay with the subsequent emission of
gamma radiation, although others, such as electron capture and spontaneous fission, also occur in certain
radionuclides. Alpha decay occurs among those radionuclides, such as the uranium isotopes, with
sufficient excess nuclear energy to eject part of their mass, which is always a packet containing two
protons and two neutrons, called an alpha particle. One of two types of beta decay occurs among the
other radionuclides, and the type (negatron or positron) depends on the availability of neutrons to stabilize
the nucleus. For neutron-rich nuclei, like those formed in nuclear reactors, a neutron converts to a proton
and a negatively charged beta particle called a negatron, or simply a beta particle. For neutron-poor
radionuclides, such as those produced using particle accelerators, a proton converts to a neutron and the
nucleus emits a positively-charged beta particle called a positron. The two types of beta decay are often
referred to generically as beta decay. One reason is that both positrons and negatrons are the same
particle, an electron, but with different charges. Another mode of transformation for a neutron-poor
nucleus is electron capture, in which the nucleus captures an orbital electron and uses it to convert a
proton into a neutron. A transformation that is available to only a few radionuclides, such as **U, is
spontaneous fission in which the nucleus splits into two fragments of unequal mass releasing a few
neutrons and a large amount of energy. Spontaneous fission neutrons can be used to induce the chain
reactions in nuclear reactors. Some radionuclides, such as >**U, follow multiple modes with specific
frequencies. The various decay modes often leave the nucleus with a small amount of excess energy that
is released as a gamma ray. When alpha, beta, or gamma radiation interact with atoms along their paths,
the electrons they knock from interior orbitals produce vacancies which the atom corrects by cascading
electrons down from higher energy orbitals to fill the inner ones. In doing so, each electron drops to a
lower energy state and the atom emits the energy difference in the form of a photon, called an x ray. X
and gamma rays are different in their origin (electron shells or nucleus) but are indistinguishable in their
characteristics. Both are massless bundles of electromagnetic energy with sufficient energy to ionize
matter. During these transformations, the atom changes from one element into another, modifying the
structure of the electron orbitals, and in some cases emitting x rays with energies characteristic of the new

element. Characteristic x rays are useful in determining a material’s elemental makeup.

The type of radiation may be categorized as charged particle (alpha, negatron, positron), uncharged
particle (neutron), or electromagnetic radiation (gamma and x ray). The type of radiation can also be

characterized as directly ionizing (alpha, negatron, positron, or proton) or indirectly ionizing (neutron,
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gamma, or X ray). X- and gamma rays are categorized as indirectly ionizing radiation because they have

no charge and it is the electrons that they liberate from atoms that produce most of the ionization.

Except for delayed neutrons emitted during the nuclear fission process, no radionuclides emit neutrons.
For example, californium-252 (**Cf), which undergoes spontaneous nuclear fission as well as alpha
transformation, emits neutrons during the fission process. When neutrons are needed for neutron
activation analysis or for radiography, they can be produced by a nuclear reactor, a sealed ***Cf source, or
a neutron generator (an alpha emitter surrounded by an appropriate target element). An example of such a
neutron source is a mixture of a finely powdered alpha emitter, such as *'°Po and beryllium (Be). The

alpha particle bombards the *Be isotope to produce '*C and a neutron.

Each radionuclide has a characteristic rate of decay called the half-life, which is the time it takes for 50%
of its atoms to decay. Each radionuclide transforms at a constant rate, which is independent of the
temperature, pressure, or chemical form in which it exists. A high rate of transformation leads to a short
half-life, while a long half-life means a slow rate of transformation. During one half-life, 50% of the
radioactive atoms transform; during the next half-life, 50% of the remaining radionuclide transforms, and
so on. For example, *’P has a half-life of about 14 days. If one starts with 100 pCi of **P on day 1, on
day 14 there will be exactly one-half, or 50 uCi of **P remaining. After another 14 days pass, exactly 25

uCi of *’P will remain, and so on. This decrease in radioactivity is illustrated in Figure 2-1.
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Figure 2-1. Transformation of 100 uCi of P
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Half lives of the various radionuclides range from fractions of a second to billions of years. The amount
of radioactive material is expressed in terms of activity, which is defined as the number of disintegrations
(or transformations) in the radioactive material during 1 second or 1 minute. The traditional unit for
measurement of activity is the curie (Ci). The curie was originally defined as the activity of 1 gram of
*26Ra, which is about 3.69x10'° transformations or disintegrations per second (dps). Now it is defined as
that quantity of radioactive material in which an average of 3.7x10'° atoms transform in 1 second. In the
International System (SI), the unit of activity is the becquerel (Bq). One Bq is defined as the amount of

radioactive material in which an average of 1 atom disintegrates in 1 second.

The activity of a radionuclide at time t may be calculated by the equation:

_ -0.693t/T(phys)
A=Ag

where A is the activity in appropriate units, such as Ci, Bq, or dps; A, is the activity at time zero; t is the

time that has elapsed; and T, is the physical radioactive half-life of the radionuclide. T,  and t must be

phys phys

in the same time units.

2.2.4 Interaction of Radiation with Matter

Radiation will interact with matter: it will lose kinetic energy to any solid, liquid, or gas through which it
passes; this occurs by several mechanisms and at different rates. The partial or complete transfer of
energy to a medium by either electromagnetic (gamma) or particulate (alpha or beta) radiation may be
sufficient to excite electrons or to “knock out” electrons from the absorber atoms or molecules. For those
electrons that are knocked out of the atom, the process is called ionization and is the source of the name
“ionizing radiation.” Compared to other types of radiation that may be absorbed (e.g., ultraviolet
radiation), ionizing radiation deposits a relatively large amount of energy into a small volume of matter,

possibly resulting in harmful biological effects.

Radiation may interact with a biological medium to cause damage either directly or indirectly. A direct
effect occurs when an ionizing event disrupts a critical molecule (such as an enzyme, DNA, or RNA) by
knocking out an intramolecular bonding electron. Indirect effects occur when ionized or disrupted
molecules, mainly water (since the body is about 80% water), recombine to form chemically toxic

compounds, such as hydrogen peroxide (H,0O,) (Casarett and Doull 1996). Indirect effects also involve
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free radicals. Indirect effects occur when these radiolysis products diffuse and damage a nearby
biological molecule along their path. Further discussion of the direct and indirect effects of radiation is

presented in Chapter 5.

Each type of radiation is also classified as to its directness (directly or indirectly ionizing) and its ionizing
density (linear energy transfer). Radiations that produce significant ionization themselves (alpha, beta)
are called directly ionizing radiation, while those that produce minimal primary ionization (gamma, x ray,
neutron) are called indirectly ionizing radiation. The amount of energy that the radiation transfers per
unit of path length is called its linear energy transfer (LET) and is measured in units of MeV/pm. This
feature reflects a radiation’s ability to produce biological damage. Radiation is classified as either high
linear energy transfer (high LET) or low linear energy transfer (low LET), based on the amount of energy
it transfers per unit path length it travels. Alpha radiation is high LET; beta and gamma radiation are low
LET. Alpha particles are classified as high LET radiation because their large +2 charge and relatively
large mass (about 7,200 times that of an electron) cause them to move relatively slowly and interact
strongly with any material they pass through, producing dense ionization along its path. Beta particles,
which are energetic electrons, are classified as low LET radiation. Even though they interact with matter
in a manner similar to alpha particles, their smaller +1 or -1 charge and smaller mass result in a greater
distance between ionizing collisions and, thus, a lower rate of energy transfer. Gamma rays are indirectly
ionizing radiation. Depending on its energy and the atomic number of the absorbing material, a gamma
ray photon interacts with an absorber atom by one of three primary mechanisms (photoelectric
interaction, Compton scattering, and pair production), which results in the production of highly energetic
electrons, which dissipate their energy by interacting with other atoms in their path in exactly the same
manner as beta particles (which are electrons) and excite and ionize these atoms. Since the ionizations

resulting from gamma radiation are due to electrons, gamma radiation is a low LET radiation.

Both high and low LET interactions can cause significant damage to the DNA and can result in a wide
array of biological effects. Radiation can also react with molecules other than DNA (lipids, proteins,
water, etc.) to produce free radicals, which can then go on to adversely react with the DNA molecule.
Regardless of the method of energy transfer, DNA is the primary molecule of concern for effects from
low level radiation because DNA damage from radiation and from other sources is cumulative and can
(but does not always) result in carcinogenesis or other adverse cellular events months or years after

exposure.
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2.2.5 Characteristics of Emitted Radiation

2.2.5.1 Alpha Radiation

Alpha radiation has little penetrating power compared with other types of radiation. The alpha particle is
hazardous only if there is internal exposure (i.e., from a radionuclide that has been ingested, inhaled, or

otherwise absorbed internally) (see Table 2-2).

An alpha particle is composed of two protons and two neutrons, and thus is a helium nucleus. When a
parent radionuclide emits an alpha particle, its atomic mass number (number of protons plus neutrons)
decreases by four and its atomic number (number of protons) decreases by two, resulting in the formation
of a different element. In nature, alpha particles come from the radioactive transformation of heavy
elements (e.g., uranium, radium, thorium, and radon) where long transformation chains produce several
successive alpha and beta particles until the resulting nuclide has a stable configuration. A specific alpha
emitting radionuclide emits monoenergetic alpha particles of discrete energies and relative intensities,

making it possible to identify each alpha emitting radionuclide by its alpha energy spectrum.

The alpha particle’s electrical charge of +2 and mass number of 4, both of which are larger than most
other types of radiation, cause it to interact strongly with matter. This relatively slow-moving, highly
charged, high LET particle spends a relatively long time in the vicinity of each atom it passes; this
enables it to pull electrons easily off those atoms. With a mass about 7,200 times that of each electron,
each interaction has only a small effect on its velocity, but the strong interaction with each atom it
encounters causes it to lose energy very quickly. As a result of these characteristics, the alpha particle has
less penetrating power than other types of radiation. Typically, an alpha particle cannot penetrate an
ordinary sheet of paper. Its range in air (the distance the charged particle travels from the point of origin
to its resting point) is approximately 3—10 cm; in biological tissue, the range decreases dramatically to
25-80 um (see Table 2-1). Thus, alpha particles deposit all of their energy in a small volume. Once its
energy is expended, the alpha particle will combine with two electrons to become a helium atom, which

does not chemically react with biological material.
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Table 2-2. Effective Half-Lives of Selected Radionuclides in Major Adult Body Organs

Half-life
Radionuclide Critical organ Physical Biological Effective

Tritium (*H)2 Whole body 12.3 yr 12d 12d
lodine-131 (") Thyroid 8d 138 d 76d
Strontium-90 (*Sr) Bone 28 yr 50 yr 18 yr
Plutonium-239 (>*°Pu) Bone 24,400 yr 200 yr 198 yr

Lung 24,400 yr 500 yr 500
Cobalt-60 (*°Co) Whole body