Appendix F

APPENDIX F
PRINCIPLES OF RADIATION
The Atom
All substances are composed of atoms. Atoms are exceedingly smdl with an average diameter of only
about 0.000,000,001 inch. To put this in perspective, approximately 100,000 atoms lying side by side

in a graight line touching one another would span the thickness of a sheet of thin paper. Atoms are
composed of three basic parts:

nucleus (protons and neutrons)

electrons,
protons, and
neutrons

Atom Moded orbitals

Protons and neutrons compose the part of an alom caled the nucleus. The protons have a postive
electricad charge while the neutrons have no dectricd charge. Protons and neutrons are Smilar in mass
and are condderably more massive than eectrons (gpproximately 1,800 times as massive). Therefore
the nucleus contains nearly al of the mass of the atom. The eectrons, which carry a negative dectrica
charge, orbit the nucleus. Typicdly, the number of protons (positive charges) in the nucleus is equivaent
to the number of dectrons (negative charges) in the orbits, thus creating an atom that is dectricaly
neutra (no net charge).

The atomic number is an identifying characteristic of an dement and equas the number of protonsin the
atomic nucleus of an atom. Each eement has an associated atomic number that serves as an identifier.
For example, hydrogen has an atomic number of one corresponding to one proton in the nucleus (the
hydrogen atom aso has an dectron that orbits the nucleus thus keeping the atom dectricdly neutrd).
Putonium, a much more massive atom, has an atomic number of 94 corresponding to 94 protonsin the
nucleus and 94 dectrons orbiting the nucleus to maintain dectrica neutrdity.

The sum of the protons and neutrons in an atom’s nucdleus is caled the mass number. Although the
number of protonsin the nucleus will dways be the same for any given dement, the number of neutrons
in the nucleus can vary. For example, most hydrogen atoms have a nucleus composed of asingle proton
with no neutrons giving it a mass number of 1. Hydrogen atoms with mass number two are known as
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deuterium and have both a proton and a neutron in the nucleus. Tritium, aform of hydrogen important to
past MEMP operations, has a nucleus composed of one proton and two neutrons. As can be seen
from this example, dl three forms of hydrogen have exactly one proton in the nucleus, but have differing
numbers of neutrons. Chemicdly, these three forms of hydrogen dl behave in a smilar manner. These
forms of hydrogen dl having the same aomic number but different mass numbers are known as

isotopes.

The radionuclides that are of concern a& MEMP are:

Radionuclide Mass Number Half-Life (years)
plutonium-2338 (94 protons + 144 neutrons = mass number 238) 87.7
plutonium-239 (94 protons + 145 neutrons = mass number 239) 24,100
plutonium-240 (94 protons + 146 neutrons = mass number 240) 6,560
uranium-233 (92 protons + 141 neutrons = mass number 233) 1.6x 10°
uranium-234 (92 protons + 142 neutrons = mass number 234) 25x 10°
uranium-235 (92 protons + 143 neutrons = mass number 235) 7.1x10°
uranium-238 (92 protons + 146 neutrons = mass number 238) 45x 10°
thorium-228 (90 protons + 138 neutrons = mass number 228) 19
thorium-230 (90 protons + 140 neutrons = mass number 230) 75x 10°
thorium-232 (90 protons + 142 neutrons = mass number 232) 1.4 x 10"
hydrogen-3 (tritium) (one proton + two neutrons = mass number 3) 12.3

Radioactivity and Radiation

The atomic nucleus is held together by exceedingly strong forces of attraction which act indiscriminatdy
between its protons and neutrons, protons and protons, neutrons and neutrons. Certain isotopes,
because of their own physcd makeup, are ungable. This ingability is due to an unbaanced ratio
between the number of protons and the number of neutrons. This ingability in the nucleus causes the
atom to change spontaneoudly to a more stable, less energetic state. This spontaneous change is called
radioactivity and the atom is said to decay or disntegrate. Radiaion is the particles and energy
associated with the radioactivity. The three mgjor types of radiation are dpha, beta, and gamma.
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When a radioactive atom decays, its nucleus changes and the resultant aom generdly is no longer the
same kind of atom; it transforms into an eement of different aomic number. As noted above, the
radioactive decay is brought about by ingtability in the nucleus. By the process of radioactive decay the
atom drives to achieve a more gable configuration. The ultimate stable configuration is not dways
reached in decay trandformation. In fact, the new dement, caled a “daughter” resulting from the
radioactive decay may be more ungtable than the “parent.” Ultimately the origind radionuclide will be
transformed into a sable dement through a series of transformations. The decay sequence from
radioactive parent to radioactive daughter is caled a radioactive decay chain. The time required for
one-hdf of dl the aoms of a radionuclide to decay is cdled its “hdf-life” The hdf-life is an average
vaue for any very large number of atoms. It does not accurately apply to asmal number of atoms.

Each aom essntidly takes its own time to decay and there is no predicting when its ingability will
cause it to do so. Radionuclides with short haf-lifes such asiodine-131 (used in medica radiotherapy)
decay away rapidly and may not pose as much of an environmental concern as along lived (long half-
life) radionuclide like plutonium-239 which may remain in the environment for many thousands of years.

As noted above, there are three primary types of radiation:

dpha
beta

gamma

Alpha particles result when the ungtable nucleus of a radionuclide gects a particle congsting of two
protons and two neutrons. The resulting particle has a net positive charge and will therefore react with
any atoms that are nearby (i.e. with the negative eectronic charges of the orbitd eectrons or the
positive eectronic charge of the protons in the nucleus). These interactions cause the dpha particle to
give up some of the origina energy it contained when gected from the nucleus. In fact there are enough
atoms within the thickness of an ordinary sheet of paper to react with and bring to rest most apha
particles. The dpha particle will therefore not penetrate solid materid to any dgnificant depth. If an
dpha paticle is rdeased indde the human body (by means such as inhding radioactive particles), the
emitted dpha particle will be brought to rest rgpidly within a samdl volume of human tissue. Thus dl of
the energy of the dpha paticle is rdeased within a smdl volume of tissue and cdlular damage can
occur. Isotopes of plutonium and uranium are examples of radionuclides used by MEMP that decay by
emitting dpha particles.

Beta paticles result when the ungtable nucleus of a radionuclide gects a particle conggting of a
negatively charged eectron. As with dpha particles, the charged beta particle interacts with any atoms
that are nearby thus losng some of itsinitid energy. However, because beta particles have only hdf the
charge of an dpha particle and are gected from the nucleus with a much greater velocity, most can
penetrate solids more reedily than dpha particles. Tritium is an example of a radionuclide used by
MEMP that decays by emitting a very low-energy beta particle.
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Gamma rays, unlike dpha and beta particles, are not physicd particles. Insead a gamma ray is a
package of energy that behaves as though it were a particle. Gamma rays are exactly the same in nature
as vigble light, heat waves, radio waves, radar rays and x-rays. They have very short wavelengths that

are typicdly shorter than those of most x-rays and are generdly more energetic than x-rays. The

penetrating power of x-raysiswdl known and snce gamma radiation is very much like the radiation of

x-rays, the penetrating power of gamma radiation is dso very high. Gamma rays can pass through the

human body giving up smal amounts of energy aong the way. Many radionuclides emit both dpha and

gamma or beta and gamma radiation upon decay. Isotopes of plutonium are examples of radionuclides
used by MEMP that decay by emitting both dpha and gamma radiation.

Units of M easur ement

Radioactivity is typicaly measured in terms of “activity.” Activity corresponds to the number of atomic
nucle of any particular radionuclide that decay over a specified time intervd. A “curi€’ (Ci) is a unit

typicaly used to define activity. One curie is equd to the amount of radioactive materid that decaysat a
rate of 37 billion atoms per second. This disntegration rate is amogt exactly the rate a which one gram
of radium-226 decays. As noted earlier, each radioactive isotope follows its own specific decay
schedule in accordance with its hdf-life. As a result, for a given quantity of materid (eg. one gram),
different radionuclides will vary in the number of nucla that will disntegrate over a given time period.
Therefore equa masses of different radionuclides have varying activity levels that are dependent on each
radionuclide' s hdf-life. As an example, one gram of radium-226 (radium-226 has a hdf-life of 1,600
years) is equivaent to one curie of activity. It would take about 1.5 million grams of uranium-238 (half-

life 4.5 hillion years) to have an activity of one curie. In other words it would take 1.5 million grams of
uranium-238 to yield 37 hillion disntegrations per second. As can be seen from the example,
radionuclides that decay rapidly (short hdf-lives) have rdatively high activity levels compared to
radionudlides that have very long haf-lives,

It should be noted that a curie is only related to the number of disntegrations that occur in a given time
frame and does not indicate the biological damage that the radionuclide could cause if it comes into
contact with a person. That is to say that one curie of tritium is not equivaent to one curie of plutonium-
238 in terms of the biologicd effect on living tissue. The activity levels of radionudides in the
environment due to MEMP activities operations are typicdly very smdl fractions of a curie. A
convenient way to express these very amdl curie fractions is introducing two additiond units the
microcurie (mCi) (one millionth of a curie) and the picocurie (pCi) (one trillionth of a curie). These units
are used throughout this Report.
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Radiation Dose

Radiation dose is a measure of the amount of energy delivered to a body. As noted in the previous
section, for a given activity levd, different radionudides will vary in ther ability to cause biologica
damage (eg., a agiven activity level, dpha radiation is more damaging than beta). A “dose equivaent”
is a means of comparing the dose resulting from exposure to various radionuclides. The Roentgen
Equivdent Man (rem) is the unit used to express the dose equivdent. A rem is defined as the dose,
measured in terms of a specific amount of energy, which produces the biologica equivaent to that
produced by the same amount of x-ray energy. The rem dlows for a direct comparison of the potentia
damage that may be caused by exposure to various radionuclides. The higher the rem value, the greater
the potentid for biologicd damage.

Dose can be viewed in severd different ways and is typicaly reported with respect to either a specific
organ, an effective dose, a committed effective dose, or awhole body dose. Each dose measure will be
discussed below.

The organ dose is the estimated dose recelved by a specific organ due to exposure to radiation.
Certain radionuclides may tend to accumulate within specific organs of the body. Critica organs can be
identified based on the chemigiry of the radionuclide, the amount of radiation, the sengtivity of the organ
to radiation, and the importance of the organ to the body.

The effective dose estimates the hedlth risk that a radiation dose poses to an individua. The effective
dose is cdculated by summing the weighted organ dose for each organ. The weighted organ dose is
amply the origind calculated organ dose multiplied by an importance factor that takes into account the
relative risk to the exposed organ.

Some radionuclides assmilated into the body can remain in the body for long periods of time. When
particulate materid (eg., dust) contaminated with plutonium is breethed, the plutonium is deposited in
the lung tissue. The plutonium will dowly be removed from the body - the origind quantity will be
reduced over time due to radioactive decay and biologicd factors. The plutonium is continualy emitting
dphaand gammaradiation while in the body. The individud is therefore exposed to this radiation for the
remainder of hislife (or gpproximately 80 years).

The committed effective dose equivalent indicates the totd dose over the individud’s projected
remaning lifetime (assumed to be 50 years) which results from an intake during one year. The
committed effective dose equivaent (CEDE) expresses the dose of internal radiation received when an
individud has ingested, inhaled or absorbed a radionuclide that will remain ingde the body. It is dso
expressed in rem or Sieverts.




Principles of Radiation

Dose Dueto Exposure to Background Radiation Sources

Every day our bodies absorb ionizing radiation. Most of it comes from naturd sources. Consumer
products and medica procedures that use radiation are other common sources of ionizing radiation.

Natural Sources. Natura radiation comes from two sources. cosmic and terrestrial. Cosmic radiation
results when energetic particles from outer space, traveling at nearly the speed of light, collide with
nucle in our atmosphere, creating showers of radioactive particles that continue towards earth. The
average annud dose equivaent recaived from cosmic radiation is 26 mrem for an individud living a sea
level. Because coamic radiation disspates as it travels through the amaosphere, individuds living at
lower dtitudes receive less dose from this source than those living at higher dtitudes.

Terrestrid radiation results when radionuclides that are a naturd part of the earth’s rocks and soils emit
ionizing radiation. Because the concentrations of these radionuclides vary geographicaly, an individud’s
exposure depends on his location. The average annuad dose equivaent from terrestrid radiation for an
individud living inthe U. S, is 28 mrem.

Besides absorbing radiation from externd radionuclides, we can dso absorb radiation internally when
we ingest radionuclides dong with the food, milk, and water we ingest or dong with the air we inhde.
Oncein our bodies, radionuclides follow the same metabolic paths as nonradioactive forms of the same
elements (if there is one). The length of time a particular radionuclide remains and emits radiation
depends on whether the body eiminates it quickly or stores it for a long period, and on how long it
takes for the radionuclide to decay into a nonradioactive form. The principa source of internd
exposure in the U. S. is believed to be radon. Inhalation of radon contributes about 200 mrem to the
average annua dose equivdent from internd radiation. Other radionuclides present in the body
contribute gpproximately 39 mrem.

Consumer Products. Many familiar consumer products emit ionizing radiaion. Some must emit
radiation to perform thelr functions, e. g., smoke detectors and airport x-ray baggage inspection
systems. Other products, eg., TV sets, emit radiaion only incidentaly to performing their functions.
The average annud effective dose equivdent to an individua from consumer products ranges from 6 to
12 mrem.

Medical Uses. Radiation is a tool for diagnosing and treating diseese. The average annud dose
equivadent for an individud inthe U. S. from medicd uses of radiation, not including thergpeutic uses, is
53 mrem.
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Radiation Environment at MEMP

On average the annud radiation dose due to background radiation to a person living in the United States
is about 300 millirem. The total contribution to this dose due to MEMP activities in 2000 was 0.18
mrem, or avery smal fraction of the dose recelved from background.

MEMP s dose contribution for 2000 was well within dl gopplicable guiddines, limits, and regulatory
gandards. These guiddines, limits and standards are levels which present very low risk to individuas
near the ste. MEMP, like dl DOE dites, strives to keep worker and public doses as low as reasonably
achievable.
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