USEFUL
INFORMATION

Radiation and Radioactivity

Radioactivity is a property of atoms with unstable nuclel. The unstable nuclel spontaneously decay by emit-
ting radiation in the form of energy (such as gamma rays) or particles (such as alpha and beta particles) (see
inset on following page). If the emitted energy or particle has enough energy to break a chemical bond or to
knock an eectron loose from another atom, a charged particle (an “ion”) may be created. This radiation is
known as*“ionizing radiation.”

Asusedin thisAnnual Site Environmental Report (ASER), theterm “radiation” refers only to ionizing radia-
tion and does not include nonionizing forms of radiation such as visible light, radio waves, microwaves,
infraredlight, or ultraviolet light.

Radioactive Decay

An atom is the smallest particle of an element. It cannot be broken down by chemical means. An atom
consists of a central core (the nucleus), composed of positively charged particles (protons) and particles
with no charge (neutrons), surrounded by negatively charged particles (electrons) that revolve in orbits in
the region surrounding the nucleus. The protons and neutrons are much more massive than the eectrons,
therefore most of an atom’s mass is in the nucleus.

An dement is defined by the number of protons in its nucleus, its atomic number. For example, the atomic
number of hydrogen is one (one proton), the atomic number of strontium is 38 (38 protons), and the atomic
number of cesiumis 55 (55 protons).

Note: Much of the background information in this section was taken from The Handbook of Health
Physics and Radiological Health (Shleien, 1998), from the Environmental Protection Agency
website (www.epa.gov/radiation/understand), and from The Health Physics Society website
(http://hps.org/publicinfor mation).
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Some Types of lonizing Radiation

Alpha Particles. An alpha particle is a fragment of a much larger nucleus. It consists of two
protons and two neutrons (similar to the nucleus of a helium atom) and is positively charged.
Compared to beta particles, alpha particles are relatively large and heavy and do not travel very
far when gected by a decaying nucleus. Therefore, alpha radiation is easily stopped by a few
centimeters of air or a thin layer of material, such as paper or skin. However, if radioactive
material is ingested or inhaled, the alpha particles released inside the body can damage soft
internal tissues because their energy can be absorbed by tissue cells in the immediate vicinity of
the decay. An example of an alpha-emitting radionuclide is the uranium isotope with an atomic
weight of 232 (uranium-232). Uranium-232 was in the high-level waste (HLW) mixture at the West
Valley Demonstration Project (WVDP) as a result of a thorium-based nuclear fuel reprocessing
campaign conducted by Nuclear Fuel Services, Inc. Uranium-232 has been detected in liquid
waste streams.

Beta Particles. A beta particle is an electron emitted during the breakdown of a neutron in a
radioactive nucleus. Compared to alpha particles, beta particles are smaller, have less of a
charge, travel at a higher speed (close to the speed of light), and can be stopped by wood or a
thin sheet of aluminum. If released inside the body, beta particles do much less damage than an
equal number of alpha particles because beta particles deposit energy in tissue cells over a larger
volume than alpha particles. Srontium-90, a fission product found in the liquids associated with
the HLW, is an example of a beta-emitting radionuclide.

Gamma Rays. Gamma rays are high-energy “ packets’ of electromagnetic radiation, called
photons, that are emitted from the nucleus. Gamma rays are similar to x-rays, but are generally
more energetic. If an alpha or beta particle released by a decaying nucleus does not carry off
all the energy generated by the nuclear disintegration, the excess energy may be emitted as
gamma rays. If the released energy is high, a very penetrating gamma ray is produced that can
be effectively reduced only by shielding consisting of several inches of a dense material, such
as lead, or of water or concrete several feet thick. Although large amounts of gamma radiation
are dangerous, gamma rays are also used in lifesaving medical procedures. An example of a
gamma-emitting radionuclide is barium-137m, a short-lived daughter product of cesium-137.
Both barium-137m and its precursor, cesium-137, are major constituents of the WVDP HLW.

The mass number of an atom, its atomic weight, is equal to the total number of protons and neutrons in its
nucleus. For example, although an atom of hydrogen will always have one proton in its nucleus, the number
of neutrons may vary. Hydrogen atoms with zero, one, or two neutrons will have atomic weights of one, two,
or three, respectively. These atoms are known as isotopes (or nuclides) of the element hydrogen. Elements
may have many isotopes. For instance, the elements strontium and cesium have more than 30 isotopes each.

Isotopes may be stable or unstable. An atom from an unstable isotope will spontaneously change to another

atom. The process by which this change occurs, that is, the spontaneous emission from the nucleus of alpha
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or beta particles, often accompanied by gamma radiation, is known as radioactive decay. Depending upon
the type of radioactive decay, an atom may be transformed to another isotope of the same element or, if the
number of protons in the nucleus has changed, to an isotope of another element.

Isotopes (nuclides) that undergo radioactive decay are called radioactive and are known as radioisotopes
or radionuclides. Radionuclides are customarily referred to by their atomic weights. For instance, the radio-
nuclides of hydrogen, strontium, and cesium measured at the WV DP are hydrogen-3 (also known as tritium),

strontium-90, and cesium-137. For some radionuclides, such as cesium-137, a short-lived intermediate is
formed that decays by gamma emission. This intermediate radionuclide may be designated by the letter “m”

(for metastable) following the atomic weight. For cesum-137, theintermediate radionuclideis barium-137m,
with a half-life of less than three minutes.

The process of radioactive decay will continue until only a stable, nonradioactiveisotope remains. Depending
on the radionuclide, this process can take anywhere from less than a second to billions of years. The time
required for half of the radioactivity to decay is called the radionuclide’s half-life. Each radionuclide has a
unique half-life. The half-life of hydrogen-3 isdslightly morethan 12 years, both strontium-90 and cesium-137
have half-lives of approximately 30 years, and plutonium-239 has a half-life of more than 24,000 years.

Knowledge of radionuclide half-lives is often used to estimate past and future inventories of radioactive
material. For example, a 1.0 millicurie source of cesium-137 in 2006 would have measured 2.0 millicuriesin
1976 and will be 0.5 millicuriesin 2036. For alist of half-lives of radionuclides applicable to the WV DP, see
Table UI-1.

M easur ement of Radioactivity

As they decay, radionuclides emit one or more types of radiation at characteristic energies that can be
measured and used to identify the radionuclide. Detection instruments measure the quantity of radiation
emitted over a specified time. From this measurement, the number of decay events (nuclear transformations)
over afixed time can be calculated.

Radioactivity is measured in units of curies (Ci) or becquerels (Bg). One Ci (based on the rate of decay of
one gram of radium-226) is defined as the " quantity of any radionuclide that undergoes an average transfor-
mation rate of 37 billion transformations per second.” In the International System of Units (SI), one Bq is
equal to one transformation per second. In this ASER, radioactivity is customarily expressed in units of Ci
followed by the equivalent Sl unit in parentheses, as follows: 1 Ci (3.7E+10 Bq).

In this report, measurements of radioactivity in a defined volume of an environmental media, such as air or
water, are presented in units of concentration. Since levels of radioactivity in the environment are typically
very low, concentrations may be expressed in microcuries per milliliter, with Sl units (becquerels per liter) in
parentheses, as follows: 1.00E-06 pCi/mL (3.7E+01 Bg/L). (One microcurie is equal to one millionth of a
curie.)
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M easur ement of Dose

The amount of energy absorbed by a material that receives radiation is measured in rads. A rad is 100 ergs
of radiation energy absorbed per gram of material. (An erg is the approximate amount of energy necessary
tolift amosquito one-sixteenth of aninch.) “Dose’ is ameans of expressing the amount of energy absorbed,
taking into account the effects of different kinds of radiation.

Alpha, beta, and gammaradiation affect the body to different degrees. Each typeof radiation is given aquality
factor that indicates the extent of human cell damage it can cause compared with equal amounts of other
ionizing radiation energy. Alpha particles cause 20 times as much damagetointernal tissuesasx-rays, soalpha
radiation has a quality factor of 20, compared to gammarays, x-rays, or beta particles, each of which havea
quality factor of one.

Theunit of dosemeasurement to humansistherem. Thenumber of remisequal tothenumber of radsmultiplied
by the quality factor for each typeof radiation. Inthe SI system, doseis expressed in sieverts. One sievert (Sv)
equals 100 rem. This ASER expresses dosein standard units, followed by equivalent SI unitsin parentheses,
asfollows: 1 mrem (0.01 Sv). For amore-detailed discussion of radiation doseand units of dose measurement,
see the “Radiological Effluents and Dose” section of Chapter 2.

Background Radiation

Backgroundradiationis always present, and everyoneisconstantly exposedtolow levelsof suchradiationfrom
both naturally occurring and man-made sources. Inthe United Statesthe averagetotal annual exposureto low-
levd background radiationisestimated to beabout 360 millirem(mrem) or 3.6 millisieverts(mSv). Most of this
radiation, approximately 295 mrem (2.95 mSv), comes from natural sources. The rest comes from medical
procedures, consumer products, and other man-made sources (National Council on Radiation Protection and
Measurements Report 93, 1987). (See Figure 2-1 in Chapter 2.)

Backgroundradiationincludes cosmicrays; thedecay of natural € ements, suchas potassium, uranium, thorium,
and radon; and radiation from sources such as chemical fertilizers, smoke detectors, and cigarettes. Actual
doses vary depending on such factors as geographic location, building ventilation, and personal health and
habits.

Potential Health Effects of Radiation

The three primary pathways by which people may be exposed to radiation are (1) direct exposure, (2)
inhalation, and (3) ingestion. Exposure from radiation may be from a source outside the body (external
exposure) or from radioactive particles that have been taken in by breathing or eating and have become
lodged inside the body (internal exposure). Radionuclides that aretaken in are not distributed in the same way
throughout the body. Radionuclides of strontium, plutonium, and americium concentrate in the skeleton, while
radioisotopes of iodine concentrate in the thyroid. Radionuclides such as hydrogen-3 (tritium), carbon-14, or
cesium-137, however, will be distributed uniformly throughout the body.
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Living tissue in the human body can be damaged by ionizing radiation. The severity of the damage depends
upon several factors, among them the amount of exposure (low or high), the duration of the exposure (long-
term [chronic] or short-term [acute]), the type of radiation (alpha, beta, and gamma radiations of various
energies), and the sengitivity of the human (or organ) receiving the radiation. The human body has mecha-
nisms that repair damage from exposure to radiation, however, repair processes are not always successful.

Biological effects of exposure to radiation may be either somatic or genetic. Somatic effects are limited to
the exposed individual. For example, a sufficiently high exposure could cause clouding of the lens of the eye
or a decrease in the number of white blood cdlls. Genetic effects may show up in future generations.
Radiation could damage chromosomes, causing them to break or join incorrectly with other chromosomes.
Radiation-produced genetic defects and mutations in the offspring of an exposed parent, while not positively
identified in humans, have been observed in some animal studies.

Assessing the biological damage from low-level radiation is difficult because other factors can cause the
same symptoms as radiation exposure. Moreover, the body is able to repair damage caused by low-leve
radiation. Epidemiological studies have not demonstrated adverse health effects in individuals exposed to
small doses (less than 10 rem) over a period of years. (For comparison, note that average background
radiation in the United Statesis about 0.36 rem/year, and estimated annual dose from activities at the WVDP
in 2006 was about 0.000049 rem/year [0.049 mrem/year].)

The effect most often associated with exposure to relatively high levels of radiation appears to be an in-
creased risk of cancer. However, scientists have not been ableto demonstrate with certainty that exposure to
low-level radiation causes an increasein injurious biological effects, nor have they been able to determine if
thereis a level of radiation exposure below which there are no adverse biological effects.

Derived Concentration Guides

A derived concentration guide (DCG) isdefined in DOE Order 5400.5, "Radiation Protection of the Public and
the Environment," as the concentration of a radionuclide in air or water that, under conditions of continuous
exposure by one exposure mode (i.e., ingestion of water, immersionin air, or inhalation) for one year, would
result in an effective dose equivalent of 100 mrem (1 mSv) to a "reference man." DCGs are applicable only
at locations where members of the public could beexposed to air or water containing contaminants. DCGsfor
radionuclides measured at the WVDP are listed in Table Ul-1.

At the WVDP, DCGs are used as a reference tool for evaluating liquid effluents and airborne emissions. In
this ASER, tables of radionuclide measurements fromair and water effluent pointsinclude a comparison with
the DOE DCGs. (See Appendices C*and D™.) In each table, measured radionuclide concentrations aredivided
by the appropriate DCGs and the percentages are summed. If the total is less than 100%, the effluent stream
is assumed to be in compliance with the DOE guiddline.

Although DCGs may be used as a screening tool, they are not directly used at the WVDP to estimate dose.
DOE Orders and federal regulations require that the hypothetical dose to the public from facility effluents be
estimated using specific computer codes. For further information, see "Dose Assessment Methodology” in
Chapter 2.
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Table Ul-1
U.S. Department of Energy Radiation Protection Standards
and Derived Concentration Guides?

Effective Dose Equivalent Radiation Sandard for Protection of the Public

Continuous exposure of any member of the public from routine activities:
All exposure pathways =100 mrem/year (1 mSv/yr) effective dose equivalent

U.S. Department of Energy Derived Concentration Guides (DCGs)
for Inhaled Air or I ngested Water (uCi/mL)

Radionuclide Half-life? InAir InWater Radionuclide Half-life? InAir InWater
(years) (years)

H-3¢ 1.23E+01 1E-07 2E-03 Eu-152 1.35E+01 5E-11 2E-05
C-14° 5.70E+03 6E-09 7E-05 Eu-154° 8.59E+00 5E-11 2E-05
K-40 1.25E+09 9E-10 7E-06 Eu-155 4.75E+00 3E-10 1E-04
Fe-55 2.74E+00 5E-09 2E-04 Th-232 1.40E+10 7E-15 5E-08
Co-60° 5.27E+00 8E-11 5E-06 uU-232° 6.89E+01 2E-14 1E-07
Ni-59 7.60E+04 4E-09 7E-04 U-233° 1.59E+05 9E-14 5E-07
Ni-63 1.00E+02 2E-09 3E-04 U-234° 2.46E+05 9E-14 5E-07
Sr-90° 2.89E+01 9E-12 1E-06 U-235° 7.04E+08 1E-13 6E-07
Y-90 7.31E-03 1E-09 1E-05 U-236° 2.34E+07 1E-13 5E-07
Zr-93 1.53E+06 4E-11 9E-05 U-238° 4.47E+09 1E-13 6E-07
Nb-93m 1.61E+01 4E-10 3E-04 Np-239 6.45E-03 5E-09 5E-05
Tc-99¢ 2.11E+05 2E-09 1E-04 Pu-238¢ 8.77E+01 3E-14 4E-08
Ru-106 1.02E+00 3E-11 6E-06 Pu-239¢ 2.41E+04 2E-14 3E-08
Cd-113m 1.41E+01 8E-12 9E-07 Pu-240° 6.56E+03 2E-14 3E-08
Sn-126 2.30E+05 1E-10 8E-06 Pu-241 1.43E+01 1E-12 2E-06
Sb-125 2.76E+00 1E-09 5E-05 Am-241¢ 4.32E+02 2E-14 3E-08
Te-125m 1.57E-01 2E-09 4E-05 Am-242m 1.41E+02 2E-14 3E-08
[-129° 1.57E+07 7E-11 5E-07 Am-243 7.37E+03 2E-14 3E-08
Cs-134 2.07E+00 2E-10 2E-06 Cm-243 2.91E+01 3E-14 5E-08
Cs-135 2.30E+06 3E-09 2E-05 Cm-244 1.81E+01 4E-14 6E-08
Cs-137° 3.00E+01 4E-10 3E-06 GrossAlpha NA 2E-14 3E-08
Pm-147 2.62E+00 3E-10 1E-04 (asAm-241)

Sm-151 9.00E+01 4E-10 4E-04 GrossBeta NA 9E-12 1E-06

(as Sr-90)

NA - Not applicable.

3DOE Order 5400.5 (February 8, 1990). Effective May 8, 1990. (See Derived Concentration Guidesin Chapter 1,
Environmental Program Information.)

®Nuclear Wallet Cards. April 2005. National Nuclear Data Center. Brookhaven National Laboratory. Upton, New
York.

¢ Radionuclides measured in WWDP effluent.
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Data Reporting

Inthetext of this ASER, traditional radiological units(e.g., rem, rad, curie) are presented first, followed by Sl
units in parentheses. Nonradiological measurements are presented in English units, followed by metric units
in parentheses. A conversion chart for comparing traditional and Sl radiological units and English and metric
nonradiological units is presented under “Units of Measure,” later in this section. Units for regulatory or
guidance standards are presented as they appear in the source document.

The number of significant digits reported depends on the precision of the measurement technique. Integer
countswill bereportedwithout rounding. Calcul ated val ues arecustomarily reportedto threesignificant figures.
Dose estimates may be reported to two significant figures.

Radiological Data. Because the decay of radioactive atoms is a random process, an inherent uncertainty is
associated with all measurements of environmental radioactivity. This can be demonstrated by repeatedly
measuring the number of atoms that decay in a radioactive sample over some fixed period of time. Theresult
of such an experiment would be arange of valuesfor which theaverage valuewould providethe best indication
of how many radioactive atoms were present in the sample.

In actual practice, an environmental sampleis usually measured for radioactivity only once over a period of
time The inherent random uncertainty of the measurement, in an efficient process, is the major reason that
thereported measurement is probably higher or lower thanthe*“true” value. Radiological results arecalculated
by subtracting background measurementsfrom samplemeasurements; therefore, whenlittleor noradioactivity
is present in the sample, results may be zero or negative.

Theterm “ confidence interval” is used to describe the range of measurement values above and below the test
result within which the “true” valueis expected to lie. Thisinterval is derived statistically. The width of the
interval is based primarily on a predetermined confidence leve, that is, the probability that the confidence
interval actually encompasses the “true’ value. The WVDP environmental monitoring program uses a 95%
confidencelevel (about two standard deviations above and below the mean) for all radioactivity measurements
and calculates and reports confidence intervals accordingly.

The confidence interval around a measured valueis indicated by the plus-or-minus (£) symbol following the
result (e.g., 5.30+3.6E-09 uCi/mL ), with theexponent of 10-° expressed as* E-09.” Expressedin decimal form,
theresult 5.30+3.6E-09 would be 0.00000000530+0.0000000036 pCi/mL . A samplemeasurement expressed
thisway is correctly interpreted to mean “thereis a 95% probability that the concentration of radioactivity in
thissampleisbetween 1.7E-09 pCi/mL and 8.9E-09 uCi/mL.” If theconfidenceinterval for themeasuredvalue
includes zero (e.g., 5.30+6.5E-09 pCi/mL), the value is considered to be below the detection limit. In other
words, no radiation was detected in the sample.

Chemical Data. In general, the detection limit is the minimum amount of a constituent detected by an
instrument or method that can bedistinguished from background and instrument noise. Thus, the detection limit
is the lowest value at which a sample result shows a statistically positive difference from a sample in which
no constituent is present. Nonradiological data are conventionally presented without an associated uncertainty
and are expressed by the detection limit prefaced by a “less than” symbol (<) if that analyte were not
measurable.

ul-7
VWVDP Annual Ste Environmental Report Calendar Year 2006



Useful Information

Units of Measure

Radioactivity Symbol Name Volume Symbol Name
a curie am® cubic centimeter
mad millicurie(1E-03 Ci) L liter
pCi microcurie(1E-06 Ci) mL milliliter
nCi nanocurie(1E-09Ci) nre cubic meter
pCi picocurie(1E-12Ci) gd gallon
Bqg becquerd (27 pCi) fts cubic feet
d/s disintegrations per second
Dose Symbol Name Area Symbol Name
Sv sievert (100rem) ha hectare(10,000 )
mSy millisievert (1E-03Sv)
Gy gray (100rad)
nrem millirem(1E-03rem)
Concentration Symbol Name Length Symbol Name
pCi/mL mi crocuri esper milliliter m meter
mL/L millilitersper liter km kilometer (1E+03m)
pCi/g microcuriesper gram an centimeter (1E-02m)
mg/L milligramsper liter (ppm) mm millimeter (1E-03m)
mg/kg milligramsper kilogram (ppm) pm micrometer (1E-06 m)
pg/mL microgramsper milliliter (ppm)
pCi/L picocuriesper liter
ng/L nanogramsper liter (ppt)
pg/L microgramsper liter (ppb) Exposure Symbol Name
Ho/g microgramsper gram (ppm)
Bg/L becquerelsper liter MR mi croroentgen
ppm partsper million R milliroentgen
ppb partsper billion
ppt partsper trillion
NTU nephelometricturbidity units
U standard units
Mass Symbol Name FlovRate  Symbol Name
or Speed
g gram mgd million gallonsper day
kg kilogram (1E+03Q) dm cubicfeet per minute
mg milligram(1E-03g) Ipm litersper minute
Mg microgram (1E-06 g) gpd gallons per day
ng nanogram (1E-09q) m/sec meters per second
t metricton (1E+06 g)
Unit Prefixes
centi 1/100=1x102=0.01=E-02
milli 1/1,000=1x10°=0.001=E-03
micro 1/1,000,000=1x 10°=0.000001=E-06
nano 1/1,000,000,000=1x 10°=0.000000001=E-09
pico 1/1,000,000,000,000=1x 10*2=0.000000000001 = E-12
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Scientific Notation

Scientific notation may be used to express very large or very small numbers. A number smaller than1is
expressed with anegative exponent (e.g., 1.3 x 10°%). To convert this number to decimal form, thedecimal
point ismoved left by the number of placesequal to the exponent. Thus, 1.3 x 10 becomes0.0000013.

A number larger than 10 is expressed with a positive exponent (e.g., 1.3 x 10°). To convert this number to
decimd form, thedecimal point is moved right by the number of places equal to the exponent. Thus, 1.3x 10°

becomes 1,300,000.

The power of 10 alsois expressed as E. For example, 1.3 x 10 also can be written as 1.3E-06. The chart
below shows equival ent exponentia and decima values.

1.0x10? = 1E+02 = 100
1.0x10* = 1E+01 = 10
1.0x10° = 100 = 1
1.0x10t = 1E01 = 0.1
1.0x10%? = 1E-02 = 0.01
1.0x10% = 1E-03 = 0.001
1.0x10* = 1E-04 = 0.0001
1.0x10° = 1E-05 = 0.00001
1.0x10% = 1E-06 = 0.000001 Onemiillionth
1.0x107 = 1E07 = 0.0000001
1.0x10% = 1E-08 = 0.00000001

Conversion Chart

Bothtraditiond radiological units (curie, roentgen, rad, rem) and the Systeme Internationde (S1) units (becquerd,
gray, sievert) are used inthisreport. Nonradiological measurements are presented in both English and metric
units. Frequently-used radioactivity and dose conversionsare bolded.

1 centimeter (cm)
1 meter (m)

1 kilometer (km)
1 milliliter (mL)

1liter (L)

1gram(g)

1 kilogram (kg)
1 curie (Ci)
1 becquere (BQ)

1 roentgen (R)
lrad

lrem

1 millirem (mrem)
1 sievert (Sv)
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0.3937inches(in)

39.37inches(in) = 3.28 feet (ft)

0.62 miles (mi)

0.0338 ounces(02)

0.061 cubic inches(in®)

1 cubic centimeter (cm?®)

1.057 quarts(qt); 0.2641721 gallons (gd)
61.02 cubic inches(in®)

0.0353 ounces(0z)

0.0022 pounds (Ibs)

2.2 pounds (Ibs)

3.7E+10 disintegrations per second (d/s)
1 disintegration per second (d/s)

27 picocuries (pCi)

2.58E-04 coulombs per kilogram of air (C/kg)
0.01gray (Gy)

0.01 sievert (Sv)

0.001 rem

100 rem
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