Radiation Safety Training Manual 2016

s “‘ D
e

- /

@l Environmental Health and Safety

UNIVERSITY OF COLORADO
DENVER | ANSCHUTZ MEDICAL CAMPUS



RADIATION SAFETY TRAINING PROGRAM

Radiation Safety Training is required and mandated by the Colorado Department of Public
Health and Environment (CDPHE) regulations. The training program, in its current phase,
is the minimum required training for an institution the size of CU Denver | Anschutz. The
university employs a diverse group of trainees ranging from summer student workers to
those with years of experience using Radioactive Materials (RAM). The Committee on
lonizing Radiation (CIR) hopes that the Radiation Safety Training Program raises the
awareness level of the university community in regard to the safe use of RAM and will
dispel undue concerns or misconceptions associated with the use of RAM.

Overview of the Radiation Safety Certification Program

Radiation safety training is available through online and instructor led sessions.

Calculators are allowed and personnel whose native language is not English may use

dictionaries. Successful completion of radiation safety exams requires a minimum

score of 80%. Online training is through the SkillSoft platform, accessed through the

uni versitydos employee access portal. |l nstruc
month, subject to change. For the current schedule and registration go to the

Environmental Health and Safety website
(http://www.ucdenver.edu/research/EHS/Radiation/Radiation/RADTrainReg/Pages/Rad
TrainReg.aspx).

Principal Investigator (RAM Authorized PI)

A Principal Investigator (P1) must complete the online CU: Radiation Safety Initial
Training (Radiation Worker i Part I) and the instructor led Radiation Worker i Part Il, as
well as the Pl Responsibilities for RAM Use module in order to obtain authorization from
the CIR to procure and use RAM in their laboratory. Any new Pl may apply to the CIR
for authorization to procure RAM before the training is complete, but no authorization
will be granted to a new PI until the training requirement is satisfied.

Radiation Worker

A Radiation Worker must complete the online CU: Radiation Safety Initial Training

(Radiation Worker i Part 1) and the instructor led Radiation Worker i Part Il to be
considered an authorized worker under a Pl 06s

No new PI or Radiation Worker may work with RAM until the applicable training
requirement has been completed.

Annual Refresher (for PIs and Rad Workers)

Principal investigators holding active RAM authorizations and all authorized radiation
workers must complete refresher training annually. Reminder notices are sent at the
beginning of the month training is due and must be completed by the last day of the
month.
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Failure to complete the training by the last day of the month the training is due results in
placing a RAM procurement restriction on the Pls laboratory and may lead to
administrative action by the CIR, or confiscation of RAM from the lab.

Credit for training received at other institutions or employers
No credit will be given for training received at other institutions due to the difficulty of
evaluating the content and effectiveness of such training.

Order of completing radiation worker training

Radiation Worker training is arranged in two parts that corresponds to the order in which
the material should be completed for proper understanding. While it is recommended
that the training is completed in order, it is not mandatory they be completed in order.
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Information Available from the Internet

Environmental Health and Safety Website
http://www.ucdenver.edu/research/EHS/Pages/EHS.aspx

The EHS website contains Radiation Safety information related to RAM use in
laboratories to include:

Scheduling and information for Radiation Worker training

Answers to some frequently asked questions about the radiation safety program
Radiation Safety forms

Current versions of the Radiation Safety Manual, Radioactive Waste Disposal
Manual and Radiation Safety Training Manual.

= =4 -8

The EHS website is updated periodically. Questions or comments about the website
may be directed to the EHS main office at 303-724-0345.
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This manual is intended to assist persons employed at CU Denver | Anschutz in preparing
for radiation worker testing administered to Radiation Workers and Principal Investigators
by the Environmental Health and Safety Department. The information contained in
Sections 1-4 supplements the information contained in the required online and instructor
led course to become a Radiation Worker. Section 5 contains guidance for pregnant
workers and radiation. Section 6 provides information for Pls who wish to use radioactivity
in their lab. As mentioned above, Pls must also complete the Pl Responsibilities for RAM
Use module to meet the training requirements for becoming an authorized RAM PI.

This manual and its references do not necessarily contain an explicit answer for every
guestion on the examinations. These materials do provide sufficient background to enable
most workers and investigators to achieve good scores on the examinations with a
reasonable amount of study.

This manual is not a substitute for the hands-on experience and specialized training in
safe use of radioactive materials that a worker should receive in a radioactive materials
laboratory. Neither this manual nor the successful completion of certification testing by a
worker relieves a responsible authorized principal investigator from providing On-The-Job
training to workers under his or her radioactive materials authorization. In fact,
documented Radiation Safety On-The-Job training is a requirement reviewed during
laboratory inspections. At the very least, as stipulated in the university Radiation Safety
Manual, every worker should have access to
documents and supporting applications under which that worker will use specific
radioactive materials.

Principal investigators seeking authorization for the first time at CU Denver | Anschutz
should also note that the Committee on lonizing Radiation will generally require
documented formal training and experience in radioisotope use, in addition to passing the
examinations before granting an authorization.

This manual is not represented as constituting a course of training in radiation safety that
will satisfy the training requirements of any particular radioactive materials license or
regulatory agency.

Portions of this manual are adapted from training materials used by the U.S. Department
of Energy (DOE), The Nuclear Regulatory Commission (NRC), and from the public
domain.

Additional radiation safety training may be required for users of sealed sources,
radiation generating devices or other categories which are not specifically covered in
this manual. Questions or comments about this guide or any other training requirement
should be directed to Riad Safadi, Environmental Health and Safety Department, F-484
(ext. 4-0234).
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Radiation Safety Study Guide

Section

Title

Content

1

Fundamentals of lonizing
Radiation and Radiation
Protection

Characteristics of lonizing Radiation, Types of lonizing
Radiation, Properties and Modes of Decay, Effects of
lonizing Radiation on Matter, Natural and Manmade
Sources of Radiation, Internal and External Exposure
Control, Units of Radiation Dose and Dose Equivalent,
Properties of Common Biomedical Research,
Radionuclides, Personal Protective Equipment, Personal
Monitoring Devices, Ventilation Control and the Use of
Fume Hoods

Radiation Protection
Surveys, Calculations and
Practice

Radioactive Decay Calculations, Basic Detector Theory,
Selection and Use of Radiation Survey and Counting
Instruments, Calculation of Radioactivity from Survey or
Counting Measurements, Measurements and Calculation
of Radiation Dose Rates, Determining Content of Wastes,
Control of Contamination.

Radioactive and Mixed
Wastes: Regulations and
Policies

Radioactive Forms and Definitions, Segregation by Form
and Radionuclide/ Half-life, Waste Minimization,
Acceptable containers and Labels, Sterilization and
Classification of Infectious Radwastes, Special
Requirements for Mixed Wastes, Sewage Disposal of H-3
and Trace Quantities, Posting and labeling of Containers
and Areas, Security of Radioactive Materials,
Contamination Control and Surveys, Control of External
Dose Rates, Radioactive Materials Accounting,
Transportation of Radioactive Materials

Health Effects of lonizing
Radiation

Radiosensitivity, Biological Mechanisms of Damage,
Stochastic and Non-stochastic Effects, Risk Coefficients,
Maximum Permissible Doses and ALARA Principle,
Radiotoxicity and Annual Limits on Intake, Pregnancy/
Fertility Issues

Radiation Work and
Pregnancy

A guide for Pls and workers

Principal Investigator
Responsibilities for RAM
Use

Committee Authorization Process, Acquisition and
Transfer of Radioactive Materials, Authorization and
Decommissioning of Laboratory Areas, Conditions on
Housekeeping and Maintenance Services
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THREE CARDINAL RULES FOR WORKING WITH
RADIOACTIVE MATERIALS

The contents in this manual are all relevant to laboratory use of radioactive materials, but
there are three simple rules among the most important. You should always keep the
following rules uppermost in your mind. If you follow these three rules, you will naturally
protect yourself, and you will cover most of the important regulatory compliance issues
as well.

Rule No. 1. Keep your radioactive material where it belongs.

Keep your radionuclides well-marked throughout your experiment, and keep them in a
secured area inside your laboratory. Take appropriate precautions against spreading
contamination to you and others, by using good hygiene. This includes wearing gloves,
lab coats, and eye protection. It also includes covering surfaces with absorbent paper,
confining your use to marked areas of the lab, and routinely checking your laboratory
surfaces for contamination. You should use a survey instrument to check yourself,
especially your hands, for contamination after every use of radioactive material.

Rule No. 2: Tell us if you have a problem.

If you think you have gotten some radioactive material on your skin or clothes, or if you
have a spill that has any potential for being spread, especially if it gets on the floor, call
Environmental Health and Safety at 303-724-0345 immediately. We are here to help you.
It is far better to report such events promptly, than to attempt to conceal them, and to
have them somehow come to light at a later time.

Rule No. 3: Document where your radioactive material ends up.

You should know where the radioactive material ends up when you use it, in terms of
what fraction typically appears in each waste form (solid lab trash, aqueous liquids,
scintillation vials, animal tissue) that you generate. If you don't know, ask your PI, or we
can help you. You must document this information on waste tickets and on Radionuclide
Accounting Sheets when you request waste pickup, including an entry on both sink logs
and waste tags for amounts of H-3 that you dispose into the sewer. This information is
absolutely vital to our program. We routinely check the wastes that are submitted to us
for disposal to verify what is in them.

There are many other important safety and regulatory issues associated with radioactive
materials use. However, these three cardinal rules, if followed, will prevent many
problems for researchers and for the university Environmental Health and Safety
department.
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Section 1

FUNDAMENTALS OF IONIZING RADIATION AND RADIATION PROTECTION

Activity

The rate of decay of a radioactive substance; the number of atoms that disintegrate per
unit time. The units used to represent activity are the Curie and the Becquerel. It is
important to recognize that the unit of activity refers to the number of disintegrations per
unit time and not necessarily to the number of particles given off per unit time by the
radionuclide. For example, 1 uCi (microCurie) of P-32 undergoes 2.22 x 10°
transformations per minute, 100% of which are beta particles at 1.7 MeV (energy level).

Specific Activity

Specific Activity is defined as the activity per unit mass of a radioactive substance and is
given in units such as curies per gram (Ci/g) or Becquerels per kilogram (Bg/kg).
Remember that the Curie originated from the number of emissions from one gram of
radium every second. Thus, the activity of one gram of radium is equivalent to one
curie. Therefore, the specific activity of radium is 1 Ci/g.

It is important to note that when applied to radionuclides other than radium, the unit Curie
does not specify what mass of the material is required. Since one curie of activity equals
37 billion dps, the mass of the material required to produce this number of dps will be a
function of the decay rate of the atoms of the material (i.e., the disintegration constant)
and the number of atoms of the material per gram (i.e., gram atomic mass[weight]). For
example, a curie of pure Co-60 (half-life 5.27 years) would have a mass less than 0.9
milligrams, whereas a curie of natural U-238 (half-life 4.5E9 years) would require over
two metric tons of the metal. Obviously, the shorter the half-life of a radionuclide, the
greater its specific activity.

Radioactive Decay

Radioactive nuclides can regain stability by nuclear transformation (radioactive decay).
Radioactive decay is the disintegration of the nucleus of an unstable nuclide (also called
radionuclide) by spontaneous emission of charged particles, neutrons, and/or photons.
During radioactive decay, the atom will give off particles or energy in order to stabilize the
ratio of protons to neutrons and to release any excess energy from the nucleus. During
the process of nuclear decay, a radionuclide emits radiation. The radiation emitted can
be particulate (alpha - a, beta - b) or wavelike (gamma - g, [photon]) or both. The eventual
end product of radioactive decay will be a stable atom.

The activity of any sample of radioactive material decreases or decays at a fixed rate
which is characteristic of that particular radionuclide. No known physical or chemical
factors (e.g., temperature, pressure, dissolution or combination) influence this rate. The
rate may be characterized by observing the fraction of activity that remains after
successive time intervals. The time that is required for the activity present to be reduced
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to one-half is called the half-life. If successive half-lives are observed, we can see a
reduction each time by a fraction of one-half, and the effect will be cumulative;
In other words,

1 one half-life reduces to (0.5)* or 0.5

9 two half-lives will reduce to (0.5) * (0.5) = (0.5)? or 0.25

9 three half-lives will reduce to (0.5) * (0.5) * (0.5) = (0.5)% or 0.125

UNITS OF RADIOACTIVITY

You should memorize the information on the Curie in the following table, from which the
others can be derived, because it is so fundamental to understanding the relationship
between counting machine results for radioactive samples and the amount of radioactivity
that is present in them.

Table 1
Units of Radioactivity

Unit Disintegrations per Disintegrations per minute (DPM)
second (DPS)
1 Curie 3.7 x 1010 2.22 x 1012
1 milliCurie 3.7 x 107 2.22 x 10°
1 3.7 x 104 2.22 x 10°
microCurie

1 DPS = 1 Becquerel

The actual calculation of the relationship between units of radioactivity (Curie or
subdivision thereof, or Becquerel or multiple thereof) and radiation exposure or dose
(Roentgen, rad, or Gray) is beyond the scope of the examination, but you should know
that the relationship depends on the following factors:

1. Types and energies of radiation(s) emitted by the radioisotope in question and the
percentage of disintegrations which result in each such emission;

2. The distance between the radioactive source and the point of measurement (1/r?
dependence, known as "inverse square law").

3. The attenuation provided by any shielding between the source and the point of
measurement;

4. The exposure or dose produced by a given quantity of each radiation discussed in
item 1, above.

MODES OF RADIOACTIVE DECAY
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Alpha Decay (a): Alpha particles have relatively large mass and charge equal to those
of helium nuclei (2 protons + 2 neutrons). All alpha particles travel at approximately the
same speed (1/20th the speed of light) and can only travel a few centimeters in air. Alpha
particles are usually emitted during the decay of the heavier elements (Z > 83). However,
some atoms with an atomic number of less than 82 also can emit alpha particles. During
alpha decay a nucleus emitting an alpha particle decays to a daughter element, reduced
in atomic number (Z) by 2 and reduced in mass number (A) by 4.

Alpha decay can also produce gamma rays and x-rays depending upon the specific
nuclear attributes of the atom, such as mass, ratio of protons to neutrons and the amount
of energy present. The two principal modes of interaction of alpha radiation are excitation
and ionization.

Beta Decay (b): A nuclide that has an excess number of neutrons (i.e., the neutron to

proton ratio is high) will usually decay by beta emission. The intranuclear effect would be

the changing of a neutron into a proton, thereby decreasing the neutron to proton ratio,

resulting in the emission of a beta particle. Beta particles are negatively charged particles

that have the same mass and charge of an electron and can therefore be considered high

speed electrons. Beta particle velocity is dependent upon the circumstances in which it

was created. Because of the negative charge of the beta particle, beta emission is often
referred -monaso idmit asi on (t he panegatran). Betabei ng
particles originate in the nucleus, in contrast to ordinary electrons which exist in orbits

around the nucleus. The symbol b is used to designate beta particles.

In beta-minus emitters, the nucleus of the parent gives off a negatively charged particle,
resulting in a daughter more positive by one unit of charge. Because a neutron has been
replaced by a proton, the atomic number increases by one, but the mass number is
unchanged. There is also the emission of an antineutrino, symbolized by the Greek letter
nu with a bar above it ( n ).

Beta particles are emitted with kinetic energies ranging up to the maximum value of the
decay energy, Emax. The average energy of beta patrticles is about § Emax. They are able

to travel several hundred times the distance of alpha particles in air (up to 10 ft or more)
and require a few millimeters of aluminum to stop them. Beta decay can also cause
gamma and X-ray radiation to be emitted as an excited nucleus decays to the ground
state and as electron orbitals are rearranged.

Positron Decay: A nuclide that has a low neutron to proton ratio (too many protons)
will tend to decay by positron emission. A positron is often mistakenly thought of as a
positive electron. Actually, a positron is the anti-particle of an electron. This means that
it has the opposite charge (+1) of an electron (or beta particle). Thus, the positron is a
positively charged, high-speed particle which originates in the nucleus. Because of its
positive charge and a rest mass equal to that of a beta particle, a positron is sometimes
referred -plousadé. ADlp'désased tmdesignate positrons.

Rad Safety Training Manual, R4 (October, 2016) 3



With positron emitters, the parent nucleus changes a proton into a neutron and gives off
a positively charged particle. This results in a daughter nucleus less positive by one unit
of charge. Because a proton has been replaced by a neutron, the atomic number
decreases by one and the mass number remains unchanged.

Electron Capture: For radionuclides having a low neutron to proton ratio, another
mode of decay can occur known as orbital electron capture (EC). In this radioactive
decay process, the nucleus captures an electron from an orbital shell of the atom,
usually the K shell, since the electrons in that shell are closest to the nucleus. The
nucleus might conceivably capture an L shell electron, but K shell electron capture is
much more probable. The mode of decay is frequently referred to a K-capture.

The electron combines with a proton to form a neutron, followed by emission of a neutrino.
Electrons from higher energy shell levels immediately move in to fill the vacancies in the
inner, lower-energy shells. The excess energy emitted in these moves results in a
cascade of characteristic X-ray photons.

Either positron emission or electron capture can be expected in nuclides with a low
neutron to proton ratio. The intranuclear effect of either mode of decay would be to change
a proton into a neutron, thus increasing the neutron to proton ratio.

Gamma Emission: Gamma emission is another type of radioactive decay. Nuclear
decay reactions ( b+, b-, Electron Capture) resulting in a transmutation generally leave
the resultant nucleus in an excited state. Nuclei, thus excited, may reach an unexcited
or ground state by emission of a gamma ray.

Gamma rays are a type of electromagnetic radiation similar to visible light, radio waves
and microwaves but are capable of ionizing matter. They behave as small bundles or
packets of energy, called photons, and travel at the speed of light. Gamma rays have no
mass or charge and can travel thousands of feet in air at the speed of light. The symbol
g is used to designate gamma radiation. For all intents and purposes, gamma radiation
is the same as X-rays. Gamma rays are usually of higher energy (MeV), whereas X-rays
are usually in the keV range. The basic difference between gamma rays and X-rays is
their origin; gamma rays are emitted from the nucleus of unstable atoms, while X-rays
originate in the electron shells. X-rays can be produced by machines and in such cases,
the X-rays can be of any energy and travel hundreds of meters in air. The basic difference
between gamma rays and visible light is their frequency.
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EFFECTS OF IONIZING RADIATION ON MATTER

All radiation possesses energy either inherently (electromagnetic radiation) or as kinetic
energy of motion (particulate radiations). Absorption of radiation is the process of
transferring this energy to atoms of the medium through which the radiation is passing.
To say that radiation interacts with matter is to say that it is either scattered or absorbed.
The mechanisms of the absorption of radiation are of fundamental interest in the field of
radiological health primarily for the following reasons:

1. Absorption in body tissues may result in physiological injury.
2. Absorption is the principle upon which detection is based.

The degree of absorption or type of interaction is a primary factor in determining shielding
requirements.

The transfer of energy from the emitted particle or photon to atoms of the absorbing
material may occur by several mechanisms but, of the radiations commonly encountered,
the following three are the most important:

lonization

lonization is any process that results in the removal of an electron (negative charge) from
an electrically neutral atom or molecule by adding enough energy to the electron to
overcome its binding energy. This leaves the atom or molecule with a net positive charge.
The result is the creation of an ion pair made up of the negative electron and the positive
atom or molecule. A molecule may remain intact or break-up, depending on whether an
electron that is crucial to molecular bonds is affected by the event. Figure 2 below
schematically shows an ionizing particle freeing an L shell electron.

lonizing particle

o)
®

/ Negative ion
/
/
(@)
Positive lon \ S )
©

O~

Figure 2 - lonization

Excitation
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Electron excitation is any process that adds enough energy to an electron of an atom or
molecule so that it occupies a higher energy state (lower binding energy) than its lowest
bound energy state (ground state). The electron remains bound to the atom or molecule,
but depending on its role in the bonds of the molecule, molecular break-up may occur.
No ions are produced and the atom remains electrically neutral. Figure 3 below
schematically shows an alpha particle (2 protons and 2 neutrons) exciting an electron
from the K shell to the L shell because of the attractive electric force (assuming there was
a vacant position available in the L shell).

Figure 3 - Excitation

Nuclear excitation is any process that adds energy to a nucleon in the nucleus of an atom
so that it occupies a higher energy state (lower binding energy). The nucleus continues
to have the same number of nucleons and can continue in its same chemical
environment.

Bremsstrahlung

Bremsstrahlung (see Figure 4 below) results from the interaction of a high speed particle
(negative charge) with the nucleus of an atom (positive charge) via the electric force field.
The attractive force slows down the electron, deflecting it from its original path. The kinetic
energy that the particle loses is emitted as a photon (called an x-ray because it is created
outside the nucleus). Bremsstrahlung has been referred to variously as "braking
radiation”, "white radiation”, and "general radiation". Bremsstrahlung production is
enhanced for high Z materials (larger coulomb forces) and high energy electrons (more
interactions before all energy is lost).

Ordinarily, the atoms in a material are electrically neutral, i.e., they have exactly as many
negative electrons in orbits as there are positive protons in the nucleus. Thus, the
difference, or net electrical charge, is zero. Radiations have the ability to either free one
or more of the electrons from their bound orbits (ionization) or raise the orbital electrons
to a higher energy level (excitation). After ionization, an atom with an excess of positive
charge and a free electron are created. After excitation, the excited atom will eventually
lose its excess energy when an electron in a higher energy shell falls into the lower energy
vacancy created in the excitation process. When this occurs, the excess energy is
liberated as a photon of electromagnetic radiation (x-ray) which may escape from the
material but usually undergoes other absorptive processes locally.
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Nuclei also have various possible energy states of the nucleons above the ground or
lowest bound energy state. The nucleus can be excited but nuclear excitation occurs only
for neutrons or other radiations of relatively high energies. Following nuclear excitation
analogous to atomic electron excitation above, the nucleus will eventually return to the
ground state and release the excess energy in photons of electromagnetic radiation
(gamma rays).

Beta Particle

—— PR

Figure 4 - Bremsstrahlung

Linear Energy Transfer

Another measure of energy deposited in an absorber by a charged patrticle is the Linear
Energy Transfer (LET). The LET is the average energy locally deposited in an absorber
resulting from a charged particle per unit distance of travel (MeV/cm). The LET is
therefore a measure of the local concentration of energy per path length resulting from
ionization effects. Biological damage from radiation results from ionization; therefore, the

LET is used for calculating quality factors i

Alpha Absorption

As alpha particles travel through matter the strong positive charge attracts electrons and
pulls them out of the atomic orbits in other atoms. When an alpha particle causes an
electron to be pulled from its orbit the atom is said to be ionized. However, the alpha
particle travels at a speed that does not allow the electrons to become attached to the
alpha particle. Because of the double positive charge and the large mass, alpha particles
produce a large number of ion pairs per unit of distance traveled. In air, an alpha particle
may produce 1,000 ion pairs per millimeter traveled. When an alpha particle interacts with
ot her particles to produce fionization
pulled free may attach to the alpha particle, thus forming a helium atom that is no longer
capable of causing ionization.

Alpha particles typically expend all their energy creating ion pairs after traveling only a
few centimeters in air and much shorter distances in dense matter, such as human tissue.
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Thus they are said to have high Linear Energy Transfer rates (LET). A thin sheet of paper

or the dead outer | ayer sodphapartclesbTherefodesalpsak i n  wi
radiation is only dangerous when it is internalized in the body through inhalation or

ingestion or contamination of open wounds.

Beta Absorption

The rest mass of a beta particle is the same as that of an orbital electron. Its mass is very
much smaller than the mass of the nuclei of the atoms making up the absorbing medium.
Since negatively charged beta particles and orbital electrons have like charges, they
experience an electrostatic repulsion when in the vicinity of one another.

Because the rest masses are equal, the interaction between these two electrons is
somewhat similar to the collisions between billiard balls. Therefore, a beta particle
may lose all of its energy in a single collision. In such an interaction, the target
electron acquires such high kinetic energy it effectively becomes an ionizing particle
similar to the incoming electron.

Normally, however, a beta particle loses its energy in a large number of ion-ization and
excitation events in a manner analogous to the alpha particle. Due to the smaller size and
charge of the electron, however, there is a lower probability of beta radiation interacting
in a given medium; consequently, the range of a beta particle is considerably greater than
an alpha of comparable energy.

A beta particle has a charge opposite to that of the atomic nucleus; therefore, an
electrostatic attraction will be experienced as the beta approaches the nucleus. Since the
mass of an electron is small compared with that of a nucleus; large deflections of the beta
can occur in such collisions particularly when electrons of low energies are scattered by
high atomic number elements (high positive charge on the nucleus). As a result, a beta
usually travels a tortuous, winding path in an absorbing medium.

Like an alpha particle, a beta particle may transfer energy through ionization and
excitation. In addition, a beta may have a Bremsstrahlung interaction with an atom that
results in the production of x-rays. Figure 4 below schematically shows a Bremsstrahlung
interaction. In this case, a high energy beta penetrates the electron cloud surrounding the
nucleus of the atom, and experiences the strong electrostatic attractive force of the
positively charged nucleus. This results in a change in velocity/kinetic energy of the
particle and the emission of a Bremsstrahlung x-ray.

The energy of the x-ray emitted depends on how much deflection of the beta particle
occurred, which in turn, depends on how close the electron came to the nucleus.
Therefore, a spectrum of different energy x-rays are observed from the many different
Bremsstrahlung encounters an electron will have before it loses all of its energy. Because
it is much less likely for a close encounter with the nucleus than a distant encounter, there
are lower energy x-rays than high energy x-rays (maximum energy is the energy of the
beta particle). Bremsstrahlung becomes an increasingly important mechanism of energy
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loss as the initial energy of the beta increases, and the atomic number of the absorbing
medium increases.

Beta particles resulting from radioactive decay may be emitted with an energy varying
from practically zero up to a maximum energy. Each beta particle will have a range in an
absorber based on its energy. After entering a medium, there will be beta particles with
different energies. Therefore, determining the number of betas found at a given depth in
an absorber and the number of x-rays produced is complex and a function of the energy
distribution of the betas.

Gamma Absorption

X- and gamma rays differ only in their origin, and an individual x-ray could not be
distinguished from an individual gamma ray. Both are electromagnetic waves, and differ
from radio waves and visible light waves only in having much shorter wavelengths. The
difference in name is used to indicate a different source: gamma rays are of nuclear
origin, while x-rays are of extra-nuclear origin (i.e., they originate in the electron cloud
surrounding the nucleus). Both x-rays and gamma rays have zero rest mass, no net
electrical charge, and travel with the speed of light. They are basically only distortions in
the electromagnetic field of space, and can be viewed as packets of energy (quanta) that
interact with atoms to produce ionization even though they themselves possess no net
electrical charge. Photons, when they strike an absorber, can be completely absorbed
and impart energy to the absorber or can scatter in a different direction with reduced
energy and impart the remaining energy to the absorber that is struck.

Gamma Interaction with Matter
There are three major mechanisms by which gamma rays lose energy by inter-acting
with matter.

The Photoelectric Effect:
The photoelectric effect is an
all-or-none energy loss. The Gamma Photon

gamma ray, or photon, RIS SNV

imparts all of its energy to an \

orbital electron of some , /‘/ \
. /

Photoelectron
. ®

atom. The gamma photon,
since it consisted only of
energy in the first place,
simply vanishes.

Figure 5 schematically shows
a photoelectric interaction.
The energy is imparted to the
orbital electron in the form of
kinetic energy of motion, over-
coming the attractive force of
the nucleus for the electron

Figure 5: Photoelectric Interaction
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(the binding energy) and usually causing the electron to fly from its orbit with considerable
velocity. Thus, an ion-pair results.

The high velocity electron, which is called a photoelectron, is a directly ionizing particle
and typically has sufficient energy to knock other electrons from the orbits of other atoms,
and it goes on its way producing secondary ion-pairs until all of its energy is expended.
The probability of photoelectric effect is maximum when the energy of the photon
(gamma) is equal to the binding energy of the electron. The tighter an electron is bound
to the nucleus, the higher the probability of photoelectric effect, so most photoelectrons
are inner-shell electrons. The photoelectric effect is seen primarily as an effect of low
energy photons with energies near the electron binding energies of high Z materials
whose inner-shell electrons have high binding energies.

Compton Scattering: In Compton scattering there is a partial energy loss for the
incoming gamma ray. The gamma ray interacts with an orbital electron of some
atom and only part of the energy is transferred to the electron. Figure 6
schematically shows a Compton interaction also called Compton scattering.

Photoelectron The gamma ray continues on with
° less energy and in a different
Gamma Photon direction to conserve momentum
(200 KeV <E <5 MeV) . .. . .

PR B At A S N in the collision. The high velocity
electron now referred to as a
R;J;;, energy COMptoN e!ecyron., prpduces
Photon secondary ionization in the same
, \ manner as does the photoelectron
1 / o | \ and the "scattered" -gamma ray
‘ ] | continues on until it loses more
/ energy in another gamma ray

\ \ // /‘ interaction. By this mechanism of
\ \\ / interaction, photons in a beam
AN S may be randomized in direction
S and energy, so that scattered
— radiation may appear around
Figure 6: Compton Scattering corners and behind "shadow" type

shields. The probability of a
Compton interaction increases for loosely bound electrons. Therefore, most Compton
electrons are valence electrons. Compton scattering is primarily seen as an effect of
medium energy photons.

Pair Production: Pair production occurs when all of energy of the photon is
converted to mass. This conversion of energy to mass only occurs in the presence
of a strong electric field, which can be viewed as a catalyst. Such strong electric
fields are found near the nucleus of atoms and are stronger for high Z materials.
Figure 7 below schematically shows pair production and the fate of the positron
when it combines with an electron (its anti-particle) at the end of its path.
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In pair production, a gamma photon simply disappears in the vicinity of a nucleus, and in
its place appears a pair of electrons: one negatively and one positively charged
(antiparticles also called electron and positron respectively). The mass of these electrons
has been created from the pure energy of the photon, according to the familiar Einstein
equation E = mc?, where (E) is energy in joules, (m) is mass in kilograms, and (c) is the
velocity of light in m/sec. Pair production is impossible unless the gamma ray
possesses greater than 1.022 MeV of energy to make up the rest mass of the
particles. Practically speaking, it does not become important until 2 MeV or more of
energy is possessed by the incident photon.

Any excess energy in the

photon above the 1.022 MeV

required to create the two

electron masses, is simply

P shared between the two

" electrons as kinetic energy of

motion, and they fly out of the

atom with great velocity. The

probability of pair production

_ is lower than photoelectric
~ Positron . .

0. and Compton interactions

f because the photon must be

Gamma Photon |
\f\f\/\/\/\/\_/\/\‘\\/\/\
\

))0 close to the nucleus. The
0.511 MeV Photon probability increases for high
I5 Z materials and high energies.

Figure 7: Pair Production _
The negative electron

behaves in exactly the ordinary way, producing secondary ion pairs until it loses all of its
energy of motion. The positive electron (known as a positron) also produces secondary
ionization as long as it is in motion, but when it has lost its energy and slowed almost to
a stop, it encounters a free (negative) electron somewhere in the material. The two are
attracted by their opposite charges, and upon contact, because they are antiparticles,
they annihilate each other, converting the mass of each back into pure energy. Thus, two
gammas of 0.511 MeV each arise at the site of the annihilation (accounting for the rest
mass of the particles). The ultimate fate of the "annihilation gammas" is either
photoelectric absorption or Compton scattering followed by photoelectric absorption.

NATURAL AND MAN-MADE SOURCES OF RADIATION

Sources of Radiation

Apart from the amount of radiation a worker may receive while performing work, they will
also be exposed to radiation because of the very nature of our environment. All individuals
are subject to some irradiation even though they may not work with radioactive
substances. This natural source of exposure is often referred to as background radiation.
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Studies of the nature and origin of this source of exposure to man has revealed three
main components: 1) external radiation (which includes the radioactivity of the earth's
surface, air and water), 2) internal radiation, and 3) radioactivity from radon gas.
Man-made sources can influence the contribution from some of these sources. The
amount which each of these factors contributes varies with the locale.

NATURAL BACKGROUND RADIATION SOURCES

External Sources of Radiation

Cosmic Radiation: Much work has been carried out in the study of cosmic radiation.
This factor in background levels was discovered during attempts to reduce background.
Experiments showed that radiation was really coming from outer space. The name
cosmic rays are given to this high energy radiation.

Taking into account the dose variation with altitude and the population distribution with
altitude, the average yearly dose equivalent rate to the U.S. population from cosmic
radiation is estimated to be 33 mrem (330 uSv). This dose equivalent rate is affected
slightly with latitude and altitude. For example, in mile high Denver, Colorado, the yearly
dose is about 50 mrem (500 uSv).

Terrestrial Radiation: The presence of certain small amounts of radioactivity in the soll
adds to the background levels to which man is exposed. The amount of radioactive
materials found in soil and rocks varies widely with the locale. The main contribution to
the background (external dose) is the gamma ray dose from radioactive elements,
chiefly of the uranium and thorium series, and lesser amounts from radioactive K-40
and Rb-87.

The amount of exposure one is subjected to depends upon the concentration in the soil
and the type of soil. In the U.S., three broad areas have been found. These are: the
coastal region along the Atlantic Ocean and the Gulf of Mexico, the Colorado Plateau
region, and the remainder of the country. The yearly whole body dose equivalent rates in
these areas range from 15-35 mrem, 75-140 mrem, and 35-75 mrem, respectively. When
absorbed dose rate measurements are weighted by population, and averaged over the
entire U.S., the yearly average from soil is estimated at 21 mrem (210 uSv).

Internal Sources of Radiation

Since small amounts of radioactive substances are found throughout the world in soil
and water, some of this activity is transferred to man by way of the food chain cycle.
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In the human body, K-40 is the most abundant isotope. Rb-87, Ra-226, U-238; Po-210
and C-14 are also found in the body. The amount in food varies greatly, so that intake is
guite dependent on diet. However, variations in diet seem to have little effect on the body
content. The U.S. annual average dose equivalent for all internal emitters (food chain) in
the body is 39 mrem (390 uSv).

Radon as a source of Radioactivity

The background that is found in air is due mainly to the presence of radon and thoron
gas, formed as daughter products of elements of the uranium and thorium series. The
decay of U-238 proceeds to Ra-226. When Ra-226 emits an alpha as it decays, the gas
Rn-222 is formed, which is called radon. In the thorium chain, the decay of Ra-224 results
in the gaseous product Rn-220, which is called thoron.

The major source of exposure from radon in air occurs when the daughter products attach
themselves to aerosols and are inhaled. This leads to an internal dose to the lungs. As
for external exposure, the external gamma dose rate from Rn-222 and Rn-220 is
estimated to be less than 5 % of the total external terrestrial dose rate. The contribution
of inhaled radon gas to the annual average effective dose equivalent is included as an
inhaled radionuclide.

The U.S. annual average dose equivalent for various inhaled radionuclides (primarily
radon) is estimated at 230 mrem (2.3 mSv).

MAN-MADE RADIATION SOURCES

Nuclear Fallout

The t er mhaB bean apptied todaebris that settles to the earth as the result of a
nuclear blast. This debris is radioactive and thus a source of potential radiation exposure
to man. Radioactive fallout is not considered naturally occurring but is definitely a
contributor to background radiation sources.

k3

Medical Exposures

The exposure to the U.S. population from X-rays used in medical and dental procedures
is the largest source of man-made radiation. It is estimated that more than 300,000 X-ray
units are in use in the U.S., and that about 2/3 of the U.S. population is exposed.
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Computed tomography (CT) improvements have resulted in increased use, resulting in
an increased contribution of total dose from medical procedures. In addition to the
exposure from X-rays and CT scans, nuclear medicine programs use
radiopharmaceuticals for diagnostic purposes. Some radionuclides are used to treat
cancer. It has been estimated that more than 10 million doses are administered each
year. Many isotopes are also used in biomedical and other types of research. Computed
tomography (CT) scans contribute the largest dose 147 mrem (1.47 mSv) of all the
medical exposures. The average annual effective dose equivalent in the U.S. for
diagnostic X-rays and nuclear medicine are 33 mrem (330 uSv) and 77 mrem (770 uSv),
respectively. This gives a combined average annual effective dose equivalent from all
sources of medical exposures of 300 mrem (3.0 uSv).

Consumer Products

There are a number of consumer products and miscellaneous sources of radiation
exposure to the U.S. population found in consumer products. Items such as television
sets, luminous-dial watches, smoke detectors, static eliminators, tobacco products,
airport luggage inspection systems, building materials and many other sources have been
studied. The estimated annual average whole body dose equivalent to the U.S. population
from consumer products is approximately 13 mrem (130 uSv). The major portion of this
exposure (approximately 70%) is due to radioactivity in building materials.

Nuclear Facilities

Sources of radiation from nuclear reactors consist of neutrons, gamma rays and possible
exposures from contamination or environmental releases. The NRC has been tasked by
the federal government to calculate doses for populations living within 50 miles of a
nuclear facility. Three radionuclides released during routine operations, which contribute
to the population dose, are H-3, C-14, and Kr-85. Current estimates of the yearly average
dose equivalent in the U.S. from environmental releases are < 1 mrem (10 uSv).

Occupational Exposure to Radiation

Radiation levels above natural background radiation exposure levels that are caused by
exposure to radioactive materials and sources encountered on the job are called
occupational exposure.

Summary

As shown below the average person receives an annual radiation dose of about 620
mrem (6.2 mSv). By age 20, the average person will accumulate over 12 rems (120
mSv) of dose. By age 50, the total dose is up to 31 rems (310 mSv). After 70 years of
exposure this dose is up to 43 rems (430 mSv).

Effective Dose per individual in the US Population (2006 i adapted from NCRP
Table 1.1)
Exposure Category Effective dose/individual (US population)
Ubiquitous background 311 mrem (3.11 mSv)

Internal, inhalation (radon & thoron) | 228 mrem (2.28 mSv)

External, space 33 mrem (0.33 mSv)
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Internal, ingestion

29 mrem (0.29 mSv)

External, terrestrial

21 mrem (0.21 mSv)

Medical

300 mrem (3.0 mSv)

CT

147 mrem (1.47 mSv)

Nuclear Medicine

77 mrem (0.77 mSv)

Interventional fluoroscopy

43 mrem (0.43 mSv)

Conventional radiography &
fluoroscopy

33 mrem (0.33 mSv)

Consumer products

13 mrem (0.13 mSv)

All others

0.8 mrem (0.008 mSv)

Occupational exposures (all industries)

0.5 mrem (0.005 mSv)

Total (rounded up)

620 mrem (6.2 mSv)

EXTERNAL AND INTERNAL EXPOSURE TO RADIATION

Most authorized activities using radionuclides involve little, if any, exposure if proper
radiological hygiene techniques are followed. It is the current scientific consensus that a
rem of radiation dose has the same biological risk regardless of whether it is from an
external or an internal source. The NRC requires that dose from external exposure and
dose from internal exposure be added together, if each exceeds 10% of the annual limit,
and that the total be within occupational limits. The sum of external and internal dose is
called the total effective dose equivalent (TEDE) and is expressed in units of rems (Sv).

External Exposure

When most people think of radiation exposure, they are considering exposure to a source
of radiation located outside the body. The radiations of concern with regard to external
radiation exposure from radioactive materials are gamma and beta.

Gamma radiations, being photons (electromagnetic waves), are sparsely-ionizing and
much more penetrating than the particle radiations (alpha, beta). An external source of
radioactive material that emits gamma rays can deliver a dose to all the tissues of the
body, including the gonads and all of the blood and blood-forming organs, as well as to a
fetus in utero.

Beta radiations are much less penetrating than gammas. The most energetic beta
emitters (e.g., P-32, Sr-90/Y-90) as external sources can deliver a substantial beta dose
to the first few millimeters of skin and underlying tissues, as well as the lens of the eye.
Usually there is NO dose to the gonads, nor to the preponderance of the blood and blood-
forming organs, nor to a fetus in utero. Moderately energetic beta emitters, such as ClI-
36, and Ca-45, can deliver a beta dose to exposed skin at close ranges of a few feet or
less. The soft beta emitters, such as C-14 and S-35, can deliver a dose to the exposed
epidermis at very close ranges (on the order of inches). However, they are so easily
attenuated by any container in which the radioactive material might be present that they
mu st usually be deposited directly on t
significant dose. The betas of H-3 are so weak that they cannot penetrate the dead outer
layer of the epidermis, and H-3 poses no hazard with regard to external exposure.
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Likewise, because even the most energetic alpha radiations can penetrate only a few cell
layers and are easily absorbed by the dead outer layer of the epidermis, alpha radiations
from the heavy transuranic isotopes of uranium, plutonium, etc., pose no external hazard.

Protection From External Exposure To lonizing Radiation

Protection from external exposure to ionizing radiation involves the use of three basic
methods to reduce the numbers of such radiation that impinge upon our bodies: time,
distance, and shielding.

Time Dose increases linearly with time for constant dose rate

Distance Dose decreases as the inverse of the square of the
distance

Shielding (thickness) Dose decreases as the negative exponential of shielding
thickness

Time: For any situation that involves a constant dose rate, the total integrated dose
increases as a linear function of the time spent in that situation: dose is proportional to
time.

Distance: For an ideal point source of radiation the number of radiations impinging on

a square unit of surface area, aprdportionadtoef or e
1> Thi s iingerseé dyware law. 0 The properties of this | a
necessarily apply to every situation where dose is of concern. Nevertheless, the

inverse square law provides a good general guideline and illustrates the prodigious

value of increased distance in reducing dose rates.
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Shielding: The use of any material to attenuate the radiation in question. In general,
the successive removal of individual radiations from a beam by increasing thicknesses
of absorber is just like the removal of radioactive atoms from a population by decays
occurring over increasing intervals of time. For x and gamma rays, shielding for a given
photon energy is characterized by the shielding thickness required to reduce the photon
fluence by half. This thickness, which is specific to a given photon energy and particular
shielding material,iscal | ed t he #fAhalf value | ayer. o
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Behind shielding
from source - less
radiation received

The best (most effective per unit thickness) shielding material for x rays and

gamma rays is |l ead, or some other fAhigh atomic
uranium. The half value layer of lead for a photon beam of given energy is strongly

dependent on photon energy. For instance, 1-125, a radionuclide whose principal photon

emissions have energies in the range from 0.027 to 0.035 MeV, has a half value layer in

lead that is less than a tenth of a millimeter. On the other hand, Cr-51, whose principal

photon energy is 0.32 MeV, has a half value layer in lead of about 3 mm.

When beta radiations are attenuated in an absorber, they sometimes give rise to an x-ray
through a process c allhleesde Mfbbrreemssssity raabhl launngg. @ o d L
in much greater abundance with increasing beta energy AND with increasing atomic

number of the absorber. They are a significant consideration in designing shielding for

larger quantities (milliCuries or greater) of higher-energy beta emitters such as P-32.

The best shielding materials for high-energy beta emitters are therefore those of
low atomic number, such as wood and plastic.

For beta radiations, the situation is such that half value layers are not used. Rather, a

beta of given energy is considered to have a maximum range in a given shielding material.

This range is usually considered to be well approximated by a value of 0.5 cm per MeV

for fAunit densityo materials (mater)sachas whose
wood and plastic. Thus, for example, P-32, whose maximum beta energy is about 1.7

MeV, requires approximately 8 to 9 mm of plastic to attenuate most of the betas.

Shallow vs. Deep Dose from External Sources

Because most ionizing radiations are significantly attenuated as they pass through
thicknesses of living tissue that are equal to or less than the thickness of the human body,

deeper tissues typically receive substantially less dose than shallower tissues in cases

involving external sources of radiation. (The exception to this is the highest energy

gamma and x radiations, which are not significantly attenuated in such thicknesses of

tissue, and therefore produce an essentially uniform irradiation all the way through the
cross-section of the human body.) For radiation protection purposes, dosimetry systems

such as TLDs report the estimated doses received from external sources at two key
depths, which are commonly specified as "shal

"Shallow dose" is the dose received at a depth of 7 mg/cm? mass thickness, or about 70
micrometers depth in living skin tissue. This depth corresponds to a few cell | ay er s 6
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thickness and is intended to approximate the depth of the basal cells of the epidermis,
which is taken to be the most radiosensitive depth in skin. In this context, the term
"shallow dose" is equivalent to the term "skin dose."

"Deep dose" is specified at a depth of one centimeter, and is used as a conservative
indicator of the (maximum) dose that may be reaching the deeper and more
radiosensitive tissues of the body, including the gonads and the blood forming organs.
Thus, deep dose represents dose to the whole body in the sense of including all of the
deeper tissues and organs, and is often called "whole body dose" in the context of
external exposure to the penetrating photon radiations.

"Eye dose" is sometimes also reported, and is specified at a depth intermediate between
shallow and deep doses, at about 0.3 cm depth, corresponding to the lens of the eye.

For the reasons just given, external exposure to high energy betas is virtually
synonymous with skin dose, whereas whole body dose tends to be the overriding
consideration in controlling external exposure to gamma rays and x rays.

Eye dose, which is intermediate between skin and whole body dose in biological
sensitivity and corresponding dose limits, can also be a serious consideration for either
type of radiation, depending on the details involved.

Internal Exposure

Internal exposure to radiation occurs when radioactive material finds its way into the body
via inhalation, ingestion, entry through a wound, or absorption through the skin. Thus, the
radiations are emitted by atoms that reside within the tissues of the body. The relative
hazard of a radioactive material with respect to internal exposure is called its radiotoxicity.

Alpha radiations are by far the greatest hazard when internal radiation exposure is of
concern. Because alpha particles deposit all of their energy in a very short path through
tissue (microns or tens of microns), an alpha particle delivers all of its energy to a few
cells. Therefore, alphas produce the most damage per atomic disintegration when the
materials emitting them are in intimate contact with the living cells of the body.

Beta radiations are intermediate in hazard as a source of internal radiation exposure.
They are not as densely ionizing as alphas, and their energy is typically deposited in a
larger number of cells than for alphas, but most of the energy from internally emitted betas
is locally deposited - deposited within a few mm of the site of the radioactive atom emitting
the beta.

Gammarays are the least hazardous radiation with respect to internal radiation exposure,

for the same reason that they are so penetrating - they are very sparsely ionizing. Much

of the energy of a gamma emitted from within
altogether. When emitted from within the body, gammas generally create much less

damage per atomic disintegration than alphas and betas.
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Protection From Internal Exposure To lonizing Radiation

Protection from internal exposure to ionizing radiations involves the use of methods to
reduce the numbers of radioactive atoms that can enter the body. For the purposes of
this discussion, protective methods will be categorized according to the routes of entry by
which radioactive materials may enter the body.

Inhalation: The first method that should be considered to minimize inhalation
exposures is to minimize the amount of radioactive material that can become airborne in
the first place. Precautions of this type include:

1 tightly capping or sealing materials that are being reacted, heated, centrifuged,
sonicated, homogenized, etc.,

1 opening sealed vessels carefully with a cotton pledge or other absorbing material
over the opening,

9 for vessels of stock radioiodine solutions, venting the air inside the vial through a
charcoal-filled syringe to entrap the volatile radioiodine, and

1 careful planning to avoid spills, especially those involving explosion or implosion
of reaction vessels, trapping flasks, etc.

A second method to avoid inhalation is to use a stream of air to entrain and evacuate any
materials that are released, with the airstream being carried to a location outside the
building and ejected forcefully away from the building at a location as far as possible from
normal occupancy, in a way that causes it to be rapidly diluted into the atmosphere. This
is called Al ocal e x h aewfscontrol reeasure that is dalediréferradn d i s

toasanfiengi neer i ngFucedcaods avela.pome example of local exhaust
ventilation.

A third method of minimizing inhalation exposure is for the potentially exposed individual
to wear some form of personal respiratory protection, such as a respirator. This method
is generally not used in laboratory settings, for the reasons discussed in section 3.4.3.4.4
of the Radiation Safety Manual.

Ingestion: Inexperienced persons may be unaware that ingestion of radioactive
materials is a very real hazard in the laboratory.

1 Radioactive solutions must never be pipetted by mouth; mechanical pipetting
devices must always be used.

1 Food and beverages must never be stored or consumed in areas where
radioactive materials are used or stored. This includes walk-in freezers and cold
rooms.
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1 Persons using radioactive materials must wear gloves and should always survey
their hands and lab coats before leaving the area for breaks, lunch, or to go to
other non-radioactive-materials areas. Failure to do so may result in the transfer
of radioactive materials from the hands to beverages and foodstuffs, and a
general spread of contamination.

Skin Absorption: Percutaneous absorption (absorption across intact skin) is a hazard
that varies significantly with the chemical form of the radioactive material involved.
Soluble forms such as radioiodine in the form of sodium iodide solution are notoriously
hazardous in this way.

1 Gloves, lab coats, and eye protection are absolutely required when
handling radioactive materials.

1 Self-surveys after each use of radioactive materials are very important, any
suspected self-contamination must be reported immediately to Environmental
Health and Safety at x4-0345.

1 Proper marking and regular surveys of laboratory surfaces are important tools in
avoiding skin contamination.

Entry Via Wounds: A very important precaution in medical and biomedical research

settings is to refrain from recapping syringe needles used with radioactive materials, for

the same reason as in biosafety practice-t o avoi d puncture wounds (i
which may lead to self-injectionofallorpar t of the syringed6s conter

UNITS OF RADIATION DOSE AND DOSE EQUIVALENT

Radiation Dosimetry Terminology

During the early days of radiological experience there was no precise unit of radiation
dose that was suitable either for radiation protection or for radiation therapy. Exposure
and dose have inherent differences depending on the type and energy of radiation
emitted. With research and time, it became necessary to distinguish between radiation
exposure and absorbed dose.

Exposure (X)

Exposure is a measure of the ability of photons (X and gamma) to produce ionization in
air. It is applicable only to the measure of x-ray or gamma radiation measured in dry air
and is not a measure of damage to body tissues. Traditionally, the unit of exposure is the
roentgen (R). There is no Sl unit defined for exposure.

Absorbed Dose (D)

Units of dose measure the amount of radiation energy absorbed or deposited per unit of
mass. The "energy deposited” by radiation is an expression for the "amount of
ionization caused" and both expressions mean the same thing. The rad unit is useful as
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an indication of how much immediate damage radiation causes in a material such as
body tissue: (1 rad = 100 ergs per gram); the Sl unit is the Gray (Gy).

(1 Gy =100 rad)

The Rad

The old unit of absorbed dose is the rad, which is an acronym for Radiation Absorbed
Dose. The unit rad can be applied to all types of radiation and is defined as the
deposition by any radiation of 0.01 joules of energy in one kilogram of any material.

The Gray (Gy) is the Sl derived unit of absorbed dose, equivalent to the deposition of
one joule of energy per kilogram (1 J/kg).

Although the rad and gray are measures of ionization produced, they do not give any
information about the biological effects of the radiation that is absorbed. It is meaningful
to emphasize that the energy deposited by the radiation (as a result of the ionization) is
the quantity that is actually measured in rad units. Thus, the amount of ionization
produced in the detector of a radiation detection instrument can be related to the energy
absorbed and expressed by the instrument meter in the unit rad or rad/hr.

Quality Factor

A quality factor is used to relate the absorbed dose of various types of radiation to the
biological damage caused to the exposed tissue. A quality factor is necessary to relate
the effects of radiation because the same amounts absorbed of different kinds of radiation
cause different degrees of damage. The quality factor converts the absorbed dose to a
unit of dose equivalence to a common scale that can be added with, and compared to,
damage caused by any kind of radiation. The quality factor is a conversion factor used
to derive the dose equivalent from the absorbed dose, expressed as:

H=DQ
Where: H = dose equivalent
D = absorbed dose
Q = quality factor
Table 3
Quality Factors
RADIATION TYPE QF
X-rays, Gamma rays, Beta particles 1
Alpha particles 20

Individual organs and tissues in the human body have different sensitivities to radiation.
The table below shows the fractional contribution of each organ or tissue used to
determine the total risk equivalent to whole body irradiation. The specific organs and
tissues shown below here have a relatively high sensitivity to radiation and present an
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increased risk of developing cancer as compared to other less sensitive organs and
tissues in the body such as skin, muscle and the brain.

ORGAN OR TISSUE WEIGHTING FACTOR
Gonads 0.25
Breasts 0.15
Red bone marrow 0.12
Lungs 0.12
Thyroid 0.03
Bone surfaces 0.03
Remainder 0.30
TOTAL (Whole body) 1.00

The EDE represents the same risk expected from radiation to the whole body. Using the
weighting factor from the chart above one can determine the relative risk from a 1REM
dose as in the following example:

What is the risk of fatal cancer from a 1 REM (dose equivalent) to the gonads?

EDE = Dose (Rem) X Weighting Factor
=1Rem X 0.25
=0.25 Rem or 250 mRem EDE

That is to say, risk of fatal cancer from 1 Rem dose to the gonads = Risk of fatal
cancer from 0.25 Rem dose to the whole body.

CHARACTERISTICS AND PROPERTIES OF RADIONUCLIDES COMMONLY USED
IN BIOMEDICAL RESEARCH

Radiation workers in a biomedical research setting should be aware of properties
among the typical isotopes used at this institution. Radiation workers should consider
the following:

1. You should look at the table of usage limits requiring bioassay, given in section
3.4.3.4 of the Radiation Safety Manual, to develop a sense of the comparative
radiotoxicities of the listed radionuclides, where the comparative radiotoxicity of a
given radionuclide is inversely proportional to its limit (lower limits for more
radiotoxic nuclides).

2. You should understand the following material concerning the physical and
chemical forms of radioactive material used in biomedical research.

a. Almost all radioactive materials are purchased as liquid solutions of radio-
labeled materials. There are a few radiolabeled materials that are
themselves liquids (e.g., tritiated water) and they are a special concern
because they can evaporate and produce radioactive vapors. Radioactive
gases, such as radionuclides of the noble gases krypton and xenon, are
rarely used at this institution, but they give rise to special exposure
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concerns. EHS should always be contacted prior to initiating any work with
radioactive gases.

b. Most radiolabeled materials used in biomedical research are natural or
synthetic organic compounds in which a stable atom of H, C, P, or S has
been replaced by a radioactive atom of the same element.

c. Inall of the above types of applications, we refer to the radioactive materials
as "loose" or i u n s e aformg When we use radioactive materials in
unsealed form, we are using the radiations they emit to find out what is
happening chemically and physically to the radiolabeled material (cells,
proteins, etc).

d. A Se al souwods contain the radioactive material throughout its use to
produce radiations that are used for so
sources are used in situ to produce a specific type of radiation, typically
gamma. Sealed sources can serve as fche
counters, liquid scintillation counters and other survey equipment. Sealed
sources are nearly indestructible and for someone to contact the radioactive
materials enclosed within requires destruction or damage to the integrity of
the source container.

3. You should definitely know the following information about these 5
radionuclides that are commonly used in biomedical research:

H-3: you should knowthatH-3 i s a very | ow energy (fAsoft o)
radiotoxicity, but is also very difficult to detect: it will not be seen at all by any Geiger-

Mueller (GM) detector, and the only way that it can usually be detected is to prepare a

sample presumably containing the H-3 that can be counted by liquid scintillation.

C-14 and S-35: you should know that theseare | ow energy (fisofto) be
to moderate radiotoxicity, and that they can be seen with a GM detector if it has a thin
window.

P-32: you should know that P-32 is a high-energy beta emitter that needs to be carefully
shielded with low atomic number materials, and that it is very radiotoxic if ingested
because it tends to lodge in bone and irradiate the bone marrow. High-energy beta
emitters are of concern also to the skin and eyes if appropriate precautions are not taken
as they can penetrate several millimeters depth in tissue.

1-125: you should know that 1-125 is a low-energy gamma and x-ray emitter that is very
easy to shield with thin lead, but is extremely radiotoxic because it tends to lodge in the
thyroid with great concentration and tenacity if somehow internalized in the body. You
should also know that it is very difficult to detect with a GM, for the same reasons as Cr-
51, and is similarly much more easily detected with a proper scintillation detector. Finally,
you should know that the unbound forms in which the radioactive iodine atom is not
covalently bound to a non-volatile macromolecule are extremely hazardous with respect
to inhalation and skin absorption.
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PERSONAL PROTECTIVE EQUIPMENT

All workers handling radioactive materials must wear appropriate PPE to include as a
minimum lab coats, gloves, protective eyewear, long pants and closed toed shoes.
These minimum requirements help protect you from contamination while working with
RAM.

Gloves: The selection of proper gloves is an important aspect of protecting oneself
when working with hazardous materials. Gloves should always be worn when working
with radioisotopes. Consult EHS for information on appropriate protective fabrics when
chemicals are being used in an experiment.

Respirators: Respirators, regardless of type, are almost never specified by the CIR,
for two compelling reasons:

1 engineering controls such as the ventilation controls described in the Radiation
Safety Manual are generally considered preferable to respirators by safety
professionals and standards-setting organizations, due to their lesser degree of
relianceonani ndi vi du al formancekaedrothes vapable factors that
affect the efficacy of respirators. Current Colorado regulations specifically require
engineering controls such as fume hoods to be used whenever feasible, and

1 laboratories where radioactive materials are used are generally NOT classifiable
as isolated and strictly controll etad Arestr
selected, specially trained individuals wearing respiratory protection.

Individuals who chose to wear some form of individual respiratory protection for personal
reasons must be aware that respirators require careful selection and maintenance, and
usually require individual fit-testing to be effective. Respirators require medical
gualification of the individual wearer because of the cardiopulmonary stresses of
breathing through the respirator. Individual choices to use a respirator must never be
relied upon to provide protection in a situation that would otherwise be deemed unsafe or
inconsistent with the specific requirements of the P | @s#horizations for radioactive
materials.

Environmental Health and Safety must be consulted when considering the use of
respirators. Environmental Health and Safety personnel will assist with training, fit-
testing and the selection of appropriate respiratory protection.

Use of Personal Monitoring Devices i Thermoluminescence Dosimeter (TLD):
The TLD badge is a device that is used to evaluate your personal exposure to radiation
over a period of time, typically per month or per quarter. It measures your external
exposure to radiations arising from sources outside your body. It cannot generally be
relied upon to provide an indication of any radiation dose that you might receive if the
radioactive materials themselves were introduced into your body. TLD badges are
issued for the exclusive use of one person and CANNOT be shared. TLD badges
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should be worn on the outside of your clothing on the front upper part of your body.
When you leave for the day, TLD badges should be stored in a low background area
such as your desk.

The TLD works when ionizing radiation transfers energy to phosphors contained within
the TLD. Energized electrons within the phosphor become detached from their atoms
and then trapped by impurities added to the phosphor crystal. To determine the dose
received by the wearer, the badges are returned to the vendor for processing after the
monitoring period.

TLDs are Areado by applying heat to the
returning them to the ground state. This annealing process produces energy in the form
of light in which the intensity of the light flash is directly proportional to the dose received.

Requlations dictate dosimetry monitoring is required for any individual who has the
potential to exceed 100 mrem/yr in whole body exposure to penetrating radiation. This
does not mean that you are expected to be exposed to significant amounts of radiation.
In fact, most of the monitored persons do not work in situations in which they would
normally be exposed to any level of radiation dose that significantly exceeds background.

In order for EHS to fulfill its legal requirements in the personnel dosimetry program, we
must obtain certain private information (e.g., birth date and employee number) on your
application. We safeguard this information, along with your dosimetry results on our
program, and release them outside the university only with your permission.

You have a legal right to be informed of your monitoring results and you may request this
information from us at any time. These records are maintained indefinitely. The results
are reported by the vendor for shallow (i.e., skin) and deep (i.e., whole body) dose
estimates, for the monitoring period in question, with cumulative totals for calendar
guarter, year, and the entire time you have been on the system. Dose is reported in
increments of 1 mrem, with ND indicating fnone detectedqg or <1 mrem.

Because the system reports in 1 mrem increments, it is natural to expect that reports of
10 or even 20 mrem may occasionally occur due to statistical fluctuation alone. The
average monthly background that people receive in Colorado is in the vicinity of 15 mrem.
Reports of whole body dose over 125 mrem will be specifically brought to your attention
by a notice from our As Low As Reasonably Achievable (ALARA) Program. We can
provide a great deal of additional information about the personnel dosimetry program,
and you should feel free to direct questions to us at any time.

VENTILATION CONTROLS

Ventilation controls are the usual means of protecting personnel against the hazard of
inhaling airborne radioactive materials. Depending on the type and degree of hazard, a
specific type of control will generally be specified during the C 1 Rrévéew of applications.
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General Ventilation: The general purpose ventilation that exists in a specific area, as
opposed to completely stagnant air with no exchange to outside air, may sometimes be
used in calculations to demonstrate that some potential releases are not sufficient to
approach maximum permissible levels for members of the public. It is not the
responsibility of the Principal Investigator to control general building ventilation, but it is
prudent to contact campus Facilities Services when there appears to be a sudden lack
of general ventilation in a radioactive materials laboratory.

Fume Hoods: Fume hoods must be used exactly as specified in the P | adioactive
materials authorizations.

In general, fume hoods should always be used for the following types of operations:
1 opening sealed containers of liquid radioactive materials,

1 performing sonication, homogenization, or other forms of mechanical
agitation with radioactive materials,

1 operations involving volatile forms of radioactive materials, most notably

1. radioiodine labeling reactions,
2. use of tritiated water or volatile tritiated organic compounds, including acetate,
3. use of sulfur-labeled methionine in some circumstances.

Fume hoods may be used for operations that do not present a hazard of releasing
radioactive materials into the air, in order to take advantage of the confinement that a
fume hood cabinet can afford, for such things as splashes that may occur during liquids
transfers.

Fume hoods should not be used as storage areas for materials that do not require local
exhaust ventilation and should be kept as free of obstructions as possible.

Fume hoods must not be used for extended storage of plastic scintillation vials containing
volatile solvents such as toluene and xylene.

Fume hoods may be used for drying or other processing involving evaporation of water,
if no volatile forms of radioactive material are present, but must not be used to dispose of
volatile organic solvents by evaporation.

Glove Boxes and Other Special Systems: Glove boxes or other special systems
affording complete containment of airborne radioactive materials may be specified by
the CIR for certain types of radioactive materials and operations involving a particularly
high hazard of airborne radioactive materials, although such cases are rare in modern
biomedical research.
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Section 2

RADIOACTIVITY, COUNT RATE, BACKGROUND, AND EFFICIENCY

Review units of radioactivity as nuclear transformation events/time
Because each unstable atom of a given description, i.e., a particular radionuclide as
specified by

1 atomic number [# protons in nucleus],

1 atomic weight [total # of protons + neutrons in nucleus], and

1 nuclear energy state [e.g.,alower-c ase fAmo aft erhttaderowteat omi ¢ w
metastable states]

gives rise to the same types and amounts of radiations with the same probabilities when
it spontaneously decays, the natural unit for quantifying radioactivity is the number of
such atoms that are decaying per unit time.

The term Aatdismiegrdtiony ©l eeasr used in the quantity
mi nute, 0 or ADPM, 0 ref er s menbof anhunstalsigpatomic a ne ou s
nucleus accompanied by the emission of alpha and/or beta and/or gamma radiations. The

t erm Arnransforenationd i s a slightly more gener al de
energy-state transitions of metastable nuclei from the metastable state to the ground

state, which do not include rearrangement of the nuclei, and are accompanied only by the

emission of gamma rays. | n COmmon pract i BPMO & hD®PSo i er ms

(Disintegrations Per Second) are used to quantify all types of nuclear transformations.

The SI unit for radioactivity is the Becquerel, which is one nuclear transformation per
second. The terms Becquerel (Bq) and disintegration per second (DPS) are
interchangeable.

The Becquerel or DPS is a very small unit of radioactivity, and leads to the need to use
very large numbers of Becquerel to describe practical amounts of radioactivity.

Because counting periods are usually specified in minutes, and there is an important
correspondence between the count rate of a sample in counts per minute (CPM) and the
amount of radioactivity in the sample that gives rise to that count rate, the radioactivity
present is often quantified in disintegrations per minute (DPM). The number of DPM is
simply the number of DPS multiplied by 60 (60 seconds/minute).

Example: a sample containing 500 Bq (or 500 DPS) of the phosphorous
radionuclide 2P contains 500 x 60 = 3,000 DPM.

The more traditional unit of radioactivity is the Curie, which is defined as
3.7 x 1019 nuclear transformations per second, or 3.7 x 10%° Becquerel.
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Unit Disintegrations per second Disintegrations per minute
(DPS) (DPM)
1 Curie 3.7 x 1010 2.22 x 10*?
1 milliCurie 3.7 x 107 2.22 x 10°
1 microCurie 3.7 x 104 2.22 x 10°

Because the Curie is so large, the amounts of radioactivity commonly encountered in

biomedical research are typically small fractions of a Curie:

T The amounts typically supplied as stock

microCuries to a few tens of milliCuries.

1 The amounts typically recovered in experimental samples for radioactivity
counting must usually be less than one microCurie per sample to avoid
excessive count rates that lead to erroneous results, and are typically no more
than a few nanoCuries or tens of nanoCuries.

Example: a radioimmunoassay kit is shown by the manufacturer as containing
185 kBq of 1-125. How many microCuries are in the kit?

Answer: (185 kBq)/(37 kBg/nCi) = 5 nCi.

Example: a scintillation vial counted at 44,400 DPM. How many microCuries are
in the vial?

Answer: (44,400 DPM)/(2,220,000 DPM/nCi) = 0.02 nCi.
The most convenient conversion may be 2.22 million DPM per microCurie.

Count rate as detection events/time

All radiation counting instruments, both portable and stationary, yield a count each time
that an incident radiation gives rise to an event in the detector. They typically display
results as count rates in counts per minute (CPM) or counts per second (CPS).

Background count rate

Any radiation counting system, no matter how well-shielded the detector, will have some
background count rate, which primarily arises from penetrating radiations in the form of
cosmic rays, and gamma rays emitted by rocks, soils, and building materials in the area
where the counting is taking place.

Source-detector geometry Y geometry factor

The spatial relationship (source size, source detector distance) between the radiation
source and the radiation detector will determine how many of the radiations emitted by
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the source will impinge upon the detector. This relationship is typically summarized in a
geometry factor that may range from zero to one.

Detection Efficiency

Overall detecting efficiency for a given situation is typically defined in a very pragmatic
way as count rate divided by nuclear transformation rate, e.g., CPM/DPM. This number
is easy to measure for a calibrated source of a particular radionuclide of interest, but it
must be borne in mind that the efficiency that is so defined applies only to

1 the specific radionuclide in the calibrated source, and

1 the geometry of the calibrated source (the size of the source and its position
relative to the detector).

1. intrinsic efficiency
Any detector will have an intrinsic efficiency for radiations of a given type and
energy, defined as the fraction of the radiations incident upon the detector that
result in counts. This efficiency is usually not separately measured for the types
of applications of interest here.

2. intrinsic efficiency * geometry factor Y overall efficiency
The overall counting efficiency is primarily a product of the intrinsic detection
efficiency of the detector and the geometry factor, although it may be affected by
other factors such as the average number of the radiations of interest that are
emitted by decaying nuclei of the source radionuclide, and the absorption of the
radiations of interest by any materials interposed between the source and the
detector.

3. caveats regarding the use of a source other than the radionuclide of interest to
determine a counting efficiency - get some health physics help!

4. efficiency calibrations are provided by Environmental Health and Safety for low
and high energy betas

Radioactivity present * overall efficiency = net count rate

For a single source composed of one radionuclide, given an overall detection efficiency
that is obtained in the manner described in paragraph (E.) above, the count rate
attributable to that radioactive source is equal to the amount of radioactivity present in the
source times the applicable overall detection efficiency. This product gives the net count
rate in excess of background that is attributable to that source.

Gross count rate

The gross count rate is the count rate that is actually measured in the presence of
background, and is equal to the sum of the background count rate and the net count rate
from the radioactivity present.
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The Fundamental Calculation of Radioactivity:
radioactivity = (gross count rate - background count rate) / (overall efficiency).

To convert a count rate to units of true radioactivity,
1 first subtract the background count rate from the count rate of the sample,
1 then divide the net count rate by the applicable overall counting efficiency

Example: If the gross count rate for spot of contamination is 3,400 CPM, the
background count rate is 70 CPM, and the applicable counting efficiency is 10%,
a) how many DPM are present in the spot? b) how many microCuries is this? If
the person who spilled the material was using 0.250 mCi of radioactive stock, c)
what fraction of this stock quantity is present in the spot (assuming no
consideration of decay)?

Answer a): 3,400 gross CPM - 70 background CPM = 3,330 net CPM
(3,330 CPM) / (0.10 efficiency) = 33,300 DPM

Answer b): (33,300 DPM) / (2,220,000 DPM/nCi) = 0.015 nCi

Answer c): (0.015 nCi) / (250 nCi) = 0.00006, then 1/x = 1/16,600

Statistical considerations

Because radiation counting is a random process, statistics must be considered. Only the
simplest rules of thumb are covered here, and the derivations based on counting statistics
are not covered. The following discussion applies to situations in which numbers of counts
are reported and recorded, and therefore will generally apply only to stationary counters
such as liquid scintillation and gamma well counters. Additional discussion about the use
of portable survey instruments near their limits of detection will be given in the section
below on survey technique.

1. Determining whether a sample count rate differs from background
A proper determination whether a sample count rate differs from background involves
determining whether a reasonable (e.g., 95%) confidence interval for the estimated
net sample count rate includes zero.

When a blank and a sample are counted for equal times, a reasonable rule of thumb
based on counting statistics is to consider the sample gross count S as being
statistically significant in the sense of differing from the background as estimated by
the blank count B if the estimated net sample count S - B is greater than two times its
standard deviation, where the standard deviation of the estimated net sample count
is the square root of the sum of the background count and the sample gross count, or
Qs + B).
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That is, a significant result is declared if S-B > 2QS + B).

NOTE that this criterion uses the total counts, not the count rates. This is
because the standard deviation of an estimated mean count rate depends on the
length of the counting interval. To get the total count from a machine that displays
count rate, simply multiply the count rate times the counting time

Example: a sample gives a count rate of 37 CPM in a liquid scintillation counter, for
the H-3 window (channel), whereas a blank used to determine the applicable
background count rate was counted at 30 CPM in the H-3 window. Is this a significant
result if the blank and the sample were counted for one minute each? What if they
were counted for ten minutes each?

For the one-minute counting interval,

S = (37 CPM)(1 min) = 37 counts,

B = (30 CPM)(1 min) = 30 counts,

S - B =7 counts;

2QS + B) = 2Q(37 + 30) = 2367 = 16.4 counts, and
the result is NOT significant because 7 < 16.4.

For the ten-minute counting interval,

S = (37 CPM)(10 min) = 370 counts,

B = (30 CPM)(10 min) = 300 counts,

S - B =70 counts;

2QS + B) = 2(370 + 300) = 23670 = 51.8 counts, and

the result IS significant because 70 > 51.8!

Because longer counting times yield more precise results, longer counting times
allow lower limits of detection.

2.

minimum detectable activity (MDA)

For any situation in which one specifies the counting instrument, its setup and
operating parameters, and the radionuclide of interest, it is possible to calculate the
minimum amount of radioactive material that must be present in order to produce, with
some specified probability (e.g., > 0.95), a sample count rate that will be at least large
enough to meet the criterion for a significant result as defined above. This quantity is
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called the Minimum Detectable Activity (MDA), and is determined by the overall
counting efficiency, the background count rate, and the length of the counting interval.

For most situations in which aliquid scintillation counter or gammawell counter
is being used to count contamination swipes, a counting time of two to five
minutes will produce a low enough MDA to meet regulatory requirements.
Environmental Health and Safety can assist with such calculations and will assist in
reviewing this issue during audits.

SELECTION AND USE OF PORTABLE RADIATION SURVEY INSTRUMENTS

Instruments for contamination monitoring

All instruments used for contamination monitoring are counting instruments that create
and count individual detection events for the radiations that impinge upon the detector,
as opposed to instruments that measure exposure rate or dose rate from such radiations.

Geiger-Mueller tubes (GM) - gaseous ionization detection at high bias voltage gives a
constant-size pulse output for all detection events due to avalanche.

Each time a GM detector experiences an ionization in the sensitive volume of gas
between its electrodes, it goes into electrical avalanche and produces a maximum
pul se. Thi s mehava o alility fotprovadidifferent output pulses for
different types and energies of radiations.

a) thin window (end window and pancake) can detect beta-emitting radionuclides
with energies as low as those of C-14 and S-35, but cannot detect H-3.

9 the cylindrical type with the thin windowonthe end (At hin end wi n

1 the disk-shaped type with a thin window on one of the circular faces,
commonly called a Apancakedo or Afriskero

b) Beta emissions that can penetrate a GM detector are much more likely to create
a detection event than gamma and x rays. For radionuclides that emit gamma or
X rays but have no beta or other electron emission that is sufficiently energetic to
penetrate the detector window, GM detectors have very poor efficiencies (often
considerably less than 1% overall efficiency). Radionuclides that have such
extremely poor detection efficiencies for GM detectors include Cr-51 and I-
125.

Scintillation detectors - scintillation detectors employ a solid inorganic/crystalline or
organic/plastic medium that converts the energy from the absorption of an ionizing
radiation into a flash (scintillation) of light in the visible and UV portions of the
electromagnetic spectrum. A photomultiplier tube (PMT) is used to convert this light into
an electronic pulse and provide a very large initial amplification. Scintillation detectors
produce an output pulse whose size is proportional to the energy absorbed in the
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detection event. However, because o f ssétistddod edectranicsd t hei
scintillation detectors are fragile and sensitive to a number of interferences.

Performing contamination surveys
1. Determine background, check the batteries and check instrument response with
a check source

2. Survey technique

a. Hold detector close to, but not touching surface,
~ 1cm away from the surface.

b. Probe movement: slow and complete traversal
of the surface. The probe must be moved
slowly, not more than afew cm (or one probe
width) per second, in order to avoid missing = =
spots of contamination. S

c. Audible response: the audible response of a survey meter (listening to the
clicks) provides a major advantage in the
because the human ear is so good at distinguishing patterns. Once a hot spot
is identified, hold the probe stationary over the spot to more accurately assess
the amount of activity present.

d. Distinguish background from true counts. The instrument should be set slow
response and held stationary at the suspect location until it is clear that the
meter movement has stabilized. The resulting count rate is then compared to
background.

3. Understand that items containing radioactivity will affect the instrument response.
Remove or shield the material to effectively determine surveyed areas are free
from contamination. In the event this is not possible, an exhaustive swipe test
survey should be performed to determine if removable contamination is present.

4. Distinguish fixed from removable contamination. Removable contamination on a
surface is that which is picked up on a proper swipe (e.g., a moistened piece of
some appropriate absorbent material wiped over an area of 100 cm?). Direct
measurements made with a portable survey instrument determines fixed plus
removable contamination as it exists at the time of the measurement. To get a
correct number for fixed contamination, one must assiduously decontaminate the
surface until swipes indicate no remaining removable contamination.

Measuring dose rates - why to get help from Environmental Health and Safety
Measuring gamma/x dose rates typically requires a special instrument with uniform
response to different photon energies. Additionally, measuring beta skin dose rate
requires a detailed knowledge of the applicable efficiency followed by a special
calculation.
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SELECTION AND USE OF STATIONARY RADIATION COUNTING INSTRUMENTS
Almost all laboratories using radioactive materials will routinely generate samples whose
radioactivity content is quantified for scientific purposes using a stationary radiation
counting instrument. These stationary counting instruments can be used for assaying the
same radionuclides in contamination swipe samples and samples of waste materials.

Liquid Scintillation Counters (LSC)

As the name implies, liquid scintillation involves the
detection of radiation by use ofamedium (i s ci nt i |
converts the energy of an individual absorbed radiation into

near-UV portion of the electromagnetic spectrum.

Several factors can affect the counts recorded, and in turn,
the amount of radioactivity calculated to be present. The following information provides
an overview of the considerations one should take when determining radioactivity in
swipes or samples.

Sample preparation and effective source geometry

Liquid scintillation counting allows the detection of betas and other electron-type
emissions down to a few keV of energy, and almost every radionuclide has some type of
electron emission, even if it is not a beta particle. Therefore, almost every radionuclide
used in biomedical research can be detected by liquid scintillation, with the strong
caveats that the sample must be properly prepared, and the energy discriminators (the
Achannel 0) must b etthe enospia(s)lofyintesest.t t o det e

a) need a clear, monophasic solution with all potentially radioactive materials
completely dissolved or suspended.

b) choice of materials used for swipe testing generate two concerns regarding
materials used for swipe testing:

1 the contamination itself, not the sampling material, should dissolve into the
fluid, and

1 the sampling material should not provide an opaque barrier that obscures the
scintillations from the view of the photomultiplier tubes.

c) Cerenkov counting of high-E beta emitters

The high energy beta emitters, most notably P-32, can be counted in aqueous
media without using a prepared scintillation fluid, by virtue of the Cerenkov effect.
The Cerenkov effect is the emission of visible light (blue light) by energetic particles
(the betas) that enter a medium at relativistic speeds exceeding the speed of light
in that medium. The Cerenkov light of P-32 will typically be counted in the H-3
window, and efficiencies approaching 40% are obtainable.
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Windows/channels and their effect on efficiency

The spectral aspect of liquid scintillation counting unfortunately involves very broad and
variable spectra because beta energy is emitted in a continuous spectrum of energies
ranging from zero up to some maximum.

The energy discriminators that def i ne t he Achannel o for
interest, by which only those pulses with heights between the defined upper and lower
discriminator limits are counted in that channel, are typically set in a fixed way based on
the ideal beta energy spectrum for that radionuclide. A few other factors are realized, in
practice, that can affect which channel counts are tallied.

Spillover from one radionuclide into windows for other radionuclides due to beta spectrum
As noted above, all beta spectra overlap at the low end, as they all begin at zero beta
energy. This results in situations in which the betas from one nuclide will produce counts
in the channel designed for another nuclide, which is called spillover (figure 7).

Example: EHS sets its Packard 2100TR to have a 3H channel from 0 to 18.6 keV, and
a %C channel from 4.0 to 156 keV. Obviously, if the “C betas appear at energies
spanning the full width of the 4C channel, some of them will also appear in the H
channel, as both channels report detection events with apparent beta energies between
4.0 and 18.6 keV, the overlapping region of the H and “C channels, figure 7.

Composite Spectrum

l\/u
\ \ "C
\

/f‘-
/oS
! \
\
Spillokr
Region

Figure 7. Spillover Graph
Spillover ratios are affected by sample quenching. It is important to note that quenching

i s the overall degradation of a sampl eds
guenching mechanisms may result in serious loss of counting efficiency. Failure to
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detect and correct for a loss of counting efficiency is a form of false negative error that
may result in underestimating or completely failing to detect radioactivity that is actually
present in the sample.

For purposes of general swipe testing for removable contamination, a good
practice is to set three channels: for H-3, C-14, and P-32. The ideal beta spectra of
these radionuclides span a complete beta energy range from 0 to 1.7 MeV.

Mechanisms of quenching

Chemical quenching

Any aspect of the chemistry of the sample that interferes with the transfer of a beta
particlebs energy from t hechemigd quenching, inatuditgh e f | u
the dilution of the solvent/fluor system by higher loadings of sample per unit volume of

scintillation fluid.

Color quenching

Any mechanism that keeps the emitted scintillation light from reaching the photomultiplier
tube, by scattering or absorption, is a form of optical quenching. The common form is
color quenching, used to describe the effect of a sample that has color in the sense that
it contains some material that absorbs light in some portion of the wavelengths from blue
visible light through near UV.

Quenching and efficiency

Whatever the index number of quenching that the manufacturer of the LSC has provided

(AH#, 0 ASIE, 0 etc. ), quenchedstapdardsdo ptotltles namber u s e a
vs. counting efficiency for a specified channel and corresponding radionuclide, in order to

establish a quantitative relationship that allows the quench index to be used to predict

counting efficiency. A quenched standards set must have scintillation vials that contain

known amounts of some single radionuclide of interest, quenched to various levels.

The best kind of a quenched standards set is one that is custom made to resemble the
chemistry of the same sample type, and is quenched by the same mechanism(s) that will
be encountered in practice. However, manufactured quenched standards sets for both
H-3 and C-14 are commonly available from the manufacturers of liquid scintillation
counters and from other scientific suppliers.

Example: a manufactured quenched standards set containing H-3 was counted using a

Packard Model 2100TR liquid scintillation counter. This machine uses a quench indicating

i ndex number call ed it SI E, o whi ch pedestg e s fr
unguenched sample down to zero for a totally quenched sample. The table below shows

the H-3 counting efficiency for a channel set for H-3 from 0 to 18.6 keV, as a function of

the tSIE. Also displayed as a function of tSIE is the H- 4C spillover ratio (spillover of H-

3 into the C-14 channel), as defined above. Note that, as the H-3 spectrum is shifted

downward by increased quenching, proportionally fewer counts due to H-3 appear in the

C-14 window, which is set from 4 to 156 keV.
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TABLE 6

Results for a Tritium Quenched-Standards Set
( A-C4 0 CH
tSIE H-3 Efficiency /(H-3 CPM)
(%)
934 64 0.61
633 55 0.47
499 48 0.37
384 41 0.27
247 28 0.13
128 13 0.03

The Colorado Department of Public Health and Environment requires that those counting
results on Plb&édsbd contamination surveyantthat
results must be reported in units of true radioactivity, of which DPM is the obvious and

most convenient unit. It should also be recognized that, because individual liquid
scintillation vials are subject to being quenched to substantially different extents by

various factors that are difficult to predict and reliably control, it is important for scientific

reasons to use quench indicators to convert results to DPM.

Artifacts producing spurious count rates

Liquid scintillation counting is subject to a number of interferences that may produce
spurious counts that appear to result from radioactivity in the sample, but actually arise
from other sources.

Chemiluminescence and phosphorescence

Chemiluminescence is the production of light photons by chemical processes occurring

in the sample, rather than by the absorption of ionizing radiations emitted by materials

within the sample. Phosphorescence (photoluminescence) is the production of light

photons by materials in the sample or the vial itself, due to their having been previously

excited by UV radiation. At high intensities, both of these processes can deceive the
scintillation counterd6s electronics into beli

Phosphorescence tends to diminish rapidly, and can typically be eliminated by allowing
the scintillation vial to sit in the dark for a half hour to an hour. Chemiluminescence may
be much more persistent, and may require some experimentation with cooling the sample
and/or allowing it to sit for extended periods of time.

Static electricity

Static electricity can build up on scintillation vials, especially plastic ones, and especially
in dry climates. This may cause numerous random discharges during counting, which
cause emissions of light and which serve to add random, unpredictable numbers of
counts. Some machines are equipped with an electrical device to remove static charge
from each vial as it enters the counting chamber. Another option to reduce this problem
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is the use of anti-static sheets manufactured for home use in clothes dryers to wipe the
vials before counting.

Stray sources of gamma/x rays nearby

Older liquid scintillation counters are heavily shielded with lead, whereas some newer
models require less shielding because faster electronics and digital processing allow
superior rejection of some types of detection events that are produced by natural
background radiation. All liquid scintillation counters are subject to some interference,
however, from stray gamma or x radiations arising from sources in the vicinity.

Contamination of machine and/or samples

Contamination of the exterior surfaces of scintillation vials may create spurious counts
and may transfer to the sample-loading platform. This possibility is primarily of concern
with the higher-energy beta emitters.

Gamma well counters

Gamma well counters utilize a solid scintillation detectorwi t h a hol e cal |l ed &
which the sample-containing end of a test tube is inserted. As the sample is almost

surrounded by the detector, the effective source-detector geometry is close to 4p. In

contrast to the scintillating medium in a liquid scintillation vial, the scintillator in a gamma

well counter is a much larger and more massive detector of considerably higher effective

atomic number, and therefore has a much greater detecting efficiency for gamma and x

rays.

Because the scintillator is physically separated from the sample being counted, the
chemical composition and physical structure of the sample have virtually no effect on
counting efficiency. The only relevant consideration is that the sample must be of small
enough volume to fit in the bottom 1 to 2 cm of the test tube being used to contain it,
preserving the desirable (nearly 4p) geometrical relationship with the detector.

By virtue of their construction and operation, gamma well counters are not subject to the
interferences of chemiluminescence or phosphorescence and static electricity. Gamma
well counters are sensitive to stray radiations in the form of high-energy gamma and/or
X rays arising from nearby sources. They are also, of course, subject to interferences
from samples that carry external contamination.

BASIC RADIOACTIVE DECAY CALCULATIONS

Radioactive decay

Radioactivity is the result of the process in which a parent radionuclide undergoes
spontaneous disintegration. The decay fraction for any particular radionuclide is constant.
Thus, if a particular radionuclide loses 25% of its atoms in a day, we will find it will lose
25% of its remaining atoms in the next day, and so on.

Symbolic representation of radioactive decay is as follows:
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A=Ape’t

A is the activity remaining, Ao is the initial activity in the sample, | is the decay constant,
and t is the elapsed time. The decay constant | has the units of inverse time (time™)
and indicates the fraction of A that can be expected to decay per unit time. Therefore, |
is a direct measure of the instability of the radionuclide. A graphical representation of
the exponential decay is as follows:

= - P

Number of half-lives

Figure 9 - Decrease in Activity Due to Radioactive Decay

Half-life, Tu2

The characteristic half-life of a radioactive material is the length of time required for a
particular radioisotope involved to decrease in activity to 1/2 its initial activity. Therefore,
after one half-life the activity remaining is:

A = (0.5)A0

For example, 10 mCi of 2P (14.3 days half-life) will decay to 5 mCi in 14.3 days, or one

half of the initial activity, (0.5)%. Two half-lives in a succession reduce the activity to
(0.5)(0.5) = (0.5)? = 0.25 of its initial value, three successive half-lives to (0.5)%= 0.125 or
125%oft he i nitial val ue, divesredudesthemaistyst@a(f.®" o f
of the initial value.

The above method, using the successive half-lives to calculate the remaining activity of
any, one species, radioactive sample, may be easily performed using a scientific
calculator. They*but t on can be used to calculate t
represents0.5and t he exponentoffiaklivesi s t he number
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The same approach may be used to calculate the activity using the exponential decay
formula. Scientific calculators have the cons
which can be used to calculate the decay fraction e't.

References for Section 2
1. Shapiro, J.: Radiation Protection: A Guide for Scientists and Physicians, 3rd ed.,

Harvard University Press, 1990.

2. Kessler, M., ed., Liquid Scintillation Analysis: Science and Technology, Packard
Instrument Co., Publication 169-3052. Rev G, Meriden, CT, 1989.
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Section 3

USING RADIOACTIVE MATERIAL IN A LABORATORY SETTING: RADIOACTIVE
MATERIAL ACCOUNTABILITY, STORAGE AND WASTE, SURVEYS

The users of radioactive materials carry the responsibility for materials under your control.
All radioactive material (RAM) must be tracked, documented and accounted for from the
original purchase through the ultimate disposal. Information in this section will provide
information regarding the accountability, control, storage and the considerations for
disposing RAM.

Radioactivity may not be procured, used, stored or disposed without an approved
authorization from the Committee on lonizing Radiation (CIR) issued to a designated,
trained and qualified principal investigator. The RAM authorization specifically identifies
the isotope, compound, and activity limits the named PI is allowed to use in the lab.
Additionally, the RAM authorization is assigned a hazard category, lists the type of
contamination surveys required and the frequency those surveys must be performed.

Handling RAM must only be performed by trained, authorized radiation workers. Anyone
who is not trained as a radiation worker under the specific RAM authorization is
considered a member of the public and is not authorized access to RAM. Requlatory
liability for exposure to members of the public is serious. Areas where RAM is used must
be under constant surveillance by trained and qualified radiation workers to prevent
inadvertent _exposures to_members of the public. All RAM must be secured from
unauthorized access.

Ordering radioactive material
Pre-approval by EHS must be obtained prior to ordering any RAM from a vendor. Pre-
approval verifies several items are in compliance:

1 The Pl is authorized to use the compound, radionuclide and activity amount,

1 Training for all personnel is up-to-date,
1 Dosimetry, if applicable, is in place, and
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1 The current possession limit identified on the authorization document will not be
exceeded

A ARAM Purchase Approval R e q u ete placingfamarder ofmu s t

RAM from a vendor. Upon review and approval of the request, EHS will issue a unique
requisition number. After receiving the requisition number from EHS, you may place the
order with the vendor.

All radioactive material orders must be shipped to the EHS Support Facility, unless the
Radiation Safety Officer approves an alternative location. This includes orders from
vendors and other institutions. When speaking with the vendor about the shipping
address, be specific that they include your EHS issued requisition number to the shipping
label. Be sure to have RAM shipped to the following address:

EHS Support Facility
Requisition #

13178 E. 19" Avenue
Aurora, CO 80045

If you receive radioactive materials at your lab directly from the shipper (e.g. FedEX,
UPS), contact EHS immediately at 303-724-0345 so Radiation Safety may collect the
package to properly receive the material.

Contact EHS before shipping any radioactive materials from the university to other
institutions.

Receiving radioactive material

Radioactive material arriving on campus receives a unique Radiation Safety Office
number (RSO#) that is used to track the material from receipt through disposal. The
RSO# helps identify the radionuclide, compound, activity, assay date, lot number, vendor
and the PI.

The Radiation Safety division will receive the package from the courier and confirm all
DOT requirements have been met for the RAM package. A package inspection, survey
and confirmation that the material received is the same as the material ordered is
performed before delivering the package to the lab.

After entering all the information into the EHS Assistant database, the RSO# is generated,
as is an accounting sheet and a waste ticket sheet. The accounting sheet and waste
tickets are delivered to the lab with the RAM package. A trained, authorized radiation
worker must receive the package at the lab.

EHS only surveys the exterior of the package prior to delivery. Once received at the lab,
the radiation worker must perform a survey of the stock vial, pig or container holding the
stock vial, and the interior of the package itself. Don the appropriate PPE and treat the
package interior as potentially contaminated until proven otherwise. Include a
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background swipe (blank sample prepared in the same manner as other swipes) to
compare your sample results to. After confirming there is no contamination present, place
the stock vial and pig in your secured storage location. Attach the LSC printout for the
receipt of your material to the accounting sheet for the identified RSO#. Sign the
accounting sheet indicating that you completed the survey of the stock vial and
packaging.

Provided no contamination was identified on the packaging material, the shipping box
may be discarded as non-radioactive waste in the routine lab waste. Any labeling on the
package to indicate radioactive materials must be removed or defaced prior to disposing
the shipping box.

Be sure to document all of your survey results including proper annotation of which swipe
belongs to which survey point.

Securing and storing your radioactive material

Your RAM must be stored in an approved location and be
secured from unauthorized access. Typically, a refrigerator
or freezer is designated to store stock vials. In the ideal world,
there would be a dedicated storage device for the RAM
received at the lab. In this scenario, the door to the storage
device would be locked to prevent unauthorized access to the
material.

If the storage device must be shared with non-radioactive
material, a lockable container must be installed inside the
device that will deter unauthorized access to the RAM. In
addition, the lockable container must also be secured within
the storage device to prevent unauthorized removal of the
lockable container itself.

When you are ready to store your material, following the next few steps will help maintain
positive accounting and keep the material from unauthorized workers:

1 Confirm the contents of your order amount and compound with the label on the
stock vial or pig

1 Write the RSO# on the pig with a permanent marker

1 Place the pig inside another strong-type box, such as an acrylic box

EHS conducts unannounced security spot checks to verify RAM storage is locked and

secured from unauthorized access. This includes both storage of stock materials and

waste cabinets. The f ol l owing woul d be considered a
authorization and may warrant escalated action by the CIR:

1 Gaining access to any RAM without being stopped and asked for identification
1 Finding RAM unsecured from unauthorized access at any time
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RAM use at the lab

A dedicated, locked and labelled procedure room provides the ideal location for working
with radioactive materials. If this is not possible, the area where radioactivity is used must
be under constant surveillance by a fully trained radiation worker to prevent inadvertent

exposures to members of the public.

Radiation workers have the responsibility
of challenging those individuals in the lab
that they do not recognize in order to
provide protection from exposure from
radioactive materials.

Areas where RAM is used must be
properly labelled to communicate the
hazards present to others entering or
passing through the area. Benchtops,
equipment, cabinets, storage devices,
drawers or any other item or location that
may be used with or contain radioactive
materials must be labelled. EHS will
typically post approved locations for use,
but radiation workers are responsible to
demarcate benchtops and equipment
used with radioactive materials.

In general terms, most radioactivity for
biomedical research comes in the form of
a liquid compound in a stock vial. Briefly,
some fraction of material is withdrawn
from the stock vial, used in an experiment
and through the experimental process,
various RAM waste forms are generated.

University of Colorado
Environmental Health and Safety Department
User's Radi ive Material A ting Sheet

RSO#: 0078597
RSO# 0078597 issued to Pl on for .0000G
from on PO No. Lot# received by lab on

Swipe test on vial p by JNE S/ 5 Jove Date: _I{-ja-jif

Attach LSC printout to accounting sheet. Be sire lo identify the appropnate RSO# for each vial tested.

User Name: \} Dok Lab Phone: _ti- 1234

Use this section to keep a record of amounts withdrawn from the stock vial
Date:_¥-13- 14 amount (mCi): _2.1 - Date: amount (mCi):
Date:_iy-18- 14 amount {mCi): _6:) Date: amount (mCi):
Date: 1210 -4 amount (mCi):_¢. 2 Date: amount (mCi): _
Date:_32- \a i amount (mCi): _9.4 Date: amount (mCi):
Date: amount (mCi): Date: amount (mCi):

Use this section to keep uack of the amounts reported as waste on the coded waste tickets supplied with
this order. Use the for the indi waste forms (these are the ONLY acceptable
forms) below and on the waste tickets:

AQU aqueous liquid ORG organic liquid
STK unused stock in stock vials NHV non-hazardous scintiliation vials
HZV hazardous scintitlation vials ANI animai carcasses/tissue

BIO non-carcass biological waste DRY dry lab trash
PAT administered to patients BAC Bactec vials
SEW sewer disposal (H-3 ONLY)

***DO NOT CONSIDER DECAY IN ENTERING THE MILLICURIE AMOUNTS***

Date: 1-13 form: _ A4l amt(mCi): _¢.e7 Date: __12-10  form:_pDey  amt (mCi): _¢.0¢
Date: 13 form: DRY amt(mCi):_0.023 Date: _ 12-(%  form:_fUh_ amt(mCiyi _j.c7
Date: \-i3_ form: NHV_ ami(mCi)_¢.50/  Date:_ {113 form:_DAY amt(mCiy_2.029

Date: _11-i8  form:__AQU __amt(mCi: 5.7 Date: __i2-13  form:_pHY _ amt(mCi)_2.5Gi
Date: ii-13 _ form:_DRY amt(mCi): 0.¢2% Date: _12-2& form:_§7¥  amt(mCl): _TRaceg

Date: 119 form: NHV  amt(mCi) _0.c0| Date: form: amt (mCi)

Date: ‘212 form: _AQit  amt(mCi): _¢.14 Date: form: amt (mCi):

N THI FOR YOUR RE NOT SUBMIT THIS FORM HS.
Inventory credit will be given ONLY for amounts submmnd on properly completed RSO# pre-coded
waste tickets. (Tickets for patlent administration and sewer disposal may be mailed to EHS ATTN:
RADWASTE at F-484.)

The entire life cycle of the radioactive material must be accounted for i see the example
accounting sheet above and more detail about each section follows. The radiation worker
is responsible to ensure documentation is maintained detailing how much radioactivity

was used and where that radioactivity went.

Accounting of radioactive material i aliquots from stock vials

An accounting sheet is provided with each RAM package delivered to the lab. The lab is
not required to utilize the accounting sheet provide, although it is strongly encouraged.
The pre-printed accounting sheet includes specific information about the isotope, the
RSO #, the activity amount ordered and provides space to record how much material is

used on a given date.
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The following snapshot highlights three items on a typical accounting sheet i the RSO#,
the location to record who performed the survey of the stock vial and packaging and the
location to record when material is withdrawn from the stock vial. The accounting sheet
is designed to account for activity amounts in milliCuries (mCi) and not the volume
withdrawn for your experiment.

Each day material is withdrawn from the stock vial, an entry should exist for the activity
amount removed from the vial. The accounting sheet example shows 0.1 mCi withdrawn
on 11-13-14, 11-18-14, and 12-19-14, as well as 0.2 mCi withdrawn on 12-10-14.

-
- i

Although the pre-printed accounting sheet is typically meant for only one user, several
users may utilize the same form provided each person properly records the appropriate
information.

Accounting of radioactive materials i designating wastes generated

Record the waste activity on the bottom half of the pre-printed accounting sheet making
sure to annotate the applicable activity amounts to the correct waste types. EHS uses
unique codes for each waste type. When recording the activity amounts for each waste
type, use the designated codes identified on the accounting sheet. Wastes should be
recorded daily when radioactivity is used. Accurate accounting is the responsibility of
each radiation worker.
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