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Introduction

In recent years there have been many advances in radiation detection equipment and
methods. A comparison of these methods and applications is needed so the project manager
or regulator can compare the pros, cons, and limitations of each of the methods to ensure
that the chosen method meets the data quality objectives of the project. The choice of
methods and hardware has, and will have, an impact on remedial investigations at the Rocky
Flats Plant. '

Remedial Program Managers are primarily interested in characterizing radiological
contamination at Rocky Flats that may have occurred via four main release mechanisms:

. Release to the surface in a concentrated spill

». . _.Release to the subsurface from either a leak in a process waste line or.from
buried materials.

. Dispersion of contaminated soils from an area contaminated by a surface spill,
or:

. releases from documented industrial fires

Each remedial project has its own model for release and a set of specific data quality
objectives (DQOs) outlined in the work plan for that particular Operable Unit (OU) or project.
Together these parameters define or dictate the end use of the data.

To define the radiological character of an area one needs to:

. Measure the radionuclides,

. Identify the radionuclides,

. Quantify each radionuclide, and

. Define the spatial extent of the radionuclides that may be present.

_ Prior to performing these tasks it is prudent to consider:

. The size of the area of interest,

. The degree of spatial resolution required,

. The possible complexity of the radionuclide content,
. The resources available, and

. The end use of the data.



For example, the data could either be used for screening the presence or absence of

contaminants, or for complete characterization with subsequent transport and fate modelling.

There may be different DQOs for early stages of an investigation than.for subsequent stages
or phases. The first stage of an investigation may only be interested in answering whether
there is radioactive contamination present. Subsequent investigations will want to specifically
identify which type of contaminant is present at the lowest limits of detection. This type of

data would be used to infer the nature and extent of contamination from the results of the

sampling program.

Either objective can be met by using the proper equipment and method. There are two
primary methods employed to accomplish characterization. The first is to bring part of the
site into the laboratory by way of classical soil sampling. The other is to bring the laboratory
to the site and perform in situ radiometric measurements. Both methods have been used for
sometime throughout the industry.

Screening level data is typically collected by conducting a survey of the area with hand held
detectors. A detailed sampling plan traditionally would require that soil samples be sent to a

laboratory to gather the more detailed information to make inferences about the nature and ..

extent of contamination. Such sampling is based on a statistically valid method from which
data gathered at specific points is used to construct a model. This model should correctly
predict the occurrence of the contamination. However, even with a large number of samples,
there is always a chance of missing an anomalous area when using a representative sampling
“technique. '

Both methods, soil sampling with analyses and in situ measurements, should be utilized in
concert to accomplish radiological characterization of a site. Soil sampling with analyses has
proven to be very expensive and time consuming. In situ measurements can be made fairly
inexpensive and can yield results in ‘near real time'.

In the past, simple counting systems moved from the laboratory to the field and today there
are countless models of ‘health physics' instrumentation. In 1972 Harold Beck with his
colleagues, J. DeCampo and C. Gogolak at the United States Atomic Energy Commission, Health
and Safety Laboratory now called the United States Department of Energy, Environmental
Measurements Laboratory, published a paper entitled In situ Ge(Li) and Nal(Tl) Gamma-Ray
Spectrometry, HASL 258 (see Appendix I). This document has become the 'bible’ to the in situ
gamma-ray spectroscopist. HASL 258 shows that the in situ measurement integrates the
activity over a large volume and the results can be presented as activity per unit mass
averaged over the measured volume. The spatial variability of the activity is smoothed and a
more representative value for the activity in a given plot of land could be obtained. This
methodology does not pre-empt the requirement for soil samples but rather enables the
investigator to develop a more meaningful sample strategy.

At Rocky Flats, the areas that need to be surveyed are large. . Many Individual Hazardous
Substance Sites (IHSSs) cover several acres. Sampling on a grid basis becomes prohibitively
expensive. In the course of developing the various work plans at Rocky Flats, it became clear
that alternatives needed to be developed. Several methods of in-situ radiological analysis are
available. These methods can reduce the number of samples taken to be sent to the
laboratory for analysis resulting in lower costs.




This document is designed to give an overview of the choices available and a discussion of the
limitations facing the project manager. The document presents an overview of the basic
principles involved in radiation detection, a brief description of the types of radiation
detectors and sensors that may be of interest to the project manager. This is followed by a
discussion of the two principle types of detectors used at Rocky Flats Plant and an overview of
the theory behind In-situ methods. The complete papers in the appendices present a detailed
and complete discussion of the in-situ gamma-ray spectrometry.



Background

All radiation detectors use products of the ionization or excitation process to produce a
measurable output that is proportional to the incident radiation intensity and/or the incident
radiation energy. A brief review of elementary physics and the basis of radiation will be helpful
in understanding how the various detectors work and what they measure. More information
on these topics is available from numerous textbooks on chemistry and physics. Much of the
information presented in this background section appears in the EG&G Reference Handbooks
on Basic Radiation Safety, Nuclear Criticality, and Radiation Detection Instrumentation.
Radiation Detection and Measurement (2nd edition © 1979, 1989 John Wiley and
Sons, Inc.) by Dr. Glenn Knoll is a key reference and covers the information about the types of
detectors much more thoroughly and should be consulted for further information. This text
was used extensively to develop much of the information presented in this section.

Atomic Structure

The atom is the smallest unit into which an element can be divided and still retain the

. characteristics of the element. Atoms of all elements are made up of three primary subatomic
components: protons, neutrons and electrons. These components are contained in two main -
parts of the atom: the nucleus and the electron cloud. Figure 1 shows a representation of a
helium atom. :

The nucleus is the central part of the atom. The nucleus is extremely dense and compact. |t
contains two of the three subatomic components—the neutrons and the protons. Together
these two particles account for almost all of the atom’s mass. Protons are positively charged
with one electrostatic unit (esu) and have a mass of about one atomic mass unit (amu). An
atomic mass unit is extremely small—1.6 X 10-24 grams. That is a decimal point followed by 23
zeros before the 16 appears—.000 000 000 000 000 000 000 001 6 grams. Neutrons
don't carry an electrostatic charge and also have a mass of about 1 amu. The number of
protons is equal to the element’s atomic number.

The electrons surround the nucleus.in the electron cloud. Electron orbits are extremely large
when compared with the size of the nucleus. Electrons are negatively charged and have an
atomic mass of .00055 amu. The electrons are in constant motion about the nucleus. They
are grouped in levels (orbitals) and sublevels which are labeled with numbers and the letters s,
p, d and f. Each orbital and sublevel has a fixed number of electrons which can reside within it.
These levels aré filled with electrons on the basis of increasing energy. (See Figure 2.) The
levels are filled in the following order 1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p,
7s, 51, 6d, and 7p. (See Figure 3.)

. There are 94 naturally occurring elements and a number of artificially created elements. Each
element has a unique number of protons in its nucleus and unique chemical properties. The
atomic number, mass and electron configuration of an element govern many of its important
physical properties. The elements are arranged according to these properties in the periodic
table. Currently the periodic table ranges from hydrogen which has an atomic number of 1 to
an as of yet unnamed element which has an atomic number of 109. Atoms of different
elements are identified by their chemical symbol and two numbers, its atomic number and its
mass.
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Protons and neutrons are often referred to as nucleons. Atoms characterized by their
atomic number and the number of their nucleons are called nuclides. Shorthand notation is
sometimes used to represent the nuclides. There are two common conventions in this
shorthand: Z z

AX AX

where A= the atomic mass, Z= the Atomic number and X= the chemical symbol.

The first notation is the currently preferred notation but many references use the second.
The shorthand notation for plutonium is:

239 238

P U . uPU

Other ways of designating a nuclide such as plutonium are: Plutonium-239, Pu-239, 239Pyu.
Note that the atomic number has been dropped because the element has already been defined
by its.chemical symbol.. e o S

The number of protons in the nucleus of the atom determines which element it is. However the
number of neutrons in the nucleus of a particular element can vary. These atoms are called
isotopes.

lons and lonization

All of the atoms in their natural, lowest energy state have the same number of electrons as
they do protons. This lowest energy state is sometimes called stable, ground, or relaxed
state. In this state the atom does not carry an electrostatic charge. However, atoms can
interact with other atoms or parts of atoms and absorb extra energy. This energy can be
distributed through out the electron cloud. It may cause the outermost electrons to become

-more loosely bound to the atom. This process is called excitation. If there is enough energy

absorbed, the excitation can be sufficient to eject electrons from the atom. This process is
known as ionization. As soon as the electron is ejected, the atom becomes positively charged
because the positively-charged protons now outnumber the negatively-charged electrons.
Both the residual, positively charged atom and the ejected free electron are called ions.

Positive ions are produced when electrons are removed from neutral atoms or molecules.
Negative ions can be produced when electrons are added to or absorbed by neutral atoms or
molecules.

lonization is the process of producing ions. Anything with enough energy to remove electrons
from neutral atoms or molecules is capable of causing ionization. This is known as an ionizing
event. The ionizing event produces an ion pair, which consists of the removed electron and
the residual positively-charged atom or molecule.

lonization is important because two oppositely charged ions can come together to form an
uncharged, stable compound. This is the process which allows elements to join together to
form chemical compounds. It also allows the radioactive decay process to be detected and
measured. :




Radiation and Radioactivity

The number of protons in an atom's nucleus determines the element to which the atom
belongs. For example, any atom with a single proton is a hydrogen atom, any atom with two
protons is a helium atom, and any atom with 92 protons is a uranium atom. The number of
neutrons in the nucleus can vary between atoms of the same element, but the number of
protons remains constant. Atoms of one element with different numbers of neutrons are
called isotopes or nuclides of that element. For example, U-238 (uranium-238) and U-239 are
both isotopes of uranium because they both have 92 protons, but different numbers of
neutrons (146 and 147, respectively). Isotopes of the same element are generally
distinguishable physically. For example, U-238 and U-239 have different atomic masses
because of the different numbers of protons in their nuclei. However, such isotopes are not
distinguishable chemically, because chemical properties depend on the number, activity, and
arrangement of orbital electrons, which are determined by the number of protons, not the
number of neutrons.

There are approximately 2200 known isotopes of the 109 known elements. Only about 280 of
these isotopes are stable. Stability means that the ratio of protons to neutrons, their
configurations, and the forces they exert on each other are such that no changes in the
isotope will occur without adding an external energy source.

Unstable isotopes, on the other hand, exist in such a state that some type of nuclear
transformation naturally occurs to allow the isotope to reach a more stable state. These
unstable isotopes are said to be radioactive and are called radionuclides. Radioactivity is the
spontaneous disintegration of the nucleus of an atom. The transformations of unstable
isotopes occur through.a process called radioactive decay. Radioactivity results in a release
of ionizing radiation, which is radiation that has enough energy to cause ionization of
surrounding atoms or molecules. Some forms of ionizing radiation are energy (X-rays or gamma
rays), while other forms are energetic particles (alpha particles, beta particles, or neutrons).

Disintegration occurs when the physical makeup of an atom's nucleus changes and the atom
transforms into an entirely different element. Disintegration is also called radioactive decay.
The original atom in the transformation is called the parent, while the new atom is called the
daughter. The daughter atom may then become the parent to a third, new daughter atom as
the decay continues. This process of continuing radioactive decay is called a decay chain—one
atom is transformed into another, which in turn is transformed into another, and so on, until a
sstable atomic configuration is reached. (See Figure 4.)

lonizing radiation may be non-penetrating or penetrating. Non-penetrating radiation can
travel only short distances and cannot penetrate through the skin. This type of radiation is
considered harmful only when present inside the body. Penetrating radiation, on the other
hand, can travel long distances and can penetrate the body, impart some of its energy, and
then continue on at a lower energy level. It is this exchange of energy in the body cells that
needs to be avoided.

At Rocky Flats, we are concerned with four types of radiation: alpha particles, beta particles,
gamma rays, and neutrons. There are two basic types of non-penetrating radiation, both of
which are particulate in form: alpha particles and beta particles.




Figure 4
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Alpha particles are charged particles emitted from an atom's nucleus. An alpha particle has a
mass and charge equal to that of a helium nucleus (two protons and two neutrons). Alpha
particles are emitted from naturally-occurring elements such as uranium, radium, and
polonium, as well as from man-made elements such as plutonium as they decay. They can also
be produced when a neutron is absorbed into a nucleus of one of the lighter elements such as
lithium or boron.

Alpha radiation will just barely penetrate the surface of the skin and can be stopped
completely by a sheet of paper. The greatest potential danger of alpha-emitting materials is
the possibility of their being taken into the body via inhalation, ingestion, or a contaminated
wound, thus allowing the alpha particies to come into intimate contact with living cells and
tissues in the body. '

Beta particles are charged particles with a mass and charge equal to that of an electron.
Beta particles are ejected from the nucleus of an atom when a neutron within the nucleus
divides into a proton and an electron. The new proton remains in the nucleus, while the
electron is ejected as a beta particle.

Beta particles are much more penetrating than alpha particles, but can be stopped by a thin
sheet of metal such as aluminum. Although beta radiation can be a serious external exposure
hazard to the skin or lens of the eye, it is relatively easy to shield and, like alpha radiation, is
regarded primarily as an internal hazard.

There are three basic types of penetrating radiation; two of them, X-rays and gamma rays,
are forms of energy, while the other, the neutron, is a particle.

Often after radioactive decay, the resulting nucleus is formed in an excited, unstable state.
Electromagnetic radiation is released during the transition of this daughter nucleus to a more
stable state. This form of radiation is pure energy and has no mass. Gamma rays (or gamma
photons) and X-rays are the two types of electromagnetic radiation with which personnel who
handle radioactive materials should be most concerned. Gamma photons, which typically have
high energy and are highly penetrating, can pass completely through people and objects alike.
When they do interact with other atoms, however, they do so very effectively, transferring
their energy to electrons of stable atoms and causing ionization. X-rays are identical in nature
to gamma photons, but they typically have lower average energies and are not quite as
penetrating.

The primary differences between these two types of electromagnetic radiation are their
energies, as just mentioned, and their points of origin. Gamma photons originate from the
nucleus following nuclear transformations, while X-rays originate from the electron cloud as a
result of interactions between electrons. The most effective shielding against gamma photons
and X-rays is a heavy, dense material, such as lead or some types of concrete.

Neutrons, the third type of penetrating radiation, are particles having no electrical charge
that depend on coliisions with other atoms to expend their energy. Neutrons are highly
penetrating and can pass through or bounce off heavy metals. in general, energy transfer is
more efficient between moving bodies of similar mass. Since neutrons have about the same
mass as a hydrogen atom, however, they tend to interact readily with materials containing
many hydrogen atoms. Therefore, water and polyethylene are ideal shields for neutrons



because of their high hydrogen content. .

Any time an atom emits alpha, beta, gamma, X-ray, or neutron radiation from the nucleus, the
atom has changed by giving up a part of its structure and/or a part of its energy in the
radioactive decay process. This the basis on which radiation detectors are designed.

Radiation Quantities and Units

Discussions of radioactivity use a common unit, the Curie (Ci), to express the radiative activity.
A Curie is the activity of that quantity of radioactive material in which 3.7 x 1010
disintegrations take place every second. It is important to understand that the Curie is not a
measure of the rate of decay, but rather a measure of total activity.

Because one Curie is a relatively large quantity of activity, the following submultiples are
commonly used:

milliCurie (mCi) = 103Ci
microCurie (nCi) = 10-6Ci
nanoCurie (nCi) = 10-9Ci
picoCurie (pCi) - = 10-12Ci

The Curie's drawback for some uses is that it does not take the mass or volume of the
radioactive material into account. When the relative activity of two or more radioactive
materials is discussed, units of specific activity (or Curies per unit mass or volume) are used to
define the relationship between the mass of each substance and its associated activity. A
common unit is Ci/g, or Curies per gram.

For example, it takes 16.3 grams of plutonium-239 to decay at the rate of 3‘7 x 1010
disintegrations per second (or 1 Curie). Therefore, the specific actlvnty of plutonium-239 is (1
Curie)/(16.3 grams), or 0.0614 Ci/g.

Radiation Detection Instrumentation ~

Detection of radioactivity has always been of prime interest to researchers. All radiation
detectors use products of the ionization or excitation process to produce a measurabie
output that is proportional to the incident radiation intensity and/or the incident radiation
energy. During the early days of scientific inquiry—before the turn of the century the only
way to detect X-rays and radiation from isotopes was to study the exposure of photographic
films or observe the discharge of an electroscope by the ionization produced in air.

By 1905 the earliest detectors capable of detecting individual charged alpha particles were
developed. The alpha particles caused minute light flashes called scintillations on the surface




of zinc sulphide foil which could be observed under a low powered microscope in a darkened
room. In fact, Baron Ernest Rutherford's early experiments with radioactivity were
conducted by groups of assistants peering into microscopes and using mechanical registers to
count the scintillations. ’

In 1912 Hans Geiger discovered that an alpha particle was capable of triggering a small
discharge of electric current. That current was used to switch a solenoid on a mechanical
register. This new device was capable of measuring tens of pulses per second as compared
with the several pulses per second detectable under the microscope by Rutherford's
assistants. Improvements in the electronics and design of self-quenching detectors allowed
count rates of up to 106 counts per second to be achieved by 1950.

Other important developments included the development of the photomultiplier tube in 1940,
the discovery of bulk scintillating properties of various organic crystals such as anthracene
and stilbene in the late 1940s, and the development of inorganic scintillation crystals such as
sodium iodide in 1950. The 1950s saw the development of detectors in which the organic
scintillators were dissolved in liquids or polymerized in plastics. This lead to the feeling at the
time that the scintillation counters were superior to_the existing forms of the gas. filled
detectors in terms of pulse speed, signal amplitude, coverage, count rate and cost.

Recent (post 1960) advances in semiconductors have lead to the development of new types of
detectors based on the properties of materials unknown only a decade earlier. Computers,
various high speed optical and electronic readouts have lead to the development of the
modern era detection instruments. New developments, and the application and/or
rediscovery of early phenomena that were not fully understood in previous decades will shape
research efforts in the future. (Adapted from Knoll, 1991)

The following types of detectors will be discussed:

. lonization chambers

. Proportional counters

. Geiger-Muller tubes

. Scintillation detectors

. Semiconductor detectors

Detectors fall under one of the following classifications:

¢ Portable survey instruments
. Area radiation monitors

. Personnel monitoring devices
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Radiation detectors depend on either charge collection (of ion pairs or "electron-hole” pairs
produced by ionization), or light collection (of light produced by de-excitation of electrons or
molecules). Detector choice depends on the type and energy of the radiation to be measured.
The types of radiation and the mechanism by which they are measured are:

. Alpha and Beta

Charged particles such as alphas (+2) and betas (-1) ionize substances by direct interactions.
The number of ion pairs produced depends on the particle's mass and charge. The much
heavier alpha particle produces greater (specific) ionization over a shorter distance than the
smaller beta particle. Since the alpha and beta particles lose energy with each collision, it
follows that neither radiation can penetrate very far into matter; consequently, alpha and
beta detection instruments have thin detection windows.

. Gamma

Gamma radiation interacts with matter according to the following basic
mechanisms:

Photoelectric Effect at low gamma energies: the gamma energy is completely absorbed and an
electron is ejected. '

Compton Scattering at low to intermediate gamma energies: the electron is ejected but the
gamma continues at reduced energy.

Pair Production at energies greater than 1.02 Mev1: the gamma is completely absorbed and an
electron-positron pair is created.

A gamma ray passing through the fill gas of a detection instrument has a much lower chance
of causing ionization than an alpha or beta particle. Since the chances of a reaction occurring
in the fill gas are so low, most of the gammas picked up by instruments are actually the result
of reactions in the detector walls. These energetic electrons then travel into the fill gas to
produce ion pairs. This process is referred to as indirect ionization.

. Neutrons

Neutrons cannot strip out electrons in the same way as charged particles (alphas and betas)
or electromagnetic radiation (gammas) can. Therefore, neutron detectors operate by
capturing neutrons in a suitable absorber (lithium or boron) that coats the detector walls or is
part of the fill gas. The resulting nuclear reaction produces charged particles which can then

1 MeV is the abbreviation for Megaelectron volt which is 106 electron volts. An electron volt
is the amount of energy acquired by a singly charged particle when it falls through a potential of one
volt. This is a very small amount of energy—it would require about 2x1022 eV to melt a 10g ice cube
at 0°C.

12




be collected and measured. A typical reaction, (employed in the Ludlum-111) is:
on! +3Li6 = {H3 + oHe4+ 3e-

This equation shows an incident neutron striking a lithium atom, producing tritium (H3) and
helium (He4). The reaction is so energetic that both tritium and helium are produced without
electrons (they are positive ions). Three free electrons (negative ions) are also produced.
Boron is also frequently used as a neutron detecting material.

The probability of a neutron being absorbed by a material such as boron or lithium is much

. greater at low energies than at intermediate or high energies. However, in production
situations at Rocky Flats, neutrons which would be released during a criticality incident are
"born” at very high energies. To detect these neutrons, they must be slowed down to a point
where boron or lithium will absorb the neutron and release measurable ion products. The
process of slowing down neutrons is called moderation and the material used to slow down
neutrons is called a moderator. A good moderator, such as water or polyethylene, slows
neutrons down by absorbing their energies in scattering-type collisions. Thus, neutron
detectors ‘must be surrounded with a moderating material—such as polyethylene, so the
neutrons are slowed down enough to react with the boron or lithium.

Gas-FllIed Detectors

The gas-filled radiation detector is one of the oldest devices used in the radiation protection
field. Gas-filled radiation detectors are relatively simple, inexpensive, and reliable. They are the
most common type of detector used at Rocky Flats in the health physics area.

Detector Theory

When gas is enclosed in a radiation detector chamber and a voltage (V) is applied to the
chamber, a positive charge accumulates on the central wire (anode) and a negative charge
accumulates on the detector chamber wall (cathode). In effect, an electric field is established
throughout the detector chamber. As radiation enters the gas chamber, ion pairs are
created. The negatively-charged free electrons are attracted toward the positively-charged
anode and the positively charged gas ions are attracted toward the negatively-charged
cathode. (See Figure 5.)

While moving toward the anode or cathode, one of three things can happen to an ion:
l) it can combine with an oppositely-charged ion to form a neutral atom,
2) it can reach the electrode to which it is attracted with no further interactions, or
3) if it has enough kinetic energy, it can produce further ionization.

The speed of the ion pairs depends on the applied electrical field strength and characteristics

of the gas. The collection of these electrons on the central wire causes current on the wire to
decrease; i.e., a lower positive charge on the wire, and thereby a voltage drop in the system.

13




Figures 5&6

| ncomin_q\
Radiation

Eleclric
Field

v
E_d

Unils of
Volis/Meter

Figure s: Basic Schematic of Gas-Filled Detector

~_>
Output
R Voltage
—Pp
+
- T

14

/f ) ~

A ")
tr Anode !\/ ' ‘ ' »
/ AN j é Detector
' — - Voltage
7 +

Cathode — v
N
Figure ¢: Cylindrical Gas-Filled Detector




This drop in voltage is commonly referred to as pulse and its size is directly related to the
number of ion pairs collected. The presence of this pulse in the circuit causes current to flow,
which is normally fed to an ammeter where a reading is produced.

Detector Construction

Because it is extremely versatile, the gas-filled detector is the most commonly used detection
instrument. Gas-filled detectors, like the one shown in Figure 6 are capable of detecting and
discerning all types of radiation over the entire energy spectrum. Most gas-filled detectors
are of cylindrical geometry. The anode is the positively-charged wire in the center of the can.
The can, called the cathode, is negatively charged to collect positive gas ions.

Cylindrical configurations of gas-filled detectors are the most widely used because a higher
electric field strength can be attained close to the anode without using a high applied voltage.

Modes of Operation

_Radiation detection. instruments can be designed to operate in either a pulse mode or a

current mode.
Pulse Mode

In the pulse mode, the detector counts radiation interactions by .individual particle
interactions. Each interaction results in a distinct pulse which produces a charge. The output
pulses are then fed to the electronic circuit. This system acts on the pulse signals to produce
shaped pulses which retain the size and time relationships of the original input signals. These
signals are usually passed through a discriminator circuit, which eliminates all pulses below a
given size. A typical application of a discriminator circuit is shown in Figure 7.

Incoming neutrons and gammas produce ionization with pulse heights proportional to the
number of ion pairs collected. Recall that neutrons react with boron or lithium to produce
ionization, and that the number of ion pairs produced is larger than the number produced by
gamma radiation. The discriminator circuit eliminates gamma pulses and produces a pulsed
output proportional to neutrons only. The resulting pulses then proceed to a scaling circuit
which adds up the pulses as they arrive from the discriminator. The pulses are displayed as
counts through LED or liquid crystal display counters. '

Current Mode

In the current mode, the rate of radiation interactions is measured directly. In this detector,
the pulses passing through the discriminator are used to charge a capacitor connected to a
fairly high resistance. The pulses are so shaped that as each arrives, it supplies a constant
charge to the capacitor, which produces a voltage across the capacitor proportional to the
number of pulses arriving per unit of time, and thereby indicates the current count rate.

15




Figures 7&8
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Detector Characteristic Curve

The Gas-Filled Detector Characteristic Curve in Figure 8 illustrates the relationship between
the natural logarithm of the number of ion pairs collected and the detector voltage. The curve
has been divided into six regions, each with unique operating characteristics: Recombination
Region, lonization Chamber Region, Proportional Region, Limited Proportional Region, Geiger-
Muller Region, and Continuous Discharge Region. The following terms are used in discission:

Dead time: a period of time during which the detector cannot detect any subsequent events.
This dead time restricts the number of radiation events that can be detected. The detector
recovers after the positive ions migrate to the cathode.

Quenching: the process of inhibiting continuous or multiple ion discharge in a counter tube
caused by gas multiplication or amplification. Gas amplification occurs when primary ions
(created by incoming radiation) are quickly accelerated toward the detector's
anode,acquiring enough added energy to produce more ions as they move through the gas.
The extent of this increase in energy is a direct function of the applied voltage. This process
_forms an avalanche of ions.

Recombination Region

The recombination region of the curve exhibits the property of a low electric field condition.
The voltage applied to the detector is low, and when a radiation event takes place, only a
portion of the ion pairs are collected. The remaining ion pairs recombine within the detector.
As the detector voltage is increased, ion attraction to the anode and cathode increases, less
recombination occurs, and more ion pairs are collected. Operating a detector in the
recombination region could be dangerous, as it would underestimate the amount of incoming
radiation. No detectors at Rocky Flats operate in this region.

lonization Chamber Region

Operating in the ionization chamber region begins as increased voltage is applied to the
detector. The pulse size levels off and the applied voltage is so high that the recombination
process becomes negligible. Almost all the ions formed are collected. The pulse height is
dependent only on the number of ion pairs produced by the incident radiation. If the type of
radiation is known, the energy determines the puise height. Since the current reading is
independent of the voltage, there is no need for a highly stable voltage supply. The ionization
chamber region is the most accurate region of operation.

Summary: Gas-filled detectors operating in the ionization chamber region have the following
characteristics:

. Used to detect gamma and X-rays

. Low applied voltage

. No gas multiplication

. Increase/decrease in voltage to detector not critical
. Almost 100% of ions produced are detected

. lonization chambers respond to a wide energy range




Proportional Region

As the voltage is further increased, the pulse size again begins to increase. The voltage in the
proportional region is large enough to create gas amplification. The total pulse size that
results depends upon the initial number of ions produced in the gas; i.e., the two values are
proportional. The ions produced after the initial ionizing event undergo secondary ionization
and are referred to as secondary ions. The increase in secondary ions is generally referred to
as gas amplification factor. Since the result of each ionization event is amplified by the applied
voltage, detectors that operate in this region are more sensitive than those in the ionization
chamber region and can measure lower radiation intensities. A potential disadvantage of
proportional region detectors is that they are not as accurate as ionization chamber
detectors. In the proportional region, changes in readings are proportional to changes in the
incidental radiation.

Summary: Gas-filled detectors operating in the proportional region have the following
characteristics:

_«  Slight changes in applied voltage cause large changes in output pulse size
. Primarily used to detect alpha radnatuon

. Gas multiplication occurs

. Has a short dead time (about 0.5 microseconds)

Limited Proportional Region

In the limited proportional region, the total charge collected becomes independent of the
amount of primary ionization. For a given applied voltage, any type of incident radiation results
in the same collected charge. In this region, the voltage is high enough for the secondary ions
to produce more ionization. The production of further ionization from secondary ions is called
a Townsend avalanche. This creates a space charge which affects the shape of the electric
field in the detector. The total charge collected then loses its dependency on the initial
primary ionization and therefore becomes inaccurate as a measure of the incident radiation.
No detectors at Rocky Flats operate in this region.

Geiger-Muller (GM) Region

If we continue to increase voltage, we reach a value at which all pulse sizes become equal,
known as the Geiger Threshold Voltage. At this point, the pulse size becomes independent of
the number of primary ions formed, and even a single ionizing event produces a cascade
effect; therefore, the GM region is the most sensitive region. Also, the voltage .is now so high
that each ion in the cascade gains enough energy to produce a new cascade, which produces
a discharge along the entire length of the central wire. Because the entire wire length is
involved, the pulse size is no longer dependent on the primary number of ions created If we
increase the voltage above the threshold, the counter is said to be operating in the Geiger-
Muller region. However, since all pulse sizes are the same, regardless of origin, the device can
no longer distinguish between types of radiation. The Geiger-Muller region is the most sensitive
region of operation.
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Summary: Gas-filled detectors operating in the Geiger-Muller region have the followmg
characteristics:

e Used for beta and gamma radiation

« Avalanche conditions exist

» Saturation may occur

e Alcohol and chlorine are used as quenches

e Has a long dead time (about 300 microseconds)

Continuous Discharge Region

The electric field strength is so intense in the continuous discharge region that no initial
radiation event is required to completely ionize the gas. The strength of the electric field itself
produces ionization in the gas and complete avalanching occurs. Due to the region's
characteristics, no practical detection of radiation is possible. No detectors at Rocky Flats
operate in this region.

lonization Chambers

Operation and Application

The ionization chamber is normally used for radiation dose and dose rate measurements
because of its high level of accuracy. The detector operates in the ionization chamber region,
in the current mode, and thus produces an output current which exactly reflects the rate of
ionization occurring in the detector.

Since the ionization chamber does not provide any gas amplification, the sensitivity of the
detector (the minimum detectable incident radiation mtensuty) is limited by the minimum
-current that can be accurately measured.

Although an ionization chamber could be used to count pulses and measure pulse heights, its
relatively low sensitivity makes use of other types of gas-filled detectors that are simpler and
more effective.

Examples of lonization Chambers Used at Rocky Flats:

. Victoreen 440: used primarily for building re-entries.

. Victoreen 450-G: the primary gamma detection instrument used at Rocky Flats.

Proportional Counters
Operation and Application
Iv‘nstruments operating in the proportional region are in the pulse mode. Therefore, they are

not used to determine exposure rate, but to count the number of particles or rays
interacting in the detector."
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. Proportional counters are especially useful in applications where discrimination must be made
between different types of radiation. At any given applied detector voltage, the pulse heights
generated by alpha, beta, gamma, or neutron radiation will be distinctly different, so it is
relatively easy to provide circuitry to discriminate against overly large or small pulses.

At Rocky Flats, proportional counters are primarily'used for detecting alpha radiation. We are
concerned about alpha radiation because it is the primary indicator of contamination from
uranium, plutonium, or americium.

Examples of Proportional Counters Used at Rocky Flats:

. Ludium Model 12-1A: used to survey equipment, areas, and personnel for fixed and
removable alpha contamination. A mylar screen is covered by a plate on the detector;
the plate is removed during use to allow alphas to penetrate the mylar.

. Combo: combination hand and foot counter; used for self-monitoring of booties,
coveralls, and skin of personnel who work in radiation control areas.

« " Alpha Met (Meter): installed on gloveboxes; used for self-monitoring of hands and arms
. as they are removed from glovebox gloves.

Geiger-Muller Counters
Operation and Application

Detectors functioning in the Geiger-Muller (GM) region are often called Geiger Counters or GM
Counters. Developed early this century, these detectors are still widely used today because of
their simplicity and low cost. '

Recall that in the Geiger-Muller region, the applied voltage is sufficient to allow one ionizing
event anywhere in the detector to propagate a series of "avalanches” of secondary
ionization. This avalanche continues until the detector is completely flooded with ionization.

- The avalanche terminates when enough positive ions have been created to reduce the electric
field strength below the point required to trigger secondary ionizations.

Since the avalanche terminates when a fixed number of positive ions have accumulated, it
follows that the output pulse is the same size, regardless of the number of original ion pairs.
This is the main disadvantage of the GM detector--it can be used to count events, but delivers
no information about the energy spectrum of .the incident radiation.

The advantage of the GM detector is that the output pulse is very large and requires only
simple signal processing circuitry. The GM detector is also relatively inexpensive.

Dead Time

The minimum time between two separate pulses which are collected in a GM detector chamber
is commonly referred to as the resolving time. As ionization occurs in the chamber and
electrons move toward the central wire (anode), a field of positively-charged ions is generated
near the anode. The negatively-charged electrons are collected quite rapidly (in about a
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microsecond) by the central wire.

The positive ions are much larger and take a longer period of time (several hundred
microseconds) to travel to the cylinder wall.

This delay in the transport of the positive ion field away from the central wire allows the
positive ion field to effectively reduce the electron field at the central wire and stop the
discharge current in the detector. These positive ions must be swept away so that the field
will return to normal and another discharge can take place. If an ionizing event occurs during
the time in which these positive ions are being removed, a pulse in the detector will not occur.
Therefore it can be said that the GM counter has a period in which no ionizing events will be

- seen and no pulses will be produced. This time is referred to as the dead time.

Quenching

In order to minimize the length of the dead time associated with gas-filled detectors, a
quenching gas mixture is often added to the detector chamber. This gas mixture is typically
about 90 % argon and 10% alcohol. When the avalanche develops, the positive ion field

contains both argon and alcohol ions. As these ions move to be collected, collisions with neutral

molecules may lead to electron transfer. That is, an argon ion that collides with an alcohol
molecule may produce a neutral argon atom and an ionized alcohol molecule. This occurs
because the ionization potential in alcohol is less than that of argon. By the time the positive
ion field reaches the counter wall, it will contain almost 100% alcohol ions.

The alcohol ions perform two important functions. First, alcoho! strongly absorbs any photons
that may be produced during avalanche conditions. This decreases the probability of the
photoelectric effect, which could result in a continuous discharge. Second, when the alcohol
ions reach the wall and become neutral, the excess energy often causes the molecule to break
up or dissociate. In the dissociation process, no photons are emitted so that no new discharge
occurs.

Saturation

In some older GM systems, detectors would fail low in high radiation fields--an extremely unsafe
response. The detector failed low because it saturated. Saturation occurs in a GM detector
when ionizing events are occurring so quickly that full-size pulses are not being developed,
resulting in severe underestimation of the count rate. Current generation GM meters are
designed to fail high or offscale in case of saturation.

Examples of Geiger-Muller Counters Used at Rocky Flats

The instruments following employ a Geiger-Muller (GM)-type, gas-filled probe, connected by a
cable to a portable survey meter. The thin wall-type GM probe with retractable beta shield is
most common, but other types such as end window and pancake probes are also available. GM
instruments are used to monitor beta particles and low-level gamma and X-rays.

. CDV-700: used primarily for checking dosimeter badges following a criticality
evacuation.
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. Teletector: used for radiation surveys in inaccessible locations and for reducing
monitor exposure when surveying high-level sources.

. Ludium Model 31: designed fbr use in beta-gamma surveys; utilizes a high sensitivity
pancake-type probe.

Scintillation Detectors
Basic Theory

Luminescence is the process whereby energy is absorbed by a substance, and then remitted
as visible light; this principle is used to detect radiation with a scintillation detector. Incident
radiation interacts with the scintillation material, causing ionization and excitation of the
electrons. The de-excitation of the scintillator electrons results in a visible light pulse.

A wide variety of scintillator materials can be used. A good scintillator material is highly
~efficient in converting incident radiation energy to light. The scintillator must also be
transparent to its own light emissions. To minimize dead time, a good scintillator has a short
decay time (the time elapsed from absorption to emission). Scintillation detectors like the one
shown in Figure 9 can be used to detect any type of radiation, depending on the scintillation
material used. ,

The incident radiation interacts with the scintillator material, causing ionization and excitation
of the electrons. When the electrons de-excite, they emit a visible light pulse. These light
flashes are channeled by an optical coupling (light pipe) into a photomultiplier tube where the
light is analyzed. The photomultiplier tube converts the light pulse to electrons, and multiplies
the electrons to produce an output signal.

As the light enters the photomultiplier tube, the photocathode is encountered. The surface of
the photocathode is coated with a substance that emits electrons when struck by light. A
typical photocathode emits one electron for every 10 photons absorbed.

The electrons emitted from the photocathode are then multiplied by striking dynodes placed
at successively high electrical potentials. The potential difference between dynodes
accelerates the electrons, so as the electrons travel to each succeeding dynode, more
energy is acquired (facilitating the release of an increased amount of electrons at each
succeeding dynode). For every electron initially striking a dynode, a specific number of »
electrons is released. This provides an amplification of the initiating signal to a much larger and
useful signal.

The final step in the scintillator detection process is the conversion of the detector output to
usable information in the circuitry attached to the detector. This process is external to the
scintillation detector and photomultiplier tube.

Operation and Application

Scintillation detectors possess a much better counting efficiency for gamma rays than do gas-
filled detectors. Sodium iodide, for example, has a density of 3.7 grams/cm3, while gasses have
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densities of around 0.001 grams/cm3. Therefore, there are many more atoms available with
which gamma rays can interact.

It is possible to use the scintiliation detector for gamma ray spectroscopy, since the output
pulse height is proportional to the initial gamma ray energy that was deposited. In this case,
the output pulses can be fed to a multichannel analyzer to determine the amplitudes of the
pulses. Scintillation detectors are also used for

neutron detection by using lithium or boron to produce an alpha particle. The

alpha particle is then detected as previously described.

Examples of Scintillation Detectors Used at Rocky Flats

. Alpha Smear Counter: used to determine low levels of alpha contamination; loose
contamination which is gathered by use of the smear test is determined by placing
smear paper in the Alpha Smear Counter and counting for a predetermined time. The
Alpha Smear Counter is more sensitive than proportional instruments and is read in
counts per unit of time.

« " Victoreen 440: used primarily for building re-entries.

. Ludium 111: used for detection of neutrons; mounted on a wheeled cart for mobility.
The detector is surrounded by a |O-inch diameter polyethylene ball which moderates
- (slows) the fast neutrons down to the instrument's detectable range.

. Portable Neutron Counter: a Rocky Flats-designed, portable instrument used for
neutron detection by the radiation protection technologists (RPTs). The electronics
case is carried on a belt, and the handle-equipped polysphere is hand-carried, thereby
allowing the RPT to use the instrument in almost any location.

Semiconductor Detectors

The semiconductor detector can be thought of as the solid-state analogue of an ionization
chamber, except that it measures radiation by collection of electron-hole pairs rather than
ion pairs. :

Basic Theory

Semiconductor detectors are devices which use solid crystals to detect the presence of
radiation. In theory, the operation is much like that of a gas-filled detector. The difference lies
in the fact that atoms in a solid are packed much closer together than in gasses.

A semiconductor is a material with electrical properties somewhere between those of a good
conductor and a good insulator. Earlier, Figure 2 illustrated the comparative energy levels in
the electron cloud of an atom. The energy for any electron is confined to those energy
bands. The bands are separated by gaps or ranges of forbidden energies—levels where the
electrons are not found. A simplified diagram representing these bands is shown in Figure 10.
In the lower band the electrons are bound to specific sites within the crystal lattice. This
lower band is called the valence band. The upper band is called the conduction band. Here
electrons are free to migrate through out the crystal lattice. These are the electrons that
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Figure 10
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contribute to the overall electrical conductivity of the material. The two bands are separated
by the bandgap. The size of the bandgap determines whether a material is an insulator or
semiconductor. In both, the number of electrons within the crystal lattice is sufficient to fill
completely all of the available electron sites within the valence band. Without any thermal
excitation, both insulators and semiconductors would have the same configuration—the
valence band would be completely full and the conductive band would be completely empty.
Neither the semiconductor or the insulator would show any electrical conductivity.

In metals, the highest occupied energy band is not completely full. Electrons can migrate with
ease through out the material because they only need to achieve a small increase in energy to
be above the occupied state. Metals are characterized by very high electrical conductivity
because of this configuration of electrons. -

Conversely, electrons in insulators or semiconductors must be able to cross the bandgap to
reach the conductive band. Hence the conductivity of the material is orders of magnitude
lower. The larger the bandgap, the better the insulator. The bandgap in insulators is 5eV or
more, whereas in semiconductors the bandgap is approximately 1 eV.

Materials such as germanium or silicon are used since they can be ionized very easily. in these
materials, the electrons that are normally part of the covalent bonds can be easily excited
and freed from the specific bonding sites to drift about in the crystal lattice. When excited,
not only are electrons created in the otherwise empty conduction band, but a corresponding
vacancy or hole for each electron is created in the valence band. Together these are called
electron-hole pairs. This process is similar to the formation of ion pairs in the gas detectors.
Instead of moving freely through a gas toward the anode or cathode, the electrons can be
made to move by the application of an electric field. The electron migrates by successive
exchanges with electrons in neighboring atoms of the crystal lattice; the corresponding holes
behave similarly but in a direction opposite to that of the electrons. This movement of these .
charges is observed as the level of conductivity in the crystal which can be measured.

Operation and Application

Because the distances traveled are much less than those in a gas-filled detector, the response
time for a semiconductor detector is much lower. Also, the amount of energy required to
produce one ion pair in a gas-filled detector is 10 times that required to produce an electron-
hole pair in a semiconductor. Therefore, for the same level of incident radiation, the
semiconductor can produce 10 times the number of charge-carrying ions as can the gas-filled
detector. ' : . S

Two major advantages of semiconductor detectors over scintillation detectors or gas-filled
detectors are as follows: They have a very low resolving time, and a very high energy
resolution, due to the large number of electron-hole pairs created and the accurate
correlation between radiation energy and the number of electron-hole pairs collected.

One major disadvantage is that they are very sensitive to thermal excitation (heat). As a
result, they must be kept cool.
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Examples of Semiconductor Detectors Used at Rocky Flats
. HPGe (tripod and vechicle mounted models)
A Comparision of Nal and HPGe Sensors

Most of the instrumentation that has been used to perform in' situ measurements fall into the
category of ‘health physics' instrumentation. This instrumentation has been used to screen
people, equipment, and areas for signs of gross radioactivity and/or for changes in the
background levels of radioactivity. The health physics instrumentation includes but is not
limited to gas filled ionization tubes, plastic scintillators, and crystalline scintillators each
coupled to a scalar. The scalar typically displays a count rate or an exposure rate. Some of
the newer designs that provide energy discrimination can process the count rate within an
energy window and yield concentration for a nuclide. These types measurements are
appropriate for field screening. They do not provide sufficient information for
characterization. Characterization requires the ability to identify and quantify all
radionuclides that may be present. Health physics instrumentation, in general, does not have
that capability. This includes the 0.0625 inch x 5 inch sodium iodide (Nal) .crystal coupled to a - -
scalar commonly referred to as the FIDLER.

The FIDLER instrument was developed to find plutonium that might be dispersed in a weapons
accident. The instrument is designed to measure low energy gamma-rays and x-rays which
are characteristic of americium and plutonium. The sensor of the FIDLER, 0.0625 in. x 5 in.
Nal crystal, by virtue of its design follows a cosine response function to angle. This translates
to a narrow field of view, about 30 cm or about 1 foot diameter when held 5cm or 2 inches
above the ground. The sensor typically has a frontal active area of about 122
cps*cm2/gam/s and a photopeak resolution of about 25% (15 keV FWHM) for 59.5 keV
photons. This means that although it has good sensitivity to low energy photons it can not
discriminate between gamma-rays or x-rays that are closer than 10 keV. A sample
background spectrum resulting from a FIDLER measurement is shown in Figure 11.

When a FIDLER survey is conducted the operator places the sensor approximately 5cm (2 in.)
above the ground and slowly swings it from side to side as he/she moves forward. Given this
methodology for a survey the minimum detectable activity (MDA) for americium-241 should be
on the order of 15 pCi/g for a distributed source and 50 mCi for a point source.

MDA is that quantity of radioactivity needed to be present before the sensor can measure it
with any certainty. The MDA is a function of gamma-ray energy, distribution in the media,
other gamma emitting radionuclides present, the sensor and its geometry, count time, and
analysis methodology; there are many factors that can affect MDA.

The Nal sensors of which the FIDLER sensor is a special case can be manutactured in a variety
of shapes and sizes. These sensors can be coupled with a scalar or a multichannel analyzer.
Their angular response, energy response, and resolution varies with size, shape, and photo
multiplier tube mounting. For a typical 3 in. x 3 in. Nal crystal the response is nearly isotropic
as a function of angle, it exhibits a frontal active area for 59.5 keV photons of about 46
cps*cm2/gam/s, and has a typical resolution of about 13% (7.7 keV FWHM). This sensor is
sensitive to a wide range of gamma-ray and x-ray energies. The sensor when coupled to a
multichannel analyzer can be used 1o measure and identify a number of radionuclides. A
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sample background spectrum resulting from a Nal measurement is shown in Figure 12. One of
the factors limiting in its ability to perform characterization is its photopeak resolution. Sites
that have low concentrations of contaminating radionuclides whose gamma-ray signatures
compete with naturally occurring radionuclides would not benefit from use of Nal sensor for
characterization.

High purity germanium (HPGe) sensors can, like the Nal sensor, be manufactured in a number
shapes and sizes. These HPGe sensors are normally coupled to multichannel analyzers. For a
typical 75% n-type coaxial HPGe sensor the response is nearly isotropic, it has a frontal active
area for 59.5 keV photons of about 38 cps*cm2/gam/s, and has a typical resolution of about
1.5% (0.9 keV FWHM). These sensors are sensitive to a wide range of gamma-ray and x-ray
energies. A sample background spectrum resulting from a HPGe measurement is shown in
Figure 13. The MDA for americium-241 is typically 0.23 pCi/g for a distributed source and 1.8
mCi for a point source. This is correct for a single sensor suspended one meter above the
ground with an acquisition time of one hour. The HPGe sensor typically exhibits high energy
resolution, on the order of 1 to 3 keV FWHM of detected photopeaks. This high resolution
enhances the ability to identify photopeaks and quantify their emanating isotopes makmg this

. sensor the one. of choice for in .situ characterization of radionuclides.

The theory behind in situ measurements applies equally to each of the above sensors. The flux
at a given point in space is independent of the sensor or detector used to measure it. What a
detector can measure is directly related to the material the sensor is constructed from and
its size and shape. So it is critical to choose a detector that will measure the gamma-ray flux
to the level of interest. :

In-situ Detector Characterization

It is necessary to determine the sensor's response characteristics for the purposes of
computing conversion factors and to aide in determining appropriateness of a detector to an
application. The Gamma Survey Group (GSG) of Environmental Sciences and Engineering, EG&G
Rocky Flats performs a complete sensor characterization prior to systems deployment. The
GSG currently employs HPGe for characterization of radionuclides. The detector
characterization was accomplished by measuring the detector sensitivity to a number of
gamma-ray energies at angles ranging from O degrees to 90 degrees. The sources were
certified by the United States Department of Commerce, National Institute of Standards and
Technology (NIST) as to their isotopic activity. The sources used were 241Am, 137Cs, 60Co,
and 152Eu. These sources emlt useful gamma and/or x-rays at energies ranging from 32.1
keV to 1408. 0 keV."

The sources were placed one at a time on the detector characterization fixture. The fixture
allowed the sources to sweep out a solid angle at one meter from the detector face while a

measurement was made. This was done to smooth out any detector asymmetries. At the

completion of each measurement the source was moved 10 degrees on the fixture and
another measurement was made. This was repeated until measurements had been made from
0 degrees to 90 degrees. At the completion of the 90 degree measurement the source was
placed at 0 degrees and a duplicate measurement was made. This duplicate measurement was
made to document any changes in the fixture's geometry relative to the detector. The
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measurements at 0 degrees were used to determine the detector's effective area by solving
Equatlon (1).

Ao={(4wr2CR)/(S0)}e(r/v (1)

where:
Ap = detector effective area at 0 degrees in units of cm2*cps/g/s
r = source distance from the detector in units of cm
CR = measured photopeak count rate in units of cps
So = source strength in units of g/s

v = mean free path in air for the gamma energy in units of cm

The effective area generally varies as a function of gamma-ray energy and gamma-ray angle of
incidence. Figure 14, graphically displays this for the six detector array, 1A6. Figure 15,
shows the response of the center detector, 1A4, of that array. Figure 16, reflects the
response of the same center detector, 40227, while it is configured in its own individual
cryostat. (Detector 1A4 is detector 40227. The label 1A4 signifies the array mounting as
opposed to a single cryostat.)  There is a significant change in the response of 1A4 and =~ =
40227. This is a result of the other five detectors mounted around 1A4. The other five
detectors exhibit a similar response when mounted on individual cryostat as detector 40227.
Figure 6, is representative of the response of the other detectors when they are used
individually as in a tripod configuration. This relationship for a given energy can expressed as:

A = AgR(9) (2)
where:

R(e) = the ratio of the detector response at an angle @ to that at 8 = 0 degrees.

The angular response of the detector package is folded into a sensitivity calculation to
determine conversion factors for the in situ measurement. - (The theory of in situ
measurements is provided and the sensitivity calculation formulas derived there.) It is
convenient to compute conversion factors for two detector heights with a branching of unity
and plot the results (pCi/g/cps) as a function of energy. The resulting plots are shown by
Figures 17 through 24. The curves are fitted and the coefficients are loaded into analysis
software. The software package can then compute the appropnate conversion factor for
any isotope within its library for given detector height.

The conversion factors computed and loaded into the analysis software for the in situ
detectors reflect the following assumptions:

soil density = 1.5 g/cm3

soil moisture = 10%

vertical distribution = homogeneous
averaging depth = 3.0 cm

air density = 0.001293 g/cm3
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From the sensitivity calculations the detector ‘field of view' can be determined. It show be
noted that when an in situ measurement is made the model shows that the detector measures
an infinite plane. The detector ‘field of view' is defined as that circle on the plane where 90%
.of the gammas originate that contribute to the photopeak counts. The ‘field of view' is a
function of gamma-ray energy, vertical distribution, and detector height. 'Field of view' curves
for the 1A6 detector package are presented in Figure 25.

The Theory of In-situ Measurement

The unscattered flux of gamma-rays of energy E at a height above a smooth air-ground
interface due to an emitter distributed in the soil is given by (see Figure 26):

® =/~ oJ=(Sv/4nr2)exp[-(n/p)e.p o Falexpl-(1/p)s p sfs]2nx dx dz (3)

where:
Sy = the activity per unit volume in units of (g/s)/cm3

r=ra+rg inunitsofcm .

(Wp)a

air attenuation coefficient in units of cm2/g

soil attenuation coefficient in units of cm2/g

(Wp)s

p a = air density in units of g/cm3

p s = soil density in units of g/cm3
This expression assumes a source distribution which varies only with depth. For fallout activity
the distribution after a period of time can be reasonably approximated by an exponential
distribution given by: '

Sv =Sy 0 e-=z (4)

where:
Sy 0 = the activity per unit volume at the surface and

« = the reciprocal of the relaxation length in units of cm-1.

Rewriting Equation (3) in terms of g and z, combining with Equation (4) and integrating over z
leads to:

® =S, 0/r/2 {tan® exp[-(u/p)a p o sec 8]}/
[x+(u/p)s p s SECO]d O (5)
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Conversion Factors From Point Sources
The detector response to a given flux of gamma-rays (®) of energy E incident at an angle 6
can be given in terms of an effective detector area, A, defined by:

A = Np/® (6)

where:
Np = the net photopeak count rate in units of cps.

The effective area, as stated above, for a given energy, varies as a function of the gamma-ray
angle of incidence and is normally written as:

A = AgR(6) (2)
Both A0 and R(q) can be determuned expenmentally wnh pomt gamma ray sources.
Combmmg Equatlons (6) and (2) with Equation (5) leads to an expression which relates the

measured photopeak count rate to source activity in the soil. This is given by:

Np/Sy 0 = [Ag/20/m/2{R(0) tan ® exp[-(1/p)a p ahseC 0]}/

[x+(1/p)s p s SEC 0] d O] . (7)
The conversion factor Ny/S,0 given by Equation (7) is in units of cps/(y/cm3s).

For a specific isotope the conversion factor is normally changed to units of cps/(pCi/cms3).
Multiplying the expression in the brackets in Equation (7) by the soil density (g/cm3) leads to
the conversion factor

Np0/(Sv/p) normally given in units of cps/(pCi/g).

In general.'the average concentration in the top z cm, S, 2, for a source distributed
exponentially with depth is given by:

SvZ = 1z oz §,0 eez dz = [S,0/(az)](1-0-e2-) - (8)
Combining Equations (7) and (8) leads to:

Syz/p)/Np = [(1-e-a2)/(az)]B{(Ap p s)/2 o[*/2{R(0) tan & expl-(Wp)a p aPSEC
0]}/ [a+(1/p)s p s Sec 0] d 08]-1 | (9)

in units of (pCi/g)/cps, where B converts y/s to pCi for a specific isotope.

This ‘conversion factor has utility when comparing in-situ results with soil sample results where
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the soil sample is taken from 0 to z units deep and is finite.
Measurements

Simply stated, as shown by the theory, the measurement takes place with the sensor
positioned over the area of interest and a gamma-ray energy spectrum is collected over a
period of time. If there is material between the area to be characterized and the detector
such as water/snow (see Figure 27), gravel, pavement, concrete, or even clean soil then the -
measurement becomes more complex. Any material between the sensor and the area of
interest will reduce the amount of unscattered flux effectively shielding a potential source
term. :

The mode! (Figure 26) assumes an infinite flat plane. In practice, at Rocky Flats, one rarely has -
a flat horizontal plane to measure. There hillsides, valleys, and other elevations that require
characterization. Hillsides can be approximated by tipping the horizontal plane model. This
geometry does not affect the characterization results.

When a measurement is taken in a valley the computed activity is normally greater than the
actual. This relationship holds true for both point and distributed.sources. . The area to. be
characterized is effectively brought closer to the sensor. This reduces the distance and
attenuation affects increasing the gamma flux at the detector. '

When a measurement is made with the detector on the top of a knoll the computed activity is
lower than the actual activity. This is true for both distributed sources and point sources.
The area to be characterized has effectively been moved away from the sensor. It is true
that the field of view has been effectively increased such that the total volume is greater, but
the model has been violated and the assumptions used to compute conversion factors are no
longer valid.

The actual geometry for a measurement could be any combination of the above in varying
degrees. The area characterization would be affected accordingly. Ideally, sampling
strategies would be developed to minimize topographic effects. ’

Included as Enclosure Il are the Lecture Notes from In Situ Gamma-Ray Spectrometry given by
Kevin M. Miller and Peter Shebell. These notes are included with permission from Kevin M. Miller.
In any event, in situ gamma-ray spectroscopy is another tool available to assist in radiological
site characterization. ‘
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ABSTRACT

The use of large NaI (Tl) crystals and large Ge (Li) diodes
to make in situ measurements of y-rays from sources in the
soil and air is described. Methods for inferring source con-
centrations and contributions to the total exposure rate from
- individual emitters are discussed and tables of photon flux
to source activity and flux to exposure rate conversion
factors are presented. Descriptions are given of the cali-
bration of 4 in. by 4 in. NaI (Tl) detectors, and 25 cm® and
60 cm® Ge(Li) diodes. ' A number of applications of field-
spectrometry are discussed.
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I. INTRODUCTION

The Health and Safety Laboratory (HASL) pioneered the
development of in situ gamma-ray spectrometric techniques,
first utilizing large NaI(Tl) crystals'®’2?’ and later
Ge (Li) diodes!®). These spectra are used to provide infor-
mation on the identity of radionuclides in the soil and air,
their concentrations in the soil and their individual
exposure rate contributions‘¢’®’.

" In situ measurements of soil activity are more sensitive
and provide more representative data than data obtained by
sample collection and subsequent laboratory analysis. An
unshielded detector placed about one meter above the ground
detects gamma rays from an area within about a 10 meter
radius, repre~enting a large volume of soil compared to the '~
typical soil sample, and comparable counting statistics can
be obtained in only a small fraction of the time required
for the laboratory analysis. For example, a field spectral
analysis for the natural emitters, *°K, ®2®U and 22%Th, can
be carried out in approximately 15 minutes with a 4 in. by
4 in. NaI(Tl) detector. A comparable analysis in the labor-
atory, excluding transportation and sample preparation time,
would require several hours. Furthermore, a single soil
sample from a site may not be representative of the mean soil
activity, so a number of samples or composite samples are
reguired. A single field analy:is averages out small local
inhomogeneties in the sample.

The most important disadvantage of in situ spectrometry
is that the accuracy of the analysis depends on a separate
Knowledge of the radioactivity distribution with soil depth,
and to a lesser extent a knowledge of the soil density,
~ moisture content and chemical composition. We will show,
however, that-exposure rate estimates are much less sensitive
to variations in radionuclide distribution and soil character-
istics than are concentration estimates and that very accurate
estimates of individual nuclide contributions to the total
external exposure rate can be made from the field spectra.




Our NaI(Tl) analysis technigques have been discussed
extensively in prior publications(l's), and similar work has
since been reported by other investigators(°‘°) The specific
application of our analysis to large lithium drifted ?ermanium
diodes [Ge(Li) ] has only qualitatively been discussed‘®’, 1In
addition, since our last detailed report on spectrometric
methods‘®’, improved calculations of gamma-ray flux and
exposure rate in air as a function of soil concentration have
been made, and new and more precise information on the gamma-
ray emissions of ?2?f®Ra and ?22Th daughters has become available.
These new data have allowed us to improve the flux to dose
conversions used in our spectral analysis.

II. EXPERIMENTAL EQUIPMENT; FIELD PROCEDURES

Figure 1 is a block diagram of our field eguipment
arrangement. Each detector is placed on a tripod, facing
downward toward the soil halfspace, at a distance of 1 meter
above the ground (Figure 2). The site is usually chosen to
be a flat relatively undisturi>al area whose soil is typical
of the surrounding environs. Ve have found that this
measurement technique smooths out much of the effect of ground
roughness. Extreme roughness will result in anomalies since
the soil surface area close td the detector is increased,
while the surface contribution from large distances is reduced.

The Nal detectors are usually covered (in addition to
the manufacturers standard thin aluminum or stainless steel
window) by a 1/4 in. bakelite shield to reduce the beta-ray

contribution to the Compton continuum as well as to moderate
~ thermal stresses.

The NaI detectors (usually 4 in. by 4 in. cylindrical
crystals attached to 3 in. matched photomultiplier tubes)
are coupled through an emitter-follower preamplifier and a
100 ft. coaxial cable to a multichannel analyzer in our field
vehicle. The output of the Ge(li) diode goes to an uncooled
preamplifier directly attached to the crvostat, then through
a specially designed low noise 100 ft. cable carrying the




preamplifier power and transmitting the signal\to a high
resolution amplifier and 4000 channel analyzer in the vehicle.
The 5 liter dewar attached to the diode-cryostat requires
filling every four days and for long trips an extra 30 liter
dewar of liquid nitrogen is carried along. The electronic
equipment is shockmounted in a rack mounted in a station
wagon (Figure 3). Power for operating all the equipment for
up to eight hours is supplied by three 95 ampere-hour storage X
batteries coupled to a solid-state 12 V DC~-AC converter. The =
primary output device is a magnetic tape recorder, however,

a parallel printer is also available. The particular analyzer
we use was chosen for its low power requirements (~200 watts),

" its compact size, weight and acceptable temperature stability
characteristics.

" 'The Ge(Li) and NaI(Tl) detectors, when not in use, are’
transported in rugged styrofoam cushioned boxes designed to
minimize both mechanical and thermal shock. Portable lead
shielding also allows us to use the detectors for counting
samples in a fixed geometry in the field.

NaI (Tl) spectra are usually accumulated in from 10 - 20
minutes while Ge(Li) spectra usually require from 30 to 90
minutes counting time . depending on the soil activity and
active volume of the diode. 2lthough the resolution obtainable
in the field is not usually as good as that in the laboratory,
we rarely encounter significant deterioration in resolution
from gain or zero drift even during very warm or cold days
because of the relatively short counting intervals. We use
no special gain stabilization equipment. The detector
characteristics are discussed more fully in Section V of this
report.

Our standard practice at each measurement site is to first
monitor the entire area with hand-held, NaI scintillation’
meters to assure that the radioactivity level is relatively
uniform, A high pressure ionization chamber{'®’ is used to
measure the total exposure rate at the site.




III. THE ANALYSIS OF IN SITU SPECTRA

The total absorption peaks in a spectrum are a measure
of the gamma-ray flux of a particular energy incident on the
detector. By calibrating the detector in the laboratory with
standard point sources we have determined the detector

" response in terms of total absorption peak counts for a given

flux as a function of gamma-ray energy and angle of incidence.
The area of a total absorption peak in a field spectrum is

thus a measure of the actual flux incident on the detector in
the field situation. We have also calculated the expected

flux at the detector per unit activity of eacn nuclide in the
soil for various source depth distributions and soil properties

..and obtained theoretical flux to concentration ratios. We

extended the method to exposure rate estimates by calculating
the total exposure rate expected at various heights above the
ground per unit activity of a particular nuclide in the soil,
obtaining theoretical flux to exposure rate ratios.  Multi-
Plying the absorption peak area response of the detector per
unit incident flux by the calculated flux to exposure rate
and flux to activity ratios we obtain zalibration factors in
terms of total absorption pecak counts der i ;R/hr or per pCi/gm
for each nuclide of interest.

We can describe the analysis symbolically in the following
manner. Let '

an estimate cf the counts per minute obtained under
a particular spectrum total absorption peak due to
a unit flux of gamma rays of energy E incident on
the detector parallel to the axis of symmetry of
the detector.

(No /1)

]

‘the angular correction factor applied to (No/v) to
account for the fact that gamma rays in the field
situation are not incident parallel to the detector
axis of symmetry. If the detector has a uniform
response over the solid angle from which gamma rays
enter the detector in the field, then Ng¢/No = 1.0,

If not, the measured angular response of the detector

A(Nf/&of




must be integrated over the actual distribution.
This latter quantity is a function of energy, source
distribution, soil density, and soil composition.

total flux at the detector per unit soil concentra-
tion [(pCi/g) or (mCi/km®)) of a particular nuclide
as a function of energy, source distribution, and
soil properties.

()

(1)

exposure rate in pR/hr at one meter above the ground
from all gamma rays originating from a particular
nuclide and the secondaries produced in the soil

and air.

(@/I) = the ratio of ‘the flux at the detector due to-gamma
rays of energy E emitted as a result of the decay
of a particular nuclide and any daughters to the
corresponding exposure rate for that nuclide and

its daughters in equilibrium, if specified.

Then, the absorption peak counting rate is related to the

exposure rate in air above the ground or to radionuclide con-
centration in the ground by

(Nf/I)

N )
(N /R)

(Nf/No)(No/m)(m/I) peak area counts per pR/hr,

(ﬁf/No)(No/@)(m/A) = peak area counts per minnte

per pCi/g or mCi/km?.

This analysis is egqually applicable to NaI (Tl) and Ge(Li)
detectors, though the estimation of absorption peak areas for
the two types of detectors are quite different. The very
great resolution of Ge(Li) detectors allows one to measure
absorption. peak. areas due to.a given gamma-ray transition
with very little interference from neighboring peaks. Often,
the areas of several peaks resulting from the same nuclide
may be measured. The efficiency of Ge(Li) diodes is still
much lower than Nal(Tl) and thus longer counting times are
required to obtain comparable statistical precision. The
poorer resolution of the NaI(Tl) data often makes difficult
the estimation of absorption peak area due to interference
from nearby peaks.




Though our calibration data on No/9 and Ng/No, are strictly
valid only for our particular detectors, except for nominal
differences in volume, our NaI(Tl) data should be applicable
to other 4 in. by 4 in. detectors and our Ge(Li) data should
be instructive in illustrating the differences in Nal and
Ge(Li) sensitivity.

The calculations of ¢, ®/A, ©/I, and I given in the next
section, however, are generally useful for any detector cali-
bration.

IV. CALCULATIONS OF FLUX AND EXPOSURE RATE

Gamma-Ray Flux from Monoeneragetic Sources in the Soil

The total flux of gamma rays of energy E at height h om
above a flat air-ground interface due to an emitter distributed
in the soil exponentially with depth is given by

o ,
o(r,8) = 27 IW/z J S°2 expl-(a/p)pz]z® sin 6 exp[-us(r—h/w)] .
) h/w 4T
eXP[-ll.a (h/w) ] &r ae, (1)

where

r = tﬁe distance from each element of differential

volumz to the detector position,

w~='cds-é;3 w o o

Z = the depth beneath the surface in cm,

So = the surface activity, photons/sec-cm®,

a = the reciprocal of the relaxation length of the
- assumed exponentially~-distributed source activity
with depth, cm %,




p = soil bulk density, g/cm®, and

L ,u_ = the air and soil total gamma-ray attenuation coefficients,
a’’'s -1
cm .,

The dependence of ¢ on the photon angle of incidence with
respect to the perpendicular to the earth-air interface, '8,
is obtained by integration over r, hence

_ So/p ' 1l
?W) == [(a/p)w + (us/p)] exp(-t/v) (2)

where
So/p is the surface activity per unit mass of soil and the

activity at depth pz g/cm® is given by
S/p = So/p exp(-a/p * pz), and

p /p is the mass attenuation coefficient for soil and t is
s the height of the detector above the interface in
units of mean free paths of air, ‘i.e.

t = (ua/pa)(hpa).

Since
So
S, = J b= exp (-a/p pz) dz = Sp/a

is the total activity in an infinitely deep column of soil
of unit cross-sectional area, then eguation (2) can be
rewritten

casS
A 1
o) = 5= e (-t/0) |y (us/p)]

(3)

Equations'(l-B) give the flux in air at any height t for
a source distributed exponentially in the soil as long as we



are dealing with infinite half-space geometry, i.e. as long

as variations occur only in the z direction. Any depth
distribution can be represented by a superposition of plane
sources buried at various depths and equations (1-3) merely
represent particular superpositions. For most real situations
the actual distribution of activity can be represented by
equations (2) and (3). Natural emitters are usually distri-
buted reasonably uniformly in the soil; for this case a/p = 0
and equation (2) becomes

wlw) = [(So/p)/2(ng/p)]) exp(-t/w) (4)
and the total flux,
1
v = I o (w)dw. (5)
(o}

Equation (5) generally cannot be evaluated directly but can
be solved numerically with the aid of a large computer.

For a plane source on the soil surface, representative
of fresh weapons fallout, o/p — = and from eguation (3) we

obtain

. S

o (w) = 5% exp (-t/w) . (6)
and the total flux,
. N jl (©)ds = SAE?(t)- : . 1)
@ . @ > ) | , i

where E, (t) is the exponential integral, sometimes also
written - Ej(-t). The values of E,; (t) have been tabulated
in many mathematical handbooks.

Fallout deposited on the ground tends to approach a
distribution which can be reasonably approximated by an




exponential distribution after some time!*??, The value of
a/p best describing the distribution will depend on the type
of soil, soil density and moisture content. Values of a/p
ranging from 0.05 to 0.5 have been found to describe
realistic fallout distributions adeguately, the more aged
fallout, of course, being represented by the smaller

values 1),

Calculated Fluxes

_ Using equations (2) and (3) we have calculated the un-
scattered photon flux at one meter above the interface for
values of a/p ranging from 0 to *, These results are given
in Table 1 for various monoenergetic source energies, for a
source strength of Sp = 1.0 photons/cm®-s except for the o
case of a/p = 0 (uniform) where the results are for S/p = 1.0
photons/s per gram of soil. We used the soil composition
given in Table 2. : '

The choice of doing the a/p # 0 calculations for a fixed
total source activity and a varying source depth distribution
rather than for a fixed value of surface activity (So/p = aSp/p)
results in the o/p = 0 data not being directly comparable to
the a/p # 0 data as tabulated. The effect of source depth
distribution is more apparent from this type of normalization,
howéver. The results could be re=normalized by letting
So/p = 1.0 photon/g-s for all cases.

In Table 3 we give the fluxes at 1 meter for some typical
fallout radionuclides obtained by interpolating the data in
Table 1 and multiplying by the given photons/dis. In Table 4
we give similar results for the major 2*3®U and ®22Th transi-
tions. The ?2®U and °®*2Th decay chains are listed in Table 5.

Dependence of Flux on Soil Density . . ... ”"' L

Although soil densities may vary considerably from site
to site, it can be seen from equations (3) and (4) that the
soil density enters only in the terms a/p and pg/p. One can
~obtain the flux for any soil density from the flux vs. (a/p)
in Table 1 since the quantity us/p is independent of density



and depends only on isotopic composition. Although we typically
assume a soil density of 1.6 g/cm®, the values in Table 1 for
any values of p and a are equally valid for other values of p

as long as a/p = constant, i.e. the values given for a = 0.5
cm™ ! and p = 1.6 correspond to the values for a = 1.0 cm~? and

p = 3.2, The values given for a/p = 0 depend only on the

source activity per gram of soil material and not the actual
soil density.

Angular Distribution of Flux

In Table 6 we give integral angular flux distributions
obtained by integrating equation (1) from 0° to #. From these
data it is seen that most of the unscattered gamma rays

_incident on a detector at one meter above the ground arrive.

at angles of roughly from 50° - 80° from the vertical, i.e.
are originating from an area bounded by radii of about 1 to

5 meters. Also for an gnergy of 662 keV and a relaxation
length of 3 cm (a/p = 0,0&1) 85% of this flux comes f£rom an
area of about 10 meters in diameter. The area "seen" by the
detector depends on the height of the detector, of course, as
well as on the depth distribution (a/p) and to a much lesser
extent on the gamma energy of the source,

Dependence of Flux on Soil Comoosition and Moisture Content

The unscattered flux .is not completely independent of
ps/p, the total mass attenuation coefficient of the soil.
This guantity depends on the soil composition which itself
depends on the so0il moisture content. For a fairly wide
range of soil contents, however, pg/p varies over a narrow
range, as shown in Table 2. Since for the worst case, a .
uniformly distributed source as shown in equation 4, the flux
varies only as 1/ (ps/p) and since ug/p changes by at most.

-about 6 - 7% between aluminum and soil with 25% moisture

content (Table 2), clearly a knowledge of the exact soil
composition is not critical for the calculation of flux. A
soil with a significant high 2 material content could result
in somewhat lower fluxes than are given in Tables 1, 3 and
4, however.
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Dependence of Flux on Source Depth Distribution

It can be seen from Table 1 that the flux is strongly
dependent on depth distribution, changing for example by
almost an order of magnitude at 662 keV (see Table 1) as the
source distribution changes from a plane source to a deeply
distributed source. Increased soil moisture effectively
results in a more deeply distributed source since increased
50il moisture increases the density and thus reduces o/p.

Clearly, the relation of an in situ flux measurement to
total so0il concentration requires a fairly good knowledge of
the effective depth distribution. Several possible ways come
to mind for inferring the depth distribution from measurements
of flux. One might infer the depth parameter, a/p, from-
measurements of flux at some energy at several heights above
the soil. Unfortunately, the variation of flux with detector
height is very insensitive to a/p over the first few meters
above the interface!?2’ For example, the ratio of 662 keV.
flux at 10 m to that at 1 m for a/p = 0.0625 is 0.74, while
for a/p = 0.1875 it is 0.70%%*2),

An alternative might be to observe the photon flux at
two different energies from the same source, e.g. 587 keV
and 1596 keV from ‘“°La, or to assume the same depth distri-
bution for say **?Ce and *°®Ru (134 keV and 619 keV) which
have similar half-lives. From Table 1 we see, however, that
the ratio of the 150 keV f£lux to the 662 keV flux for
a/p = 0.21 is 0.68, while for a/p = 0.063 it is 0.61, only
about a 10% difference in a/p for very different photon
energies. It is, in fact, very difficult to use measurements
of total flux alone to determine a/p except perhaps in a very
gross manner. This, of course, limits the ability of the
 field spectrometric method with respect to determining
cumulative fallout soil activities unless one has some
independent knowledge of the depth distribution. From Table
6. however, we note that the angular flux distributions are
somewhat more sensitive to a/p and perhaps measurements of
this guantity with collimated detectors could be used to
infer approximate values of a/p.
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Exposure Rates for Monoenergetic Sources in the Soil

The total exposure rates at 1 meter per unit concentration

of source activity in the soil for monoenergetic sources as

a function of source energy are given in Table 7. These data
include the contributions from gamma rays scattered in both

the soil and air and were determined utilizing a polynomial
solution to the gamma-ray transport equation(lz) for the soil
composition given in Table 2 and a moisture content of 10% by
weight.

Dependence of Exposure Raté on Soil Density

_ Like the flux the exposure rate is dependent on soil
density and composition. The exposure rate due to a source
of strength Sy/p exp(-a/p pZ) buried at a depth between z
and z + dz centimeters beneath the surface depends only on
the number of mean free paths (MFP) to the interface, i.e.

I(h) “f So F(iw/o, pz, h)dz (8)
o]

where I is the exposure rate at h meters above the interface
and F is a quantity which relates the exposure at h to a

Plane source at depth z. F depends only on the number of
gamma mean free paths (u/p) (pz) between the height h and

the depth 2z since the exposure rate from a buried plane source
can be shown to be only a function of pjuz = (/) (pz) 32,
Equation (8) can be rewritten

= i So/0 - A SA )
1) = [ 202 rewre)alipa) (w/o)) = [ S=rR rowrr)aquEe).

(9) -
As was the case for flux the exXposure rate for a given Sp

Varies as a/p and one can obtain the value for any soil

density by utilizing the Table 7 values with an appropriate
value of a/p.
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Dependence of Exposure Rate on Soil Composition and Moisture
Content '

The soil density at a given location may vary with time
due to changes in soil moisture and * may remain constant or
vary extremely slowly. Since pg/p increases only slightly
with increasing water content (Table 2), the effect is to
reduce the flux and exposure rate somewhat, since in effect
each source element is further away from the detector in
terms of mean free paths. For o/p = 0, a uniformly distri-
buted source, an increased moisture content reduces the source
per gram of soil (or per MFP) and the exposure rate and flux
are both reduced proportionately.

The .above discussion assumed a uniform change in soil B
moisture content over the first several inches of soil, which
may not be a realistic assumption for actual soils. In any
case, both the flux and exposure rate should change about the
same amount for most situations.

Since pg/p is not completely invariant small changes in
the values of calculated exposure rates would result from the
actual soil composition being different from that given in
Table 2. However, our calculations indicate that these
differences for most plausible soils are almost always less
than 5% which is the same order as the error in the calcula-
tions(?2), Again, however, a soil rich in high 2 material
would not be represented as well by the exposure rate data in
Table 6.

Exposure Rates for Natural and Fallout Emitters

The exposure rates at 1 meter for naturally-occurring
radionuclides found in the soil are given in Table 8 while
those for fallout emitters are given in Table 9. These data
were calculated by folding together interpolated values from
Table 7 with the best available data for the number of
photons emitted per disintegration at each energy. The data
for the fallout nuclides were taken from the Nuclear Data
Tables(la) while those for the 22°U and 2°*Th series are
based prlmarlly on recent measurements by Gunnink et al. (1‘),




Lingeman %), Mowatt!}®’, and Maria et al.'”) as well as our

own measurements with a Ge(Li) diodeTTbTT ‘Our estimate of the
best available gamma emission data for the major lines of the
238y and 222Th series are given in Table 4. These data differ
considerably both from the data we used in the past{?**2) ang
that given by Hultquist in his early work'?®? and the calculated
exposure rate to concentration factors for ?°¢v and 2°®Th,
therefore, differ somewhat from those in our previous publica-
tions(2*2+4+8) (gee Table 8). In addition, our earlier work‘?’
was based on a buildup factor calculation of the exposure rate
which neglected differences between gamma-ray transport in

air and so0il, The approximate error resulting from the latter
treatment can be seen in Table 10 for the case of a uniformly
distributed source when we compare exposure rates calculated

. from transport . .theory with those calculated using the simple
single medium buildup factor approach. - As can be seen, the
differences are only about 10% except for very low energies.

Although our new exposure rate per unit soil activity
conversion factors for both 22fU and 2°%Th are smaller than
those used previously, implying that the exposure rates cal-
culated at one meter from measured scil activity are somewhat
less than previously thought., the total change in the 22°y
series factor is only aboul 20% and in the« 232qn factor about
15%. Since our values for ¢ and Np/¢ have also been revised,
our earlier estimates of exposure rates based on in situ spectral
measurements are probably in c¢rror by less than these amounts,

Dependence of Exposure Rates on Radioactive Ecuilibrium of the
387y and °%*Th Series - Radon Emanation

In using these conversion factors one should remember that
they refer to concentrations in in situ soil and not in the
dry sieved soil which is usually measured in the laboratory.
Scil moisture content by weight of 10 - 20% seems to be fairly
typical in the Eastern United States with wide variations from
soil to soil.

The calculations also assumed that all cdaughters are in
radioactive eguilibrium with their parents. Actually, some
fraction of the radon and thoron procduced (see Table 5)




emanates from the soil matrix, diffuses through the soil air
to the interface and then disperses throughout the atmosphere.
The escape of 222kn is much more likely than that of *2°Rn
because of its much longer half-life. The fraction of radon
which escapes in situ soil, or emanation coefficient, varies
considerably from soil to soil, typical values being about

20 - 30% although values as high as 50% are not uncommon‘2°+2%?
Since most of the exposure rate from the *°®U series is from
radon daughters (see Table 4), we can, to a good approximation,
assume that the fraction of radon escaping into the soil air
and then to the atmosphere will result in an equivalent
reduction in gamma exposure rate at 1 meter. Under a steady-
state condition, there will be some small contribution from
this fraction whose source distribution can be represented by

two exponential distributions, one in- the atmosphere and one: - - -

in the soil. For normal atmospheric diffusion and typical
surface level radon air concentrations, we estimate this con-
tribution to be only a few tenths of a pR/hr. During an
inversion, however, the exposure rate would, of course, be
somewhat increased since the radon would remain closer to the
interface.

Errors would result when using a field measurement of the
2l4pj or 2'¢pp photon fluxes to estimate 238y so0il concentra-
- tion or a laboratory measurement of equilibrium 232y soil
concentration to evaluate the one meter exposure rate. 1In
+hese cases one would nead to know both the cmanation
fraction and the approximate exposure rate ccntributions
from radon in the soil air and atmosphere. The field
spectrometric determination of exposure rate utilizes the
ratio of flux to exposure rate and since both quantities
contain a contribution from the emanated radon, the exposure
rate estimate obtained by using a slightly incorrect value
for ¢/I would not be expected to be greatly in error. Indeed,
as the radon builds up in the soil or near the ground due to-
increased soil moisture, frozen ground, or an atmospheric
temperature inversion, the actual ratio of ¢/I will approach
the value used routinely (the equilibrium infinite half-space
value) and the error in determining the exposure rate will be
even smaller.

238 d 232

Disequilibrium in the U series an Th series can
be investigated using field Ge(Li) spectra. For the 238y
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series one can obtain flux estimates from the 186 keV 2*2°Rrja
line as well as from lines of radon daughters and thus obtain
rough estimates of the emanation fraction. Similarly, any
disequilibrium in the ?*2Th series can be investigated by
obtaining flux estimates from several spectral lines
characteristic of the different important gamma emitting
nuclides in the series. We have not yet exploited the
possibilities in this area.

Calculations of o/I

The ratio of flux to exposure rate is the most important
quantlty needed for determining exposure rates from in situ
field spectra. Fortunately some of the problems mentioned in
connection with the measurement of source activity for varylng
' "depth distributions are not as troublesome when determining
exposure rate,

In Table 1l we give values for /I for energies of
prominent gamma-ray peaks corresponding to the major fallout
emitters in the soil. The total exposure rate values were
taken from Table 9.

In Figure 4 are plots of v vs a/p, I vs a/p, and ©/I vs
a/p, for 662 keV., The first two gquantities vary over a range
of almost a factor of 10 between a plane source and a deeply
distributed source, but the ratio varies only by 25 - 30%.
Thus, even if we have a poor knowledge of the actual depth
distribution, our error in field spectrometric estimates of
exposure rate is reasonably limited, This is particularly
true for deeply distributed radionuclides, i.e. slight
deviations of the natural emitters from a completely uniform
distribution will not materially effect ¢/I. In addition,
since the density (water content) enters into both the flux
and exposure .rate calculations in. almost the same manner
(see equations 1 - 8), the ratio ¢/I is fairly insensitive to
the actual density and is almost completely invariant for the
uniformly~distributed natural emitters. Similarly, ¢/I is
also insensitive to the exact soil composition. The values
for 9/1 are thus of more universal utility when used for
interpreting field spectra.
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The values of ¢/I for the important gamma rays from *3%y,
and ?2%Th and *°K are given in Table 12. It should be noted
that the values for ©/I given here for the 1.76 MeV 2!*Bi 1line
or the 2,62 MeV 232ph line differ from the values used in our
previous work (8) since both our values for I and for the
unscattered £lux have been revised. The 1.76 MeV value is
only about 10% lower than our previous value and the *°K value
changes by only about 5%, although the 2327h value is 20%
lower.

_ The values of ¢/I given here may not, of course, be the
final ones because uncertainties in some of the photons per
disintegration 'values are still known only to = 10%. The ,
data in Table 1 - 7, however, allow the reader to revise the
. tabulated values of ¢/I based on any new data or to calculate
values for energies and radionuclides not given. Any errors
due to differing soil composition and uneven moisture content,
even though they may result in quite large errors in the
individual values of flux and exposure rate, should not
materially affect the ratio.

Importance of Detector Height Above the Interface

All of the quantities above have been calculated for a
distance of one meter above the interface in air at 20°C and
760 mm of Hg. It was previously shown that for almost all
depth distributions except those approaching a plane source
on the surface, the exposure rate and flux vary slowly with
height above the interface‘*?’, fThus one need not correct
for changes in air mass due to changing environmental
conditions nor is it important that the detector distance be
exactly one meter., For example, the flux and exposure rate
at one meter due to a *27Cs (662 keV) source distributed in

the soil with a/p = 0.63 are only reduced by 10% and 7%,

' -lespectlvely, from the values at the Lnterface itself, For

more uniform source distributions, the decrease with height
is even less and the ratios of /I are relatively insensitive
to the exact detector height.

' In real life, the earth-air interface is not a flat plane.
This fact manifests itself most significantly when the
amplitude of the earth surface undulations become significant

.
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with respect to the detector height. The calculated exposure
rates and fluxes then vary from the measured values since in
effect the detector "sees" a different amount of source than
in the calculational model. Again, the ratio ©/I should be
the quantity least affected. Ground roughness may, however,
effectively make a surface source appear to be distributed in
depth and in fact many investigators simulate ground roughness
by a buried plane source. In a real situation, therefore, the
detector height could be important if a measurement of flux
‘or total exposure rate alone is being attempted. Our experience
indicates that the ratio of ¢/I is sufficiently invariant with
respect to ground roughness that good results can be obtained
for natural emitter exposure rates inferred from flux measure-
meunts even over guite poor half-spaces.

Sources Outside the Soil Half-Space

All of the preceding discussion has been for sources in
the soil half-space. Field spectrometry is, of course, useful
for measuring the gamma rays from other sources, such as noble
gases in airborne effluents from nuclear facilities, *°®N gamma
rays from nuclear power plant turbines employing primary steam
from the reactior, other sources of direct radiation from
nuclear facilities, and locally contaminated areas., 1In each
case a knowledge of the source geometry is reguired in order
to use the measured flux to infer either source concentration
or exposure rate. A

These situations are usually difficult to model, as for
example the plume of noble gases from a nuclear facility,
however, field spectra are useful for identifying the contri-
butors to flux and exposure rate. By utilizing the field
spectra to calculate natural and fallout exposure rates and
then subtracting these contributions from an ionization chamber
- measurement of total exposure rate, one can obtain the_exposure
rate due to the other sources identified in the field spectra.
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V. CALIBRATION OF DETECTORS AND ANALYSIS OF SPECTRA

Detector Response to Known Flux (Ny /o)

The first important reguirement for measuring gamma-ray
flux is a detector which is accurately calibrated, both as a
function of energy (No/¢) and as a function of angular
incidence (Ng/Np). Each of the detectors described in
Table 13 was calibrated in the laboratory by exposure to '
known fluxes from standard point sources placed at distances
ranging from about 1 - 6 meters from the face of the detector.
It is important to place the source as far from the detector
as possible in order to simulate a plane beam of incident
photons, Corrections must be made for attenuation in the air

- between the source and the detector. and for self-absorption

in the source if any. When calibrating the NaI(Tl) detectors,
the sources used were chosen to simulate the peaks routinely
analyzed in field spectra. For the Ge(Li) detectors, a much
more extensive calibration was desired since the increased
resolution means one can utilize photopeaks at almost every
energy.

Calibration Sources

Many of the standard sources used were obtained from the
International Atomic Energy Agency or National Bureau of
Standards although .a number were Standardized here at HASL
using beta-gamma coincidence counting. In all cases the beta
emission rate of the standards was known to a few percent.

For a few sources, uncertainties in gamma emission rate or
half-life resulted in uncertainties in the measured Ny /¢
greater than %5%. The use of a large number of sources, and
the stbsequent fitting of a smooth curve to the data, resulted
in what we believe are values of No/¢ for the Ge(Li) detectors -
whose accuracy is better than 5% at all energies and better
than 2% at energies above 200 keV. The No/¢ values determined
for the NaI(Tl) detectors are somewhat less accurate (~ 5%)
because of the problem of measuring the peak area for a given
incident flux. ’




Determination of Total Absorption Peak Areas

In the case of the Ge(Li) detector calibration, the total
absorption peak area obtained due to a given incident flux is
determined by fitting the continuum under the peak by an
exponential function and then ascribing all the counts above
this baseline to the total absorption of incident flux. The
calibrations are all carried out by superimposing the source
response on top of laboratory background in order to simulate
the field situation as closely as possible.

In reality the continuum dominated primarily by Compton
scattered gamma rays is not a true exponential. Some inves-
tigators fit the peak by assuming it to have a Gaussian shape
with a skewed low energy tail. Others £fit the continuum by -
a straight line. We have found by comparing several methods
with our method for estimating peak areas, we can determine
the actual number of total absorption events within about 2%
for our 60 cm® Ge(Li) detector and that the more sophisticated
technigues do not seem to result in significantly better
analyses. For field spectra the statistical counting error
for even the strongest peaks is about 5 - 10% for a 30 minute
counting interval, and this uncertainty has a greater effect
on both the fit to the continuum ané the estimate of peak
area than the particular method used to fit the continuum.

21l of our analyses of Ge(Li) peak areas are done semi-
automatically by déisplaying a pertion of the spectrum on a
cathode ray screen, instructing a small computer to fit an
exponential between two channels indicated by the operator,
strip the continuum away and estimate the peak area. The
operator can have the computer smooth the data if necessary
in order to aid him in debe*mlnlnc the end channels for
flttlng. o ' : : o

The NzI(T1l) peak areas are also estimated by fitting the
Compton continuum with an exponential curve as shown in
Figure 5. Because of the poorer resolution only very
prominent peaks can be resolved, however. As can be seen in
the figure which shows a typiczl £ield spectrum with fallout
present, the 1.46 MeV “°K, 1765 Kev 214p: and 2.62 Mev 2°°T1
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peaks are quite prominent and their areas can be estimated
readily. The fallout peaks are less prominent and the
estimates of their areas are considerably less precise.

The calibration of the NaI(Tl) detector for No/® is more
difficult than for the Ge(Li) detector since the determination
of peak area does not usually account for all the totally
absorbed gamma rays (i.e. the exponential fit over the large
number of channels encompassed by the typical peak is not an
optimum fit). Comparisons of peak areas obtained by subtrac-
ting background for monoenergetic calibration source
exposures indicate that this method of estimating the
continuum results in approximately 20% of the total absorption

peak are being missed. However, we found that this percentage -

is relatively constant among field spectra, because the shape
- of the Nal continua are relatively constant. This is because
the Compton scattered gamma rays from the natural emitters in
the soil dominate the Nal(Tl) spectrum and the spectrum is
relatively invariant to the amount of K, Th, and U in the
soil or to the size of the individual total absorption peaks
on the continuum. Thus, if we calibrate the detector in a
situation similar to that in the field (i.e. use laboratory
background) the absorption peak count fraction we obtain for
the calibration is approximately the same as the fraction we
obtain in the field for the same incident flux. We can thus
obtain a good measure of the in situ flux.

_ Since this fraction varies somewhat with source energy(l)
however, it is mandatory to calibrate for the energies one
wishes to measure. The most important criterion here is to
be consistent, i.e. to determine peak areas for field spectra
in a manner identical to that used for calibration. We were
able to do this for all energies except for *°K (1.46 MeV),
which is not available as a standard. Here we originally had
to rely on calibration measurements using *“Na (1.38 MeV) or
2K (1.58 Mev){?'8) A later comparison in the field of the
Ge(Li) and Nal(Tl) spectrometers, which will be discussed
later, indicated we were able to obtain a reasonably good
estimate of No/¢ for 1.46 MeV.
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Another method would be to simulate a source of *°K using
KCl or K;CO,, measure the flux using ‘the Ge(Li) detector, and
then use the measured flux to calibrate the Nal detectors.

Measured Values of N, /o

The values obtained for Ng/¢ for two 4 in. by 4 in.
Nal (T1l) detectors, for the original HASL 25 cm® Ge(Li) diode
and our present 60 cm® diode are given in Tables 14 and 15
along with a description of the calibration sources used. The
values for Np/9 for the large Ge(Li) detector can be represented
to within a few percent by the function 1n(No/9) = 4.48 - 1.03 1n
E(MeV) over the range 180 keV to 3.0 MeV. Since for the Ge(Li)
detector Ny/¢ is actually a measure of the total absorption
probability,we are justified in drawing a smooth curve and
"interpolating between energies. 'This is not justified for = -
NaI(Tl) spectrometry because the No/¢ values are dependent on
the experimenter's method of estimating the continuum.

Table 13 gives pertinent data regarding the construction,
efficiency and resolution of each of the detectors calibrated.
In all cases the flux referred to is the flux incident on the
actual detector at the point of interaction. Note that as
long as the source to detector calibration distance is long
compared to the distance between the actual point of inter-
action in the detector and the face of the housing, no
significant error results from measuring distances with
respect to the housing faces. We determined, by placing
sources at various distances from 50 cm to 2 meters from the
face of the detector, that the median distance of effective
interactions in our 60 cm® diode was about 1.6 cm from the
housing face. Gamma-ray absorption in the housing is included
as part of the detector response.

' Note that the values of No/9 in Table 14 for the two

NaI (Tl) detectors differ by only a few percent from each
other, but by about 15% from the values reported for our
original 4 in. by 4 in. detectors‘®). 1his discrepancy
indicates that one can be wrong in assuming that two NaIl (Tl)
detectors of the same nominal size procured at different
times, even from the same supplier, will have the same size.
The reduction in Ny /¢ seemed to be the same for all energies




measured in the present calibration which were not as extensive
as that carried out previously, so we merely reduced the No/o
data in HASL-170 (e) by the appropriate fraction when determining
No/¢® for energies not used in the recalibration.

Angular Response Correction Factor (Ng/No)

A compléte flux response calibration of the detectors
requires a correction factor to account for the fact that the
gamma rays incident on the detector in the field situation
are not (as shown in Table 6) incident along the axis of
symmetry. If N(8)/No, is the ratio of the response to gamma

rays of energy E at angle § with respect to the response at
8 = 0°, then

(10)

T,
oo - 1 [[7

Fortunately, N(§) is nearly unity over all 8 for both
detectors for all except very low energy gamma rays. This
results in values of Nf/N, (see Table 16) for the NaI (Tl)
peaks of interest most of which are less than 1.1 and in 60 .
cm® Ge(Li) values almost all equal to 1.0 for gamma rays
from the soil half space.- The angular response of our
original 25 cm® Ge(Li) detector was more skewed, resulting
in larger values of Nf/No. The Nf/N, ratios were calculated
by numerically integrating Equation (10) using a smooth fit
to the experimental angular response data to interpolate over
N(8)/No. Because the final correction factor is small,
errors involved in this interpolation is small. ¢ (8) is
given by equation (4) in section III.

The- angular response of our Ge(Li) detectors is somewhat
asymmetrical in the azimuthal direction because of the
mounting arrangement, cold finger connection and electrode
connections. These deviations from symmetry, however, are
guite small except at very low energies (< 100 keV), and
involve only a small portion of the total solid angle.
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FPinal Calibration Factors

The final sensitivities of each detector in terms of total
absorption peak counts per unit soil activity Nf = (No /%)
(N£/No ) and peak counts per unit exposure rate Nf = (No /%)
(Ng/Np ) (/1) are given in Tables 17 and 18. Note that the
60 cm® Ge(Li) detector has an effective sensitivity at lower
energies which'is greater than its volume ratio to the 25 cm®
detector would indicate, due to its flatter angular response
as well as relatively greater sensitivity at higher energies
than at lower energies. ~

Note also that the final conversion factors for exposure
rate vs. -source depth distribution vary over a much smaller
range than the corresponding factors for soil activity.

Corrections for Interfering Peaks

The values for Nf and Nf/I in Table /8 for certain weak
lines such as the 768 keV of ?*¢Bi, the 665 keV 214pi line,
and the 300 keV 2'2pb line should not be used as the primary
means for determining the flux or exposure rate from the
nuclide in question. They do allow a rough estimate of the
interference fraction due-to a strong peak of the same or
very nearly same energy corresponding to .a second nuclide.
For example, the 766 keV ®ENb peak must be corrected for the
768 keV 2“Bi peak, the 662 keV 227Cs for the 665 keV °**Bi
peak, etc. We have attempted to include values for all the
radium and thorium lines which interfere with important
fallout nuclides or with other stronger radium and thorium
lines. However, when sources other than those listed are
present the investigator should determine any other possible
interferences and calculate correction factors based on the
‘data in the Tables in this report. o o

For the NaI(Tl) detector, the values for the 583 keV
2°6p1 line and 609 keV 2*Bi line are given primarily to
allow an estimate of the interference in the broad peak
centered approximately around 662 keV when significant
amounts of 37Cs are present. A correction factor to the
514 keV *°®Ru line is not given since besides the 510 keV
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2°67] line there is also a significant contribution from
annihilation photons from both cosmic rays and from the pair
productions of the higher energy gamma rays in the soil, air
and detector housing. Thus, only very large amounts of *°®Ru
can be readily quantitated with the Nal spectra.

Energy Band Calibration

We have showed that, where only low-energy fallout emitters
are present, one could simplify the analyses of NaI (Tl) field
spectra for the natural emitters‘®'2'8) A so-called energy
band'analysis, which is well suited to computer data processing,
involves the calculation of the spectrum "energy" (total counts
per channel multiplied by the energy represented by that channel)
in bands of channels centered on the 1.46 MeV *°K peak, the
1.76 MeV 2'%Bi peak and the 2.62 MeV °°®T1 peak and applies
a set of simultaneous equations to calculate these exposure
rate contributions. The three eguations relating U, Th and K
exposure rates to the three band energies were determined by
carrying out a regression analysis on a large number of field
spectra for which the individual exposure rate values were
determined from the peak method. As long as the "energy" in
the three chosen bands was due entirely to one or more of the
three isotopes and the geometry and source depth distribution
were constant, this method worked and proved to give more pre-
cise results than the-peak method. Because we lacked sufficient
field data with our NaI (Tl) detectors to carry out a similar
regression analysis, we simply revised the egquations given in
HASL-170 based on the observed differences in efficiency and
our new values for m/I(s). The primes on E in the new
equations, shown in Table 20, indicate that the energy in each
band due to cosmic rays (which is a function of altitude) must
be subtracted before applying the equations. The appropriate
cosmic-ray correction factors, based on revising the data in
HASL-170 for reduced efficiency, are also given in Table 20. .
The new equations, for the field data obtained so far with
the new detectors, give comparable results to the peak method.

Total Spectrum Eneragy Calibration

The exposure rate in ai:x,
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1= [ @) pe/o ECE,

where o (E) is the flux of gamma rays of energy E and pe/p is
the mass energy absorption coefficient in air. For energies
between a few hundred keV and several MeV po/p is fairly
‘constant with energy. Also, for low energies the probability
of an incident photon being totally absorbed by a large NaI(Tl)
detector is fairly large (on the order of 50 - :00% from 100
~keV to ~1 MeV). Most of the exposure rate in air, about 75%,
due to emitters in the soil is due to gamma rays between 100
keV and 1.5 Mev(2?), Couple this with the fact that the
spectrum of gamma rays from natural emitters is qQuite invar-
iant to the actual proportions of U, Th and K in the soil!??’
_.and one can see why.the total "spectrum energy" is a reasonable
measure of free air exposure from natural radioactivity in the
soil. 1In essence the large crystal measures the flux to a
fairly high degree of accuracy and, even though it measures

a slightly smaller proportion of the flux as the energy
increases and some of the secondary scattered energy escapes
the detector, this decrease is compensated by correspondingly
~smaller values of /5 at energies above 1 MeV relative to
values below 1 MeV.

Unlike many NaI{(Tl) instruments, vhich are based con the
assumption that the counting rate above some bias level is
proportional to the exposure rate, thus implying that tlhe
spectral shape. of the gamma-ray field is invariant, this total
~energy technigue reguires only that the counts in a channel
" be proportional to ©(E) (k./p) for that enercy, ard is, there-
fore, less sensitive to spectral changes. TFor example, a
":counter using a large NaI(Tl) detector would record the
exposure rate from a unit flux of 60 keV photons as being
. almost equal to. the exposure rate from a unit flux of 1464
keV pliotons since, ‘even at '1.46 MeV, a pulse would be
recorded céue to the high probability of a Compion collision
in the detector even though many of the secondaries would
escape the crystal. 1In the total enercy technique, the
higher energy counts are weighted by the energyv deposited to
reflect more correcitly their relative contribdution to the
exposure rate. The slightly larger total absorption at 60
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keV reflects the larger value of (ue/p) relative to 1500 keV
yamma rays. '

The total energy technique was tested between 150 keV
and 3.4 MeV by comparing the exposure rates determined from
our large Nal (Tl) crystals with high pressure ionization
chamber measurements for a variety of gamma ray fields. The
total energy method results were proportional to exposure
rate for various radiation fields varying from low-energy
fallout radiation to a predominantly *°K dominated field.

Another advantage in using the Nal detector as a dosimeter
is its relative small response to cosmic-ray secondaries over
the range of 150 keV to 3.4 MeV. This has allowed us to check
independently the cosmlc-ray callbratlons of our high pressure-
ionization chambers!®

We determined the "spectrum energy" calibration factors
for our present 4 in. by 4 in. detectors in two ways. First,
we exposed the detectors to a known exposure rate from a
point 22®°Ra source in the laboratory as determined Lty an
ionization chamber measurement. This measurement was cor-
rected to account for the fact that the gamma rays in the
laboratory were incident along the detector axis. The
angular correction factor (1.11) was estimated by folding in
our previous calculations of the angular exposure rate
distribution for a field situation‘?2?’ with the measured
response of "spectrum energy" as a function of the angle of
incidence.

The second method of determining the proportionality
factor was to compare measurcments of "spectrum energy" for
actual field spectra with simultaneous ionization chamber
measurements over a range of fields, The two methods gave
.essentially the same calibration factors. We noted again that
these factors were about 85% of the values obtained for our
previous 4 in. by 4 in. detectors. These total "energy" to
exposure rate conversion factors are given in Table 20, along
with the appropriate cosmic-ray correction factors.

One further point regarding the use of "spectrum energy"
technique is that although at h = 1 meter about 40% of the
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gamma ray flux is below 150 keV this flux (about half of which

is due to skyshine) accounts for less than 10% of the exposure
(12,22)

rate Thus, integrating from 150 keV up does not

introduce serious error into exposure rate estimates, however,

a count rate meter biased below 150 keV will be sensitive to

changes in low energy flux and, because of the large fraction

-of “skyshine", will be quite angularly -dependent.

Summary of Calibrations and Analyses

Because of the length and complexity of the preceedlng
discussion it may be valuable to summarize the use of field
spectrometry to determine source activity or exposure rates
from particular nuclides in the soil:

1. Determine the response of the detector to a known flux of
gamma rays of energy E, incident along the detector axis,
where E is the energy of a prominent gamma-ray transition
characteristic of the source. (Ny/¢ - Tables 14, 15).

2. Using equations (3) or (4) for the angular incidence of
gamma rays on the detector for given source depth distri- -
butions, determine the correction to be made to N /e.
(N£/No - Table 16).

3. . If the source is one for which we have already calculated
the flux ¢. for the gamma-ray energy of interest (Table
3 or 4), and the exposure I (Table 8 or 9), multiply each
of these values by Ny/¢ and Ng/No to obtain the requlred
calibration factor.

4. 1If the nuclide and source distribution is one for which
we have not determined ¢ and I, use the data in Table 1
. or interpolations thereof and appropriate values of
photons per disintegration to determine o. - Using the
data in Table 7, or interpolations thereof, sum over all
the gamma-ray transitions for a given nuclide to determine
I for that source for a depth distribution of interest.

5. Finally, to determine the source activity or exposure

rate from a specific radionuclide, estimate the peak area
in the field spectrum in a manner identical to that used
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during the calibration, subtract any counts in the peak
due to the same energy transitions from other nuclides
(see "Corrections for Interfering Peaks", page 24), and
then éivide by the appropriate calibration factor to
obtain the desired activity or the exposure rate.

VI. APPLICATIONS OF FIELD SPECTROMETRY

Typical Field Spectra

Figure 6 shows a NaI(Tl) field spectrum obtained at a
location in the Northeastern United States. Figure 7 shows
the Ge(Li) spectrum obtained with the 60 cm® Ge (Li) detector
simultaneously at the same site. The Ge(Li) spectrum
represents a 30 - 40 minute measurement and the NaI (Tl)
spectrum, 20 minutes. The former spectrum conveys far more
information even though the efficiency of the detector is
lower. For example, one can measure fluxes at several dozen
energies, including that Gue to *““cCe (134 keV) and *#®sb
(428 keV) which are not identifiable in the NaI (T1) spectrum,
In addition, the important *27Cs peak is completely resolved
instead of being partially corbined with an array of Th and U
peaks,

Examples of Field Spectrometric Results

Table 21 gives some individual nuclide exposure rates
calculated from spectra for a variety of environmental
radiation fields and compared with independent ionization
chamber measurements. Even +he NaI{Tl) spectrometer is a
powerful tool, as is shown, for example by the data obtained
at Bikini Atoll for a pure fallout field. Comparing exposure
rates ‘at 2 number of the sites illustrates that both methods
give comparable exposure rate results for the natural emitters
and major fallout nuclides, ané as expected the Ge(Li) detector
is more useful for analyzing more complex fields. The rela-
tive accuracy of the spectrometric analysis methods described
earlier is indicated in the table by the degree to which the




sum 0of the individual nuclide exposure rates add up . to the
tctal (ionization chamber) measured exposure rate over a wide
range of radiation fields.

Determining Source Radioactive Eguilibrium

The statistical precision of the flux measured from a
single major peak is less precise for a Ge(Li) than for a
NaI (Tl) spectrum. We can, however, measure the flux from
several lines for say the ?2°U or 222Th series and obtain a
more precise measurement of the exposure rate from the whole
series. 1In the case of the °3°Th serizs, one can ascertain
the degree cf equilibrium among various nuclides in the series
(particularly the degree of equilikrium between MsTh, and its:
_daughters since 22%Ra may be leached out of some soils and
between *2®Ra (186 keV) and radon daughters). '

Nauclear Facilities Studies

" In addition to measuring exposure rates and concentrations
nf natural emitters and deposited fallcout emitters, field
spectrometry is also guite valuable for investigating the rad-
iatimn field around nuclear facilities. Even when a nuclear
facility is operating, the natural background and fallout
exposure rate levels can be unanbiguously distinguished by
Ge (Li) field spectrometry from the exposure rate contributions
frem other sources, such as effluent noble gases and direct
radiation from waste stcrage and steam turbines.

Figure 8 shows Ge (Li) spectra obtained at a site near a
boiling water reactor (BWR) nuclear plant with the wind
blowing from the BWR stack toward the detector and in the
opposite direction. The peaks due to the noble gases can be
2learly identified and the fluxes of these gamma rays at the

- detector estimated. For accurate measurements, however, we ..
need to know the geometry of the plume in order to relate
fluxes at the indicated energies to exposure rates from the
individual nuclides. We can, however, test models of plume
geometry by using the ratios of fluxes at the detector due to
different gamma-ray energy lines from the same nuclide, for
example the 403 keV to 2556 keV °’Kr lines or the 196 to 2196
keV ®®Kr lines. The total plume exposure rate can, of course,



be easily obtained by subtracting the spectrometrically
determined natural and fallout components from the total
exposure rate determined with the ionization chamber.

The Ge(Li) spectrum can be used to Quantitate the exposure
rates or concentrations of any nuclides deposited on the
ground, such as *3'I or *3%Cs, using the usual techniques.

" An example of a situation which could be analyzed semi-
guantitatively is shown in Figure 9, a Ge(Li) spectrum
obtained along a river bank near a nuclear fuel reprocessing
plant. Here the clay apparently filtered and concentrated
certain nuclides present in the water (particularly cesium),
resultlng in a substantial increase in local env;ronmental
radiation levels.

8N ffom.BWR Turbines

Another application of field spectrometry is the measure-
ment of the flux and exposure rate in the environment due to
the high energy gamma rays from *°N in the steam passing
through the turbines of large BWR plants (Figure 10). Here
the high sensitivity of NalI(Tl) even at these higher gamma-ray
energies provided a sensitive indication of the presence of
higher energy gamma rays, particularly since there are no
natural or fallout emitted gamma rays above 3.0 MeV. Using
the measured flux and the total spectrum energy above 3 MeV
Lowder(23) has shown that guite accurate estimates of *eN
environmental exposure rates can be made.

Radioactive Construction Materials

We have also used in situ spectrometry to qualitatively
identify the presence of low energy gamma rays from radium
~ present in uranium tailings used for building construction
and to identify the source of elevated exposure rate levels
in structures built using high phosphate material or certain
types -0f uranium bearing shale.

4 . .
3°pu in the Environment

Field spectrometry can also be used to monitor special
radiation contamination situations such as deposited *2°pu




in the soil surface. Here, large area, thin NaI(Tl) detectors
are used to monitor the 60 keV 2*‘am gamma rays which accompany
‘agpu. Our laboratory studies of the response of our large

60 cm® Ge(Li) at 60 keV indicate that one could identify ele-
vated levels of ?°*Pu in the environment. Though systematic
studies have not been made, one notes that a large fraction

of the low energy flux contributing to the Compton continuum

in the 60 keV energy region is due to "skyshine" and, therefore,
the “"background" in this region can probably be dramatically
reduced by judicious shielding and the ability to measure the
60 keV line ennhanced.

Estimates of Soil *°Sr and 2°Cs Levels

_ Finally, field spectrometry is useful for rapid deter-
minations of the variation of fallout within some geographical
area. Here, as mentioned previously, we need to know the depth
distribution of radioactivity fairly accurately to arrive at

a very accurate concentration measurement, though one can still
obtain a picture of the gross variation with location. For
example, Table 22 shows estimates of *37Cs activity in soil

in the mid 1960's made by measuring the 662 keV flux at 1 meter
above the ground, assuming that a 3 cm relaxation length
represents the mean depth distribution (¢/p = 0.21, at that
time was a reasonable value based on the few available measure-
"ments) and the empl*lcally accepted fact that the *°sr/*®7cCs

activity is about 1.5 (2¢)  Estimates from field spectrometry
can be seen to compare well with the soil sample results of
Hardy and Alexander‘®%’, fThe fact that one can estimate the

gross activity of *37Cs or ®°Sr at a site to even an accuracy
of a factor of two (if the assumed depth distribution was
wrong) seems significant in the light of the speed with which
the spectral measurements can be made.

Relative Advantages of KaX (T)) and Ge(Li) Svstems - . -

Although Ge (Li) spectra clearly give much more information
than the NaI(Tl) spectra, to gather and utilize this informa-
tion reguires a large cepacitv multichannel analyzer having
1000 or more channels, a separate amplifier, liguid nitrogen
supply and readout egquipmen:t to store the large amount of
data. One also obtains much more data for analysis than may
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be needed for a particular problem., Conversely the NaI (Tl)
detector requires only a 200 - 400 channel analyzer and a
parallel printer, Power requirements can be met with only
one 12 V storage battery and a small rotary inverter. One
can operate the equipment required for a NaI (T1l) field
spectrum out of the trunk of a standard auto. For most
"natural background" measurements, it is clear from the data
in the preceding tables that the Nal analysis is completely
adequate. o '

Though the cost of the Ge(Li) system is quite high, its
utility is obvious for investigating complex radiation fields.
The proper mounting in a station wagon or panel truck allows
the spectrometer to be easily transported and allows maximum
_utilization both as a field spectrometer and as a standard

laboratory counting system. ‘ - '

VII. ESTIMATES OF ERRORS IN THE DETERMINATION OF FLUX,
EXPOSURE RATE AND SOIL ACTIVITY

We have tried to indicate at each step the necessary
approximations and possible sources of error. It is clear
that the final assessment of the accuracy of the method must,
rely on (1) cross-calibrations by other technigues of analysis
and (2) the degree by which the sum of the individual exposure
rates agrees with independently measured total exposure rates
over a wide range of K, Th, U and fallout combinations.

We previously showed that the use of NaI(Tl) spectrometry
to measure the soil activity of U, T and K was quite accurate
having tested the assumptions of half-space geometry, uniformly
distributed sources, insensitivity to soil density,- etc. Dby--- -
comparing field spectrometric estimates of in situ soil
activity with laboratory analyses of soil samples taken at a
large number of si’t:es_(1 . For both K and Th our estimates of
concentration correlated very closely with the laboratory
estimates, although the field estimates were in general about
10% lower than the laboratory results. This was expected,
however, since the latter were concentrations in dry soil and
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an average increase of 10% in soil density due to in situ
moisture content appeared reasonable. Individual comparisons
in some cases showed poorer agreement and this probably
reflected more the problem of obtaining a representative soil
sample at a site than an error in the field spectral analysis.
The U series comparison was, of course, very poor reflecting
primarily the different radon emanation fractions at the
various sites, since most of the soils were counted in the
laboratory after being allowed to reach equilibrium. A few
samples which were counted in the lab after drying and before
being allowed to reach equilibrium indicated losses of from
30% to 50% of the radium eguivalent czamma activity.

In the previous section we compared our field spectrometric
estimates of 137¢s and 9°_.Sr_measurement_s__on_ laboratory samples,
indicating in general very good agreement.

Table 21 indicated the degree to which the individual
exposure rate estimates sum to the total ionization chamber
value of exposure rate. These data are in general accord with
our experience at most reasonably flat "half space" sites and
are the best indication of the validity of our individual
exposure rate estimates.

In general, the largest percentage error in exposure rate
is obtained for the 22®°U series, primarily because of the
emanation of radon and its subseguent movement within the
atmosphere. Besides resulting in a somewhat altered source
distribution with respect to our model, the decreased flux
results in poorer quality counting data. For example, it is
frequently quite difficult to accurately estimate the small
flux of 1.76 MeV gamma rays present from NaI (Tl) spectral
data. Combining the accuracy of flux estimation (& 20%) with
the uncertainty in radon contribution we estimate our 22°yu
series exposure rate values are correct to about 25%. Because
of the ability to resolve the 295, 350, and 609 keV U peaks
with the Ge (Li) detector we are able to obtain much better
?sssurements of flux (~ % 5% s.d.) and we estimate our Ge(Li)

U exposure rate measurements to have an accuracy of % 10
to 15%. 1In terms of the error in total exposure rate this
percentage is small since generally °°®U contributes only
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about 20% to the total gamma exposure rate. The *°K estimates
are the most accurate and we feel our measurements of flux are
good to better than 5% and our estimates of exposure rate to
about 5 - 10%. Thorium-232 exposure rates are also believed
to be correct to about 5 - 10%.

The error in estimating fallout soil activities has
already been shown to be dominated by the accuracy of the
assumed depth distribution. We estimate we can infer *27cs
exposure rates to % 15% with the NaI(Tl) detector and = 10%
with the Ge(Li) under most circumstances.

These are accuracy estimates and include systematic errors
such as uncertainties in branching ratios. The precision of
a single measurement depends on the statistical significance -
of the counting rate data under the photopeaks of interest.
For prominent peaks such as the 1464 keV “°K peak the pre-
cision can be better than the accuracy, i.e. we can reproduce
the measurement to better than a few percent although the
actual error in our estimate of exposure rate may be much
greater. Thus, it is quite feasible to use the spectrometric
technigue to Study small time variations in background due to
changes in soil moisture, radon emanation, and "natural
fallout".

VIII. SUMMARY

We have attempted in this report to summarize all of our
work to date on in situ field spectrometry, presenting in
detail the theoretical basis for interpreting field spectra
to determine soil concentrations and exposure rates as well
as illustrating the laboratory calibration of our particular
detectors. 1In doing so we have tried to indicate the
"detector independence" of the method, pointing out that the
detector can be any instrument which measures the gammz~ray
fluxes at particular enercies.
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We have pointed out the use of particular field spectro-
metric systems for investigating various environmental radiation
fields, both natural and man-made. Field spectrometry is a
powerful tool for studying external environmental radioactivity,
It allows one to obtain guantitative data over large areas in
a short time, a task that is clearly impractical by conventional
sample gathering and subsequent laboratory analvsis. It also
allows one to pick and choose sites for further or for more
intensive study, provides at the very least gualitative infor-
mation on the sources contributing to the gamma-ray exposure
at a site and a2t its best a complete quantiative picture of
the gamma-ray field.

We have attempted to include in this report the theoretical

-data necessary to infer -soil -activity and Zree air exposure

rate for anyv source whose depth distribution in the soil can

be represented by a superposition of exponexntials and whose
enexgy lies between 50 keV and 3 MeV. Thus, it would be an

easy matter for instance for any investigator to use the

tables in this report to estimate the flux at 1 meter zbove the
ground due for example to a Quasi-plane scurce ¢ ~2%Cs or ®°co
or any other similarly unlikely contamination situztions.

21l of the cata ir this report refer tc mezsurements to

be made at or near the earth-air interface. lezrlv there are

imilar possibilities for field specirometrv Zrcm aircraft.
We previously discussed the variation o exposurzs rate and
flux with altitude‘®*?’ and these data can de used to infer
appropriate values of ©/I above the ground. The thecretical
results are being modified as necessary to rellect the more
accurate data for photons per disintegration in the *2®*U and
23z2qn series, as well as to provide energy and angular distri-
hutions for photon flux as well as for exposure rate as a
function of altitude.
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TABLE 1

@ - UNSCATTERED FLUX AT ONE METER ABOVE GROUND FOR EXPONENTIALLY
DISTRIBUTED SOURCES IN THE SOIL*

Source (a/p)-cm’/q
Energy 0 ™
(keV) (Uniform) 0.0625 0.206 0.312 0.625 6.25 (Plane)
50 1.4403 0.0816 0.2245 0.3049 0.4748 1.147 1.577
100 2.7744 0.1458 0.3627 0.4708 0.6786 1.359 11.710
150 3.3264 0.1702 0.4103 0.5261 0.7438 1.427 1.775
200 - 3.9056 @ 0.1843 0.4550 0.5770 0.8018 1.483 1.804
250 4.0640 0.2008 0.4697 0.5%910 0.8185 1,506 1.863
364 4.7184 0.2268 0.5158 0.6429 0.8775  1.578 1.933
.500 : 5.3904 . . 0.2519 - 0.5595  0.6918 0.9334  1.650 1,995 - -
662 6.1456 0.2788 0.6041 0.7412 0.9889 1.719 2,054
750 6.5312 0.2919 0.6257 0.7649 1.015 1.752 2,084
1000 7.5280 0.3245 0.6769 0.8209 1.077 1.830 2,151
1173 8.1472 0.3437 0.7067 0.8331 1.113 1.874 2.189
1250 8.4384 0.3523 0.7198 0.8575 1.12°9 1.8°5 2,205
1333 8.7504 0.3617 0.7336 0.8826 1.1145 1.914 2,224
1460 9.1472 0.3731 0.7511 0.°011 11.166 1.941 2.247
1765 10.091 0.3997 0.7897 0.9428 1.211 1.997 2.294
2004 10.818 0.4188 0.8173 0.%9725 1.243 2.036 2.3234
2250 11.397 0.4357 0.8414 0.¢©982 1.271 2.071 2z.358
2.385

2500 12.173 0.4536 0.8667 1.025 1.300 2.1C5

*The activity at depth Z cm or pZ /cma is S(gammas emitted pexr
gram soil per sec) = a/p Sp e~ (a/p) (p2Z) vhere S;, = 1.0 gamma/
cm®-s is the total number of gammas emitted in a column of area
1 cm® and infinite depth (see equation 3). For a/p = 0,

So/p = 1.0 gammas emitted per gram of soil for all Z.
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TABLE 2

MASS ATTENUATION COEFFICIENTS IN SOILS OF VARYING MOISTURE
CONTENT AND COMPOSITION OF SOIL USED

IN TRANSPORT CALCULATIONS

(w/p) - em®/q
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Soil Soil Soil
E (keV) 0% H.0 10% H.0 25% H,0 Alum, Air
20 3.01 2.78 2.05 3.22 0.683
25 2.34 1.52 1.13 1.76 -t
30 1.00 0.938 0.838 1.03 0. 315
35 0.656 0.644 0.566 0.669 -
40 1 0.470 0.471 0.433 0.492 0.225
45 0. 380 0.381 . 0.338 0.386 -
50 0.327 0.314 0.298 . 0.319 0.193
55 0.282 0.277 0.265 0.277 -
60 0.254 0.248 0.239 0.246 0.177
65 0.233 0.230 . 0.221 0.219- -
70 0.218 0.214 0.206 0.205 -
75 0.204 0.202 0.194 0.193 -
80 0.192 0.190 0.189 0.185 0.161
85 0.189 0.185 0.181 0.177 -
90 0.179 0.178 0.175 0.171 -
95 0.173 0.173 ©0.170 0.166 -
100 0.166 0.167 0.167 0.160 0.151
150 0.138 0.139 0.141 0.134 0.134
200 0.124 0.125 0.127 0.120 0.123
250 0.114 0.115 0.118 0.111 -
300 0.106 0.108 0.109 0.103 0.106
350 0.100 0.101 0.105 0.098 -
400 0.0950 0.0963 0.0975 0.0925 0.0953
450 0.0906 0.0919 0.0931 0.0875 -
500 0.0869 0.0875 0.0894 0.0844 0.0868
550 0.0831  0.0844 - 0.0856 0.0806 e
600 0.0800 0.0813 0.0825 0.0775 0.0804
650 - 0.0769 0.0788 0.0800 0.0756 -
700 0.0744 0.0756 0.0775 0.0731 -
750 0.0725 0.0731 0.0750 0.0706 -



TABLE 2 (Cont'd)

(w/p) = cm®/g

Soil Soil Soil ‘

E (keV) 0% H-0 10% H: 0 25% H,0 Alum, Air
750 0.0725 '0.0731 0. 0750 0. 0706 -
800 0.0706 0.0713 0.0725 0. 0681 0. 0706
850 0.0681 0.069%4 0.0706 0.0669 -
900 0.0669 0.0675 0.0688 0.0644 -
950 0.0656 0.0650 0.0669 0. 0631 -

1000 0.0638 0.0638 0.0650 0.0614 0.0635

1500 0.0515 0.0521 0.0530 0. 0500 0.0517

2000 0.0444 0.0449 0.0456 0.0432 0.0444

- 2500 . 0.039 . . 0.0401.  0.0413. . 0.0388

3000 0.0362 0.0364 0.0371 0.0353

0.0358

Composition by weight of soil

21,0,

Fez 0,

{0,
COp
H,0

used in transport calculations:

13.5%
4,5%
67. 5%
4.5%
10%
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TABLE 3

@ - UNSCATTERED FLUX PER mCi/xm® AT ONE METER ABOVE GROUND
TYPICAL FALLOUT ISOTOPES IN THE SOIL

FOR

{a/p) - em’/gq

Isotope E. (keV) v's/dis. 0. 0625 0. 206 0.312 0.625 6.25 = (Plane)
144ce 134 .108 6.51(~5) 1.59(—4) 2.04(~4) 2.90(-4) 5.63(-4) 6.99(=4)
1410e 145 .490 3.03(-4) 7.43(-4) 9.43(-4) 1.34(-3) 2.57(-3) 3.21(-3)
isig 364 " .824 ©6.92(~4) 1.58(-3) 1.96(-3) 2.67(-3) 4.8B2(-3) 5.88(-3)
198 428 .296 2.63(~4) 5.89(-4) 7.39(-4) 9.88(-4) 1,75(-3) 2.15(~3)
14°¢a 487 .45 4.13(~-4) 9.19(-4) 1.14(-3) 1.54(-3) 2.71(-3) 3.30(-3)
193pu . 497 .89 8.20(-4) 1.84(-3) 2.27(-3) 3.08(-3) 5.43(-3) 6.59(-3)
1°%pu 512 . 206 1.94(~4) 4.34(-4) 5.33(-4) 7.16(=4) 1.27(-3). 1.53(-3)
14°pa 537 .238 2.29(~4) 5.11(-4) 6.25(-4) B8.37(=4) 1.47(-3) 1.78(-3)
1%tgp 601 .184 1.84(~4) 4.02(-4) 4.90(~4) 6.57(-4) 1.14(-3) 1.38(-3)
1®3py 610  .054 5.33(-5) 1.18(-4) 1.44(-4) 1.93(-4) 3.40(~4) 4.06(-4). .
i°¢pu 622 .10 1.00(~4) 2.19(-4) 2.68(-4) 3.59(-4) 6.29(-4) 7.55(-4)
127¢0g 662 . 846 8.73(~4) 1.89(-3) 2.32(-3) 3,08(-3) 5.38(-3) 6.42(~3)
*t2r 724 .435 4.67(=4) 9.98(-4) 1.22(-3) 1.61(-3) 2.82(-3) 3.33(-3)
*ez2r 757 .543 5.91(=4) 1.27(-3) 1.54(-3) 2.07(=3) 3.54(-3) 4.22(-3)
oe 766 . 998 1.09(-3) 2.35(-3) 2.85(-3) 3.85(-3) 6.59(-3) 7.77(-3)
1478 816 .231 2.58(~4) 5.47(-4) 6.67(-4) B.97(—4) 1.54(-3) 1.81(-3)
&4 Mn 835 1.0 . 1.13(-3) 2.39(-3) 2.89(-3) 3.89(-3) 6.66(-3) 7.84(-3)
1407m 1597 . 956 1.38(~3) 2.71(-3) 3.26(-3) 4.21(-3) 6.93(-3) 8.03(-3)
*°co 1173 1.0 1.27(-3) 2.62(-3) 3.16(-3) 4.12(-3) 6.93(-3) 8.10(-3)
*°co 1333 1.0 1.34(~-3) 2.72(-3) 3.27(-3) 4.24(-3) 7.08(-3) 8.23(-3)
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TABLE 4

® - UNSCATTERED PLUX PER pCi/g AT ONE METER ABOVE GROUND FOR
UNIPORMLY DISTRIBUTED *“*Ra AND "2®Th BOURCES IN THE SOIL

Decaying Flux Decaying Flux
1sotope E(keV) w's/dis.® (y's/cm’-s) I sotope E (keV) y's/dis.* {(y's/cn’-s)
8%4pa 186 0.034 4.58(-3) 2i3py 239
93epy 242 0.070 1.04(-2) ®24pa 241 0.490 7.25(-2)
295 0.179 2.91(-2) ’ 2% e 270
352 0. 350 6.01(-2) b 31 277 0. 065 1.02(-2)
Sidpy 609 0.430 9,42(-2) %% e 282
© 666 0.015 3.39(-3) ®i3py 3ol 0.034 5.53(-3)
768 0.048 1.17(-2) 820 ne 338 0.129 2.18(-2)
934 0.031 8.10(-3) . Mixed 328-340 0.172 2.90(-2)
1120 0.145 4.21(-2) 23% pe 463 . 0.047 9,20(-3)
1238 0.056 1.72(-2) o %%m1 5100 0,096 1.93(-2)
1378° T 0.046  1,49(-2) .~ ®°°qy 583 0.300 6.39(-2)
1401-08 0.038 1.25(~2) 218pi,%9% )¢ 727 0.079 1.86(-2)
1510 0.021 7.12(-3) B3%pe 755 0.011 2.70(-3)
1730 0.028 1.02(~2) 772 0.017 4.10(-3)
1765 0.147 5.39({-2) 795 0.049 1.20(-2)
1848 0.021 7.91{-3) ) a 830+35+40 0.038 9.40(-3)
2205 0.047 1.95(~2) 2%t 860 0.047 1,18 (-2)
- 2448 - 0.015  6.66(-3) 83t ac 911 0.290 7.55(-2)
%8 ne 129 0.025 2,90(-3) l 965+69 0.230 6.13(-2)
210 . 0.041 5.80(-3) 1588 0. 046 1.23(-2)
LA 31 2615 0.360 0.167

*Transitions for which 4's/dis., <.02 are not listed except where they are required to
correct measurements of the flux from some other natural or fallout emitter. Series
equilibrium is assumed.




TABLE S

338y, *°K, AND °**Th DECAY CHAINS

Decay . Decay
Isotope Mode TS Isotope Mode T3
Py ‘o 1.40(10)y 238y (v1) a 4.5(9)y
[} I .
958 pa(MsI) B- 6.7y 234 (UXT) " B- 24.1 &
3 . : $ .
58850 (MBIT) 8- 6.13 h Boaempa (UXII) g- 1.18 m
3 . ! ' -
25ty a 1.91 y B34y (urI) a 2.5(5)y
1 : !
$84Ra (ThX) a 3.64 & 28%rh (1) a 8(4)y
] ’ i
22°pn (thoren) a 54.5 8 %%¢pa a 1622 vy
*®po(Th-n) . a 0.16 = #2%Rn (radon) a 3.83 a
3 d
S3%pp(Th-B) - B~ 10.64 h 21%po (Ran) a (99. 97%) 3,05 m
: ' S
318p4 (Th-C) a (36%) 60.5 m - #34pp (RaB) p- 26.8 m
: B-(64%) .
' *Bi (RaC) 8- (99%) 19.7 m
318pg (Th-C’) c 3(=7)s : .
2081 (Th-C*) B 3.1m 23¢po(rac’) a 1.6(-4)s
oy \
90y Stable 23%p3 {Rac’) 8- .5 m
21°2b (RaD) B- 2y
‘°K 10.7% ex  1.28(9)y 1
1 89.3% B- 22°33 (RaE) B~ 5.02 4
4°n B~ Stable !
‘°ca Stable 31%po a 1383 4
I3
3°¢py Stable
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TABLE 6

PERCENT OF UNSCATTERED FLUX ENTERING DETECTOR AT ANGLES LESS
THAN 6 FOR h = 1 METER

N ) Tan 6=R 145 keV 662 kel 1460 keV

(deq, ) (meters) a/p=0, «0,21, we a/p=0, =0.21, ee a/p=0, =0.21, ==
90 - 100 . 100 100 100 100 100 100 100 100
84 9,95 83 89 62 92 85 £3 92 83 51
79 4.90 84 76 45 82 70 39 82 67 36
73 3.18 73 64 34 72 58 30 72 54 . 27
66 2.29 63 52 26 62 46 23 6l 43 21
60 1.73 53 42 20 52 37 17 52 33 16
53 1.33 43 3 32 - 15 41 28 13 41 25 11
. 46. . ... 1,02 .. 32 . .23 .10 . 3} . .20 . 9. 31 .. 18 8
37 0.75 . 21 - 15 6 21 13 6 2] 11 -
26 ) 0.48 1l 7 3 10 6 3 10 5 2

Note: ¢ is measured with respect to the normal to the interface, i.e.,
¢ = 90° ig parallel to the interface.
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TABLE 7

EXPOSURE RATE (uR/hr) AT ONE METER ABOVE GROUND FOR EXPONENTIALLY
DISTRIBUTED MONOENERGETIC SOURCES IN THE SOIL*

(a/p)=cr®/g

Source
Energy 0 @
(keV) (Uniform) 0.0625 0.206 0.312 0.625 6.25 (Plane)
50 0.88 - - - - - -
100 2.05 ~0.095 0.185 0.215 0.270 0.400 0.438
150 3.39 0.140 0.285 0.335 0.418 0.620 0.700
200 4.88 0.200 0.390 0.460 0.570 0.845 0.960
250 6.37 0.256 0.491 0.583 0.731 1.08 1.25
364 10.2 0.404 0.771 0.89% 1.11 1.63 1.91
500 14.4 0.558 1.03 1.23 1.52 2.27 _ 2.60 _
662 19.6 0.738 1.37 1.60 1.97 2.95 3.39
750 22.6 . 0.837 1.54 1.80  2.21 3.32 3.80
1000 30.4 1.10 2.00 2.32 2.85 4.28 4.86
1173 36.2 1.28 2.31 2.63 3.27 4.87 5.52
1250 38.4 1.33  2.41 2.79 3.42 5,14 5.86
1333 41.8 1.42 2.5 2.%5 3.62 5.35 6.16
1460 45.1 1.54 2.75 3.8 . 3.88 5.73 6.56
1765 ' 54.6 1.78 3,25 3.75 4.40 6.45 7.78
2004 62.2 2.07 3.60 4.33 5.00 7.15 .8.20
2250 69.5 - - - - - -
2500 77.2 - - - - - -
2750 85.0 - - - - - -

*The activity at depth 2
per gram soil per-sec) =

gamma/cm’-s is the total
column of area 1 cm® and
. Por a/p = 0 So/p

all Z.
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cm or pZ g/cm is S(gammas emitted
a/p Sp e-{a/p) (pZ) where sp =
number of gamzas emitted in a
infinite depth (see eguation3).

1.0 gammas emitted per gram of soil for

1.0




TABLE 8

TOTAL EXPOSURE RATE AT ONE METER ABOVE GROUND FOR NATURAL
EMITTERS UNIFORMLY DISTRIBUTED IN THE SOIL

uR/h uR/h
_Isotope pCi/a unit concentration

“°k | 0.179  1.49 per % K
226 pa+daughters 1.80 0.61 per 0.358x10"° ppm Ra

214Pb 0.20 0. 07 " ” "

214Bi 1.60 0. 54 " " "
228 ys+daughters 1.82 0.62 per ppm 23°y
zaf?h+daughters 2,82 0.31 per ppm 232Th

228 5c | 1.18 0.13 * -

2°8T1 ; 1.36 0.15 "

2:%pi - 0.09 0.0x " v

%-%pp 0.09 0.01 "

Other - 0.09 0.01 "

Note: Values quoted in reference 1 based on 0ld decay
scheme data and buildup factor calculations were:

238y - 0.76 (uR/h)/ppm
2321h - 0.36 (pR/h)/ppm

$°K - 1.71 (pR/h)/% K
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" ‘TABLE 9

TOTAL EXPOSURE RATE (u.R/h_) AT ONE METER ABOVE GROUND FOR SELECTED
FALLOUT ISOTOPES IN THE SOIL

Source
_ Activity (a/p) = em®/a

Isotope (rCi/em®) 0.0625 0.206 0.312 0.625 6.25 ® (Plane)
44ce 1.0 6.25(-5) 1.34(—4) 1.56(-4) 1.96(-4) 2.86(-4) 3.27(-4)
1440esl44pre 2.0 1.85(-4) 3.51(-4) 4.05(-4) S.03(-4) 7.22(-4) B.34(-4)
141ce 1.0 2.60(—4) 5.23(-4) 6.21(-4) 7.68(-4) 1,15(-3) 1.31(-3)
laly 1.0 1.56(-3) .2.92(-3) 3.35(~3) 4.20(-3) 6.91(-3) 7.28(-3)
isegy 1.0 1.77(-3) 3.33(-3) 3.82(-3) 4.86(-3) 7.14(-3) 8.29(-3)
14°pa l.0 7.74(-4) 1.45(-3) 1.69(-3) 2.09(-3) 3.16(-3) 3.66(-3)
14°1,n 1.0 8.98(-3) 1.63(-2) 1.88(-2) 2.40(-2) 3.56(-2) 3.96(-2)
[ad TYRLAS #X) 2.15 1.11(-2) 2.02(-2) 2.33(-2) 2.97(-2) 4.40(-2) 4&.92{-2)
1°3pu _ 1.0 1.97(-3) 3.66(-3) 4.30(-3) 5.37(-3) 7.90(-3) 9.22(-3)
198 put 1°% R 2.0 7.74(-4) 1.43(-3) 1.67(-3) 2.11(-3) 3.17(-3) 3.65(-3)
<~ 3870g IR O « 2.31(-3) 4.29(-3) "4.99(-3) 6.17(-3) 9.24(-3) 1.06{-2)
“t2r 1.0 3.02(-3) 5.51(-3) 6.36(-3) 7.81(-3) 1.17(-2) 1.35(-2)
bt ¥ ) 1.0 3.15(-3) 5.74(-3) 6.66(-3) 8.14(-3) 1.24(-2) 1.41(-2)
°82r-"ENp 3.155 9.91(=3) 1,79(-2) 2.07(-2) 2.54{-2) 3.84(-2) 4.39(-2)
B4 Mn 1.0 3.40(-3) 6.29(-3) 7.22(-3) 8.88(-3) 1.34(-2) 1.54(=2)
%°co 1.0 9.99(-3) 1,80(-2) 2.06(-2) 2.55(-2) 3.78(-2) 4.32{(-2)

*Assuming dauchter is in equilibrium with parent-exposure rate is for 1 mCi/knm® of
parent activity.
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TABLE 10

ERROR IN 1 METER EXPOSURE RATES FOR INFINITE HALF-
SPACE GEOMETRY DUE TO NEGLECTING AIR-SOIL
DIFFERENCES (BUILD~UP FACTOR APPROACH)

E(keV) Soil-Air/Soil-Soil
250 0.79
364 0.87
0 o  olep
1000 0.94
1500 0.95
2000 . 0.96
2500 0.95
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TABLE 11

©/I-(ONE METER) FOR FALLOUT EMITTERS IN THE SOIL -
(v's/cm®-s)/ (uR/h)

, By (a/0) - cm?/g
Isotope {keV) 0.0625 0.206 0.312 0.625 6.25 Plane
144ce 134 1.04 1.19 1.3 1.48 1.97 2.14
l144ce-l44pr 134 0.352 0.453 0.504 0.577 0.780 0.838
14lce 145 1.17 1.42 1.52 1.74 2.23 2.45
131y 364 0.444 0.541 0.585 0.636 0.702 0.808
. 126g) 428 0.149 0.177 0.193 0.203  0.245 0.259
14°7a . . 487 . 0.046.. 0.056 .. 0.061. 0.064 . 0.076 . .0.083
14°Ba-14°1a 487 0.037 0.045 0.049 = 0.052 0.062 0.067
193pn 497 0.416 0.503 0.528 0.574 0.687 0.715
106 pu-1°¢Rh 512 0.251 0.303 0.319 0.339 0.401 0.419
34°RBa 537 0.296 0.352 0.370 0.400 0.465 0.486
149pa.14%1,2 537 0.0206 0.0253 0.0268 0.0282 0.0324 0.0362
1285y 601 0.104 0.121 0.128 0.135 0.160 0.166
1°3pu 610 0.0271 0.0322 0.0335 0.0259 0.0430 0.0440
19€Ru . 622 0.129 0.153 0.160 0.170 0.198 0.207
137¢cg 662 0.377 0.440 0.465 0.499 0.582 0.606
®6zr 724 0.155 0.181 0.192 0.206 0.241 0.247
*Sz2r-°®Npb 724 0.0476 0.0557 0.0589 0.0634 0.0734 0.0758
‘e6zr 757 . 0.196 0.230 0.242 0.265 0.303 0.213
*Szr-*SNb 757 0.0602 0.0709 0.0744 0.0815 0.0922 0.0%961
°END 766 0.346 0.409 0.428 0.473  0.531 0.551
S62r-2ENb 766 0.239 0.282 0.297 0.328 0.371 0.381
14°1a 816 0.0287 0.0336 0.355 0.0374 0.0433 0.0457
14°Ba-4°1a 816 0.0232 .0.0270 0.0286 0.0302 0.0350 0.0368
S4Mn 835 0.332 0.380 0.400 0.438 0.497 0.509
14°1,a 1597 0.154 0.166 0.173 0.175 0.195 0.203
. ¢°pa-'*°ra. 1597 . 0.124  0.134 0.140 0.142 . 0.158 0.2863
€°co 1173 0.127 0.146 - 0.153 0.162 0.183 0.188
€°co 1333 0.134 0.151- 0.159 0.168 0.187 0.191
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TABLE 12

w/P-RATIO OF GAMMA~RAY FLUX DENSITY T0 EXPOSURE RATE PROM
NATURAL EMITTERS IN THE SOIL

i:ﬁ:ﬁ; £y (keV) o/1 (LE(P",:’—"’)

uR/h
Uraniur Series, I 1.82 55:73

Parent

Isotope ty(kev)

®/1 (LT_ :;cn’ ") ‘

Thorium Series, I =~ 2.82 uR/h

: : PCi/e

®88pa 186 2.52(=3) 828 pe 129 1,03(-3)

®l4py 242 5.71(-3) . 210 2.06(-3)
295 - 1.60(=2) Pb 239

ol 352 3.30(-2) 24k 24 2.57(-2)
Bl 609 5.18(-2) Ac 270

T ees 1.86(—3)} 0537, acemp) 277} 3.62(-3)
768 6.43(-3) 238 nc 282

934 4.45(-3) i3py 301 1.96(-2)

1220 2,31(=2) Bk N~ 338 7.73(=3)

1238 9.45(-3) Mixed 328-340 1.03(-2)

1378 8.19(-3) 338 ne 463 3.26(-2)

14031-08 6.87(-3) soem) 510 £.84 !{-3)

1510 3.91(-3) azeqy 583 2.27(-2)

1730 " 5.60(=3) 313p;,%%%a¢ 727 €.60(-3)

21765 2.96(-2) f -0395 338 0¢ 755 e, 57 (=)

1845 4.35(-3) 772 2.45(-3)

2205 1.07(-2) 7es 4,25(-3)

2448 3.66(-3) 830+825+840 3.23(-3)

acemy 860 4.18(-3)

298 ac 911 2.68(-2)

Potassium, I = 0.179 2R 965-969 2.17(-2)

pci/g ‘ 1588 4.36(-3)

sop 1662 0. 203 aceqy 2615 5.92(-2)




TABLEZ 13

PHYSICAL CHARACTERISTICES OF HASL <y-RAY DETECTORS

Deatector No. S14 . 484
Type Closed Coaxial Closed Coaxial
Cylindrical Ge(Ll) Cylindrical Ge(Li)
Size 4.3 onxd.4 em(L) -
 pfficiency* 2.17 : 0.82
Resolutiont 2.3 -keV 2.3 kev
Peak/Compton Ratio? 30/1 24/1
Active Volum@. - . -~60 om® S e ~28 .cm®
prift Depth ~1.7 cm -
Bias Voltage 2200 Vv 2200 Vv

730

Harshaw Integral
Line Nal (T1)

~4°x4"

37

52 eV

~820 om®. .-

900 V

785

Harshaw Integral
Line NaI(Tl)

~4"%4*"
36

54 keV

. ~820.cm® - - -

900 Vv

*Counts’ per unit incident flux at 662 keV,
tFWEM at 662 keV.

*Bva.luated at 1,33 Mev,
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No/¢ - TOTAL ABSORPTION PEAK COUNTS -

TABLE 14

4" x 4" NaI(Tl) DETECTORZ

cpm
, v/cm” -5
Calibration Energy Detector Detector 0ld 4"x4"
Source (keV) #ED-730 #ERA-785 Detectors
$65r 514 2690 2525 3250
137¢0g 662 2333 2238 2238
. ®*Mn. . 835 2075 . 2060 . .. 2400 ..
2¢Na 1370 16355 1687 1900
236pa 1765 980 970% 1150
206m) 2615 892 970 11404
@ With %" bakelite shield.
B .Inferred from ratio of previous readings to HASL-170 data.
¢ Based on branching ratios in Table 4.
&

Inferred from 2.73 MeV **Na line.
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TABLE 15

No/® - TOTAL ABSORPTION PEAK COUNTS PER UNIT INCIDENT FLUX -
Ge (Li) DETECTORS:

cpm

No /o ~Jeme s
Calibration . Standardized 25 ce 60 cc?
Source E (keV) v's/dis. By Ge (Li) Ge (Li)
241am . 59.5 0.353 IAEA 27645 28747
7% 84 0.033 HASL - 438425
34éce 133.5 0.108 HASL - 596+12
1%lce . 145.5  0.490 _  HASL - 58510 . ..
13%ce 165 0.80 HASL - 594415
57co 122.1 0.856 IAEA 4238 565212
188 Au 411.8 0. 955 HASL 89.024.0  224%3
®2Na 511.0 1.81 IAEA - 17144
" 1274.5 1.00 . IAEA 20.6x1.0 67.0%2.0
88gr 514.0 0.993 HASL 66.0+£3,0 1714
137¢s 661.6 0.846 HASL-IAEA 49.022.0  130=3
54 Mn 834.8 1.00 " 33.021.0  100%2
fey 898. 0 0.934 HASL 30.0+1.0 97.0%3.0
. 1836.1 0.994 " 13.2%0.5 47.5+1.0
€8zn 1115.5 0.506 " - 82.0%2.0
€°co 1173.2 0.999 HASL-IAEA - 74.4%1.0
" 1332.5 1.00 " - 65.6%1.0
24Na 1368.5 1.0 - - 63,85
" 2754.1 0.999 - - 30.4%0. 6
- ®28qp 2615 0. 36 NBS - 33.1%1.0

d These data fit the following function from 200 keV to 3 MeV with

a maximum deviation of ~3%: 1ln No/9

is in Mev.

8 Normalized

- 57 -
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- TABLE 16

ANGULAR CORRECTION FACTORS (Ng¢/Ng)

(a/p) - cm®/gq
E (keV) 0 "~ 0.206 0.625 ® Plane

Ne/No - 60 cm® Ge (Li)

60 0.69 0.68 0.66 0.65
122 0.94 0.93 0.92 0.90
145 1.00 1.00 0.99 0.97

>155 1.0 1.0 1.0 1.0

Nf/Ny - 25 cm® Ge(Li)

134 0.70 - - -

352 0.79 - - -
609 0.84 - - -
1120 0.91 - - -

1765 ~0.¢98 - - -
Nf/No - 4" X 4" NaZI(Tl)
511 1.14 1l.14 1.14 1.14
583 . 1.12 1.12 1.12 1.12
662 1.11 1.11 1.11 1.11
750 l1.10 1.10 1.10 1.10
1464 1.07 - - -
1765 1.04 - - -
2615 1.02 - - -

Total "Energy" =- 4" X 4" Nal, N¢/No =

!
.
|
I
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TABLE 17

PEAK AREA PER UNIT EXPOSURE RATE (Ng/I) AND PEAK AREA PER UNIT ACTIVITY
(Ng/A) FOR 4"x4" NaI(Tl) DETECTORS?

~ 0lda Detectors‘
No. 730 No. 785 . Ref. 5

Isotope E (xeV) a/p Nf/IP Ne/AC Ne/15 Ng/AC NE/IP Ne/AC

238y 609+665 0 151 275 142 259 150 335
1765 .0 36 66 35 64 4s 100

3337h 583 0 64 180 61 171 65 213
2615 0 59 166 58 165 58 190

sog 1464 - 0 352 63 344 62 390 80
337ce 662 0.0625 967  2.24 928  2.15 . - -
T S 0,206 0 1129 4.85 1083 4.65 13795 -
0.312 1193 5.95 1145 5.71 - -

0.625 1281 7.90 1228 7.58 - -

6.25 1494 13.8 1433 13.2 - -

® . 1555  16.5 1492 15.8 - -

°tzrwf  <750> 0.0625 820  7.81 793  7.53 - -
0.206 964  17.33 930 16.72 1150 -

0.312 1018  21.03 980 = 20.28 - -

0.625 1115  28.30 1078  27.30 - -

6.25 1266  48.58 1221  46.87 - -

© 1406  57.40 1258  55.37 - -

d With 2" bakelite shield.
B cpm/ (uR/h)

C cpm per pCi/g of in situ soil material including moisture (c/p=0) or
per mCi/xm® (a/p#0).

'8 Equilibrium assumed.’
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TABLE 18

PEAK AREA PER UNIT EXPOSURE RATE {Ng£/I1) AND PERAK AREA PER UNIT ACTIVITY

(Ng/A) FOR Ge(Li) DETECTORS ~ NATURAL EMITTERS

60 cc Ge(Li)

25 cc Gel(Li)

60 cc Ge(Li)

- 60 -

Isotope E (keV) No/® N¢/Ko c/I Ng/1* Ng/A** Ne/A**
soy - 1464 59.8 1.0 0.203 12.1 3.37 2.17
238y 186 510 1.0 2.52(-3) 1.29 0.44 2.35

Series 242 388 5.71(-3) 2.22 0.73 4.04

295 315 1.60(-2) 5.04 1.58 9.17
352 255 3,30(-2) B.42 2.78 15.3
609 143 S.18(-2) 7.41 2.25 13.5
666 132 1.86(-3) 0.25 - 0.45
768 114 6.43(~-3) 0.73 0.21 1.33
934 94,2 4,45(-3) 0.42 - 0.76
1120 78.0 2.31(-2) 1.80 0.49 3.28
. 1238 70.0 . 9.45(-3) . . 0.66 - 1.20
1378 63.3 8.19(-3) 0.52 - 0.94
1730 50.0 5.60(-3) 0.28 ~ 0.51
1765 49.0 2.96(-2) 1.45 0.40 2.64
2204 39.5 1.07(-2) - 0.42 - .77
333 129 580 1.0 1.03(-3) 0.60 - 1.68
' 210 442 2.06(-3) 0.9l - 2.57 -
239-41 388 2.57(-2) 9,97 3.28 18.1
270-82 335 3.62(-3) l.21 - 3.42
301 305 1.96(-3) 0.60 - 1.69
338 260 7.73(-3) 2.0 0.68 5,67
328-40 265 1.03(-2) 2.73 - 7.70
463 195 3,26(-3) 0.64 - .79
510 176 6.84(~3) 1.20 - 3.39
583 154 2.27(~2) 3.50 1.1 3.86
727 122 6.60(-3) 0.8l - 2.27
755 118 9.57(~4) 0.1l - 0.32
S 772 115 1.45(-3) 0.17 - 0.47
795 112 4.25(~3) - 0.48 - 1.34
830-40 108 3.33(-3) 0.36 - 1.01
860 103 4.18(~3) 0.43 - .21
911 - 97.0 2.68(-2) 2.60 0.71 7.33
965+69 . -91.0 S 2.17(-2)  1.97 0.53 5.57
1588 54.7 4.36(-3) 0.24 0.063 0.67
2615 32.8 5.92(-2) 1.9 - 5.48
*cprmy/ (uUR/h)
**cpm/ (pCi/q)




TABLE 19

PEAK AREA PER UNIT EXPOSURE RATE (Ng/I)® FOR 60 cc Ge(Li) DETECTOR-FALLOUT

(a/p) - em®/q
Isotope E(keV) No/0 0.0625 0.206 0.312  0.625 6.25 = Plane
144 ce-prs 134 596 208 267 294 337 . 451 479
34lce 145 585 678 831 880 998 . 1278 1390
L RY 364 250 111 135 146 159 201 202
138gy 428 210 31.3  37.2  40.5  42.6 51.5  54.4
601 145 15.1 17.5 18.6 19.6 23.2 24,1
14°Ba 537 162 48.0 57.0 59.9 64.8 75.3  78.7
14°1a 487 180 g8.28 10.1 11.0 11.5 13.7 14.9
' o 1597 ~ 55 - 8,47 9.13 9,52 9,63 10.7 " 1ll1l.2
1°3pu 497 180 74.9 90.5 95.0 103 124 129
‘°‘R:;} 512 175 32,3 53.0 55.8 59.3 70.2 73.3
1oeg 622 140 18.1 21.4 22.4 23.8 27.7 29.0
137¢cg 662 130 ' 49,0 57.2 60.5 64.9 75.7 78.8
9 6oy 724 122 18.9 22.1 23.4 25.1 29.4 30.1
757 117 22.9 26.9 28.3 31.0 35.5 36.6
*SNb 766 114 39.4 46.6 48.8 53.9° 60.5 62.8
&4 Mn 835 106 20.1  40.3  42.4  46.4 52.7  54.0

*epm/ (WR/h) ; for Ke¢/A multiply values by I from Table 9.

**Equilibrium as sumed.
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Table 20

"ENERGY" BAND EQUATIONS FOR NaI (Tl) DETECTORS

" Energy"

Bands

AE,
AE,
AEs

AETotal

1.32 MeV to 1l.60 MeV
1.62 MeV to 1l.890 MeV
2.48 MeV to 2.75 MeV
0.15 MeV to 3.4 MeV

Exposure Rate Eguations

K =
U= .421
T = .292
I =Ep’
where X,

Detector £730

E; '-.224 E; '
R
/37.9

.085 E, '-.060 E3 '~-.024 E;’

HH3 g R

U, T, are the exposure rates
238y series, the **2Th series, respectively, and I is the

total exposure rate.

Detector #785
.087 E, ‘-.061 E, '-.024 E5 ’
.433 Ep '-.230 E;’
et El Lo
Ep’ /36.5

in pR/h for *°K, the

E,’, E3’, Es', Ep are respectively the
total "energy" in BeV/20 min. in 8E,, AEz, AEs, LEpgta) (see
text) corrected for cosmic ray exposure.

Cosmic Ray Response -~ BeV/20 min.

Altitude

OI

1000’
2000
3000’
4000’
5000
- 8000°

E;

0.40
0.42
0.46

- 0.52
0.60
0.70
1,28

Ez
0.35
0.37
0.40
0.45
0.53
0.63

1.10

Ea

0.30
0.32
0.34
0.36
0.38
0.41

0.94

\

ETotal

N
DN OO
NOWO®WN
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TABLE 21

EXAMPLES OF FIELD SPECTROMETRIC MEASUREMENTS MADE WITH Ge(Li) DETECTORS
ARD NaI (Tl) DETECTORS

: . uR/h .
Detectorx ion
location Tvpe K |¢] T Cs 2r -Nb Other Sum Chamber
Joliet, Ill. Ge (L) 2.8 1,2 2.5 0.2 0.3 0.1 7.1 7.8
1971 , NaI(Tl) 2.7 1.1 2.4 0.3 0.2 - 6.7
Channzhan, Il1l, Ge(Li) 2.6 1.0 1.9 0.2 0.3 0.1 6.1 5.9
1971 NaI(Tl) 2.4 1.1 1.8 0.2 0.2 - 5.7
_ Morris, I1l. . . . Ge(Li) - 2.2 1.4 1.7 0.1 0.3 <0.1 5.7 -
1971 NaI{(Tl) 2.2 1.2 1.8 0.1 0.2 - 5.5
Waterford, Conn. " Ge (Li) 1.7 1.7 3.0 0.6 0.2 - - 7.2 7.6
1571 NaI{(Tl) 1.7 1.4 3.4 0.4 0.1 - 7.0
Waterford, Conn, Ge (Li) 2.4 11l.6 2.9 0.7 0.2 - 7.8 8.0
1971 NaI(Tl) 2.4 2.1 3.1 0.4 0.1 - 8.1
Forked River, N. J. Ge (Li) 0.2 0.8 0.9 0.6 0.2 - 2.7 2.6
1971 ‘ NaI(rl) 0.2 0.9 0.8 0.7 0.2 - 2.8
Forked River, N, J. Ge {Li) 0.3 0.5 0.6 0.8 0.1 - 2.3 2.1
1971 NaI(Tl) 0.3 0.5 0.5 0.8 0.1 - 2.2
Denver, Colo. NaI(Tl) 3.4 2.4 7.4 0.3 - 0.2 13.7 13.8
1985
Bikini, Atoll NaI(Tl) © 0 0 19.0 - 5.8 24.8 24.0
1967




TABLE 22

ROUGH COMPARISONS OF FIELD SPECTROMETRIC ESTIMATES OF "a.’Cs SOIL
ACTIVITY WITH NEARBY °°Sr SOIL SAMPLE MEASUREMENTS

mCi/dam®
Field Inferred

So0il Sampling Measurement from Soil Field .
Site Date Date Sample _Spectrum Notes
Fort Collins, Colo. 4/65 9/65 80 50 a,t,C
Salt Lake City, Utah 9/65 8/65 157 58 a,8,c
Derby, Colo. A 9/65 8/65 93 77 a,ec
Rapid City, S.D. 9/65 8/65 147 127 _a,s,Cc
New 0r1eans, La. 3/66 9/65 76 62 a,B,C

Beltsville, Md. 11/65 11765 5415 109 5

- Notes:

@ The 37Cs soil activity was inferred from a radiochemical determination of ®*°Sr by
multiplying by 1.5.

B The field spectral analysis assumed a/p = 0.206 for all sites, which may be too
large since all the field spectrometric values tre lower than the values referrecd
from the samples.

C Except for Fort Collins the soil sampling and field spectrometric sites are not
identical but are in the nearby vicinity of each other.

b Using measured depth distribution - actual *27Cs soil analysis.
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TABLE 23

CONVERSION FACTORS AND OTHER DATA USEFUL
FOR FIELD SPECTROMETRY

1 uyR/h = 65.9 MeV/g-s
1l mrad/y = 0.130 prR/h
1 uR/h = 7.65 mrad/y
ha . /{ML
1 mCi/k® = 0.386 mCi/m&?®
3.361 x 10”7 curies/g 2°°U
1.09 x 10~7 curies/g Z2®2mh

226
R

0.988 curies/g a

3.30 gammasﬁ(l.46 MeV);g Potassium
Jrm (<
1 ﬁgi = 0.45 é;m
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EQUIPMENT IN
VEHICLE 12 VOLT .

STORAGE BATTERIES

1

12V DC >I120V AC < ' l
CONVERTER

| ¥ ; ¢ v

. MULTI- | | MAGNETIC .
AMPLIFIER =il CHANNEL _TAPE =l PRINTER | | DispLaY | ]
ANALYZER | . | RECORDER
. . |
30 METER SIGNAL
30 METER CABLi/
POWER AND '
SIGNAL CABLE
PREAMP=—— ——';EIEZR‘)R P |—= PREAMP
n Ge(Li) IONIZATION NoI(TI)
‘ l;" '. »  biooE CHAMBER oetector (€l
2200 VOLT \F,,_TER | ' 100 voLT
BATTERY. CIRCUIT = - - o BATTERY__ o
PACK A ' PACK

EQUIPMENT OUTSIDE VEHICLE

HASL FIELD SPECTROMETRIC SYSTEMS

Figure 1. Diagram of field spectrometers and ionization
chamber. '
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FLUX (y's/cm®-3) OR EXPOSURE RATE (11R/h) per mCl/km

$/1

001 ! |
0.1 1.0 2 10
Figure 4. ®, ®/I, and I at one meter above the ground vs

a/p source depth distribution.
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COUNTS PER CHANNEL
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10004~
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270_8/295 /352 .
+ 209 "1 TI-208 Bi-214
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T

200 300 400 500 600 - 700 800 900 050
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FigurAe 7. Ia situ spectrum, taken with that in Figure & with 60

cm® Ge(Li) detector, 40 minute counting time. Photon energies in

keV,
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NOTICE

This set of notes is not a formal publication of the Environmental
Measurements Laboratory. They should not be referenced without permission of
~ the authors and if such permission is granted they should be referenced as a private
communication and not as a report.




FOREWORD

Most of us who deal with aspects of ionizing radiation in the environment are
familiar with basic dose rate measurements using survey instruments. Perhaps we
can recall instances when we have walked about a site with a meter in our hand
and measured external radiation levels. This constitutes an in situ measurement
in its most basic form, one which deals with a single parameter such as the
exposure rate. For more information on the radiation field at the site, one can take
a soil sample and return it to the lab for analysis. Gamma-ray counting on a Ge
detector might then be employed to determine the specific radionuclides present in
the sample. This could be done for strictly qualitative purposes or it could be
- extended quantitatively to include the measurement of the concentrations of
radionuclides in the samples. Consider, however, the concept of bringing the’
spectrometer to the sample, rather than the other way around. By using a high
resolution Ge detector placed over the ground one is essentially measuring an
oversized soil sample. The detector thus functions as a sophisticated survey
instrument. Like the laboratory-based analysis of soil samples, one can identify
| radionuclides present in a qualitative manner by simply looking for the presence of
peaks at characteristic energies. Taking the technique to a higher level, one can
convert the measured peak count rate into some meaningful quantity such as the
concentration of these nuclides in the soil or, in the case of deposited fallout, the
activity per unit area. It is also possible to infer the contribution of each individual
nuclide to the dose rate in air. This course will introduce you to these techniques,
known as "in situ gamma-ray spectrometry”. A generalized approach is taken so
~ that the individual will be able to adapt the technique to unique situations. To this
" end, a basic grounding in the theory is given, however short-cut methods are also
presented for those who may employ the technique for approximate measurements.
Example calculations are given to clarify the presentation. It is hoped that this
material, though serving as an introductory course, is sufficient to allow newcomers
in the field to confidently apply in situ techniques in their field investigations of
environmental radiation and radioactivity. For those who wish to pursue aspects of

this subject in greater detail, appropriate references are given.
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CHAPTER 1
INSTRUMENTATION
Detectors

Although measurements can be conducted with Nal scintillation detectors, as
they were in the 1960’s, the energy resolution of Ge solid state detectors and the
fact that they are available with efficiencies as great as that of a 3x3 inch Nal make
them the detectors of choice. As with any counting system, the size of the detector
that is needed is related to the source strength, the counting time, and the desired

statistical counting error. For typical environmental radiation fields, a detector

with a quoted 25% efficiency would be large enough to give +5% (10) counting error

for natural emitters using a one hour count time. A quick 10 minute count would
be sufficient to provide lower limits of detection on the order of 100 Bq m2 for many
common fission products residing at the surface of the soil. Higher sensitivity
and/or reduced counting times can be achieved with larger detectors. Depending
upon the application, a smaller detector might actually be a better choice in order to
reduce counting dead time when when making measurements in highly

contaminated areas.

Another consideration is the choice between a P type and an N type Ge crystal.
For applications that involve the measurement of low energy gamma rays, such as
from 241Am (59.5 keV), the N type has better sensitivity. Figure 1.1 shows a

comparison in the efficiency between two typical detectors.

Older lithium drifted Ge detectors can function perfectly well, however, the fact

that intrinsic or high-purity Ge can warm up without damage makes them the best
for field work.

Quality Ge detectors can be expected to have energy resolutions of 2 keV or

better at 1332 keV. Better energy resolution allows a greater separation of two
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peaks that are close in energy. Also, each individual peak is narrower and therefore
lower statistical counting errors are achieved since there is less continuum counts
under the peak.

Modern Ge detectors are equipped with built-in pre-amplifiers. For field work
where battery power is used, it is important to specify a low-power pre-amp when
ordering a detector. This will extend the operational time in the field since the pre-
amp is a principal draw on powér. '

Although measurements in the field can be performed with a Ge detector in

almost any type cryostat-dewar configuration, performance and ease of handingis

best achieved with a small dewar (1 to 2 liters) that can be t{r'-ipo.d mounted with the

deteétor facing down. For convenience, a 24 hour liquid nitrogen holding time is
desirable as this then requires filling only once a day, although it may be safer to
maintain a twice a day schedule. Ge detectors can also be cooled with electrically.
powered apparatus, however, this may not be as convenient for field use with
battery powered equi;;ment. To maintain a ready-to-use capability, it is possible to
mate small dewars to automatic filling apparatus in the laboratory or to larger
gravity-feed storage dewars. As for orientation, a detector facing sideways (the axis
of symmetry parallel to the ground) should be avoided because it introduces
complicated angular corrections. A detector facing down will provide the maximum

count rate, although one facing up (with the dewar underneath) can be used as well.

Pulse Height Analvzers

A Ge detector can be connected to a full laboratory instrumentation package
that is carried in a van and powered with a motor generator or battery bank. This
was the norm in the early days of field spectrometry. Today, it is far more
convenient to make use of portable battery-powered analyzers which are specifically
designed for field work. These units not only serve as multichannel pulse height

analyzers but also provide pre-amp power and high voltage to the detector. This
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type of analyzer with the Ge detector and a set of connecting cables is all that is
needed for a complete spectrometry system. Also available now are portable laptop
computer-based systems which have the capability to run more sophisticated
analysis programs. An overnight recharge is generally sufficient to provide 8 hours
of operational time in the field for either the full-function analyzer or the computer
based system. In the latter case, the computer can be shut off to conserve its own

limited battery supply, while a spectrum continues to collect in the memory of the
analyzer base unit.

One additional component needed for practical application. of in situ

-spectrometry is a method of spectrum storage since it is likely that many spectra

will be collected dunng the course of a site mvestlgatlon Some portable analyzers

‘have built-in mini-cassette data storage capability while others rely on an external

portable audio cassette recorder. The PC based systems have the advantage of
being able to store numerous spectra directly on the internal disk drive.

Field Setup

‘The ideal site for collecting a spectrum would be a large (20 meter diameter or
more) flat, open area with little or no natural or man-made obstructions. The area
to be measured can be scanned first with a suitably sensitive survey meter to insure
that there is rough uniformity in background dose rate. It is also possible to move
the Ge detector about and obtain.quick (1 to 5 minute spectra), observing that a full
absorption peak count rate does not change substantially for a nuclide under study.
For measuririg fallout that was deposited in the past, the land should not have been
disturbed by plowing or by wind or water erosion. For standard measurements, the
detector (Ge crystal) should be at a height of 1 meter above the ground, although a
variation of as much as 50 cm in either direction will not introduce a large error.
While collecting a spectrum, personnel should stand away from the detector. Since
the operator may wish to examine the spectrum during collection, it is best to

position the analyzer away from the detector using cable lengths of a few meters.
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As with any gamma-ray spectrometer system, the amplifier gain and analyzer
conversion rate must be adjusted to provide a spectrum in the energy region of
interest. For environmental garxima radiation, this would be from about 50 keV out
to 2.615 MeV, normally the highest energy line seen. For a 4000 chaxinel analyzer,
a conversion rate of 1keV per channel will suffice in most cases although 0.5 keV
per channel may be desirable for certain in situ applications to take advantage of
the higher energy resolution of the detector at low energies.




CHAPTER 2

THEORY

Basic Calibration Parameters

For sample analysis in the laboratory, calibrations are generally performed
with solutions in the same counting geometry or spiked matrices such as soil and
vegetation. In principle, one could calibrate a Ge detector for field use with very
large (approaching an infinite half-space) calibrated areas as well. In practice, a far
more convenient and flexible approach is to calculate the flux distribution on the
detector for a given source geometry, determine the detector response with
calibrated point sources and then perform an integration. =~ o

The fundamental quantities used for in situ spectrometry include full
absorption peak count rate (N), fluence rate (¢), and source activity (A). In practice,
one would like a single factor to convert from the measured peak count rate in a
spectrum to the source activity level in the soil or the dose rate in air. This factor
can be calculated from three separately determined terms as follows:

Ne N¢ N ]

= . . (2.1)

A Ng ¢ A

where N¢/A is the full absorption peak count rate at some energy, E, from a gamma
transition for a particular isotope per unit activity of that isotope in the soil, Né/db 1s
the full absorption peak count rate per unit fluence rate for a plane parallel beam of -
photons at energy, E, that is normal to the detector face, N¢No is the correction
factor for the detector response at energy, E, to account for the fact that the fluence
from an extended source in the environment will not be normal to the detector face
but rather distributed across some range in angles and ¢/A is the fluence rate at
energy, E, from photons arriving at the detector unscattered due to-a gamma

transition for a particular isotope per unit activity of that isotope in the soil.
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The term N /¢ is purely detector dependent while the term N¢/N ) is dependent
on both the detector characteristics and the source geometry. These two terms will
be covered in the following chapter on detector calibration. The term ¢/A is not-
dependent on the detector characteristics but rather on the source distribution in

the soil and will be dealt with in the following sections.

Unscattered Flux

The theoretical model for an in situ measurement is illustrated in Figure 2.1. A

gamma detector is located above a source that is distributed in, or deposited on a

_ volume of soil. Let rp be the vector which designates the position of the detector

relative to the origin O. Moreover, let r designate the position of a differential
volume of soil, and let r; designate the location of the air-ground interface. For a

gamma source of energy E, the total unscattered flux is given by

f(r) ps pa )
¢ = R —— 2exp[-— — p(ry-xr) - — p(rp-xry)] av (2.2)
v tm(rD-r) P Pa

where f(r) is the source strength at r, H¢/p is the mass attenuation coefficient for
soil (cmzlg) and p,/p is the mass attenuation coefficient for air.

Source Distributions

The most common natural sources of gamma radiation in the environment are
the gamma emitters in the 238U and 232Th series and 40K, Anthroprogenic
sources include depositon from weapons testing and reactor effluent in the form of
fallout. It is generally assumed that activities of fallout in the soil vary only with
depth, while the natural radionuclides would be distributed uniformly.




The distribution of naturally occurring gamma emitters can then be expressed
as »

flz) = sy (2.3)

where Sy; is the soil activity per unit volume (photons/cma-s). In the case of fallout
that has not been driven into the soil , such as fresh fallout from weapons testing, a

plane source would seem most plausible. We have

f(z) = SAé(z-z’) (2.4)

where S, is the surface activity (photons/cm2-s), and z’ is the distance from the
detector to the air-ground interface. Aged fallout is reasonably approximated by an
exponential distribution of the form

-a
flz) = S exp{— pz) {2.5)
p
where (1/a) is known as the relaxation length (cm), p is the soil density (g/cm3),
and S is the surface activity (photon/cmz-s).

In general, oneA relaxation length is that thickness of shield that will attenuate
the flux to 1/e of its origi_nal intensity. Since we are dealing with a source term, the
source depfh parametér, a/p, indicates the degree of self-absorbtion that will occur-
due to the penetration of the fallout into the soil matrix. For example, assuming a
soil density of 1.6 g/cm3 and a relaxion length of lmm will yield a source depth
parameter of 6.25 cmz/g. The relaxation length in this case indicates that the
fallout has penetrated the soil to the extent that 63% of the activity is contained
within the first millimeter of soil. This is considered to be a very shallow

distribution. Alternatively, a relaxation length of 10 cm will yield a source depth
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parameter of .0625 (cm2/g), and this is considered to be a deep distribution. We
note that the product pz is the mass depth and is more fundamentally related to
flux than linear depth z because the number of atoms per unit length of soil is
dependent upon the soil density. For the remainder of this chapter we will always
assume a soil density of 1.6 g/cm3.

1t is convenient to think of the uniform and plane distributions as special cases
of the exponential distribution. The plane distribution is obtained in the limit q-m=,
and the uniform distribution is the case where a=0. It must be pointed out that in
terms of evaluating equation 2.2 for the flux, each case must be treated separately.

The flux for a uniform distribution, for example, cannot be obtained in the limit

a-0. In the case of a umform dlstnbutmn we are spec1ﬁcally refernng to the

natural emitters whose concentratxon is mdependent of depth, while in the case of
fallout deposition, the flux from a uniform distribution obtained in the limit a-0

must, as we shall see later, vanish.

In general any distribution which varies in the z direction can be approximated

by a superposition of plane sources buried at various depths

f(z)=Z s;6(z-2) (2.6)
b

This distribution is useful for the case where there is markedly different soil
strata of varying nuclide concentration.

The arrangement suggested in Figure 2.1 can be simplified by assuming a flat
air-ground interface and infinite volume of soil. This particular geometry is
referred to as an infinite half-space. Our specific model used to evaluate this case is
1llustrated in Figure 2.2. The detector is positioned at the origin, with the air-
ground interface located a distance h below the detector. Hence, the ideal set-up for
an in situ measurement would be a large, flat open field with little or no surface

features and no obstructions that could substantially reduce the photon flux.
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Photon Flux Calculation

Assuming an exponential distribution, equation 2.2 can now be written as

pa

o = 2n 5 exp (= pz)exp[— — p(z-h)@ - — pahw] dwdz (2.7)
p .
0

47w p p

4 a
where w = sec 6, p(z-h) is the mass depth of soil, and p_ h is the mass depth of air.
The exact solution to (2.7) is

¢ 1 Ha a p oy, a p My
_— = —[El (— pah) - exp(— — — poh) Ej[(1+— —) — pah]] (2.8)
so 2 pa P FS pa p ps pa

The function E1(x) is known as the exponential integral and is defined as

El(x) = I — dt (2.9)
t

X
Figure 2.3 is a plot of E4(x). It is important to note how rapidly E{(x) falls off with
X _ .

For a uniform distribution we have

Sv Fs Ha : <
¢ = 21| | — exp(- — p(z-h)w - — p_hw) dwdz (2.10)
47w p Pa
h 1l
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where Sy is the soil activity per unit volume (photons/cms-s). The exact solution to
(2.10) is

0 1 p, P expl (B /P,) Pgh] T
- 2 pn 2 & - Ej(—=p ) (2.11)
Sy/pP 2 Py Hg (Ha/Pa)Pah Pa

The flux from a plane source distribution can be obtained from equation 2.8 in the
limit a/p-=

For a plane source distribution we have
¢ 1

Ha
= Eq (— pgh) (2.12)
o 2 a

Flux computations can be performed on a case by case basis, however, it is
convenient and generally sufficiently accurate to use the results of (Beck et al,
1972) which were performed for a standard height of 1 meter for a soil with a
representative mix of elements. The total fluence is tabulated in Table 1 of that
report for various values of a/p at different energies. The distribution with respect
to the angle 6 can be found in Table 6 of the same report. |

Dependence of the Flux on the Parameters a/p and us/p

We see in equation 2.8 that the flux from an exponentially distributed source
depends the product (a/p)(p/pg). This term can be expressed as (1/p)(1V/a), which is
just the mean-free-path (MFP) for a photon of energy E in soil per unit relaxation
length. If (Up)(Va) = 1, then a minimum of 63 % of the fallout is within one MFP
of the air-ground interface. So for the case of a very shallow distribution (Vp I Va)
can be quite large. Since the term E[p,/p,(1+(a/p)(p/pg)p h))] goes to zero faster
than the exponential diverges, the flux from a shallow distribution approaches the
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flux from a plane source distribution in the limit a/ps=. This fact is reflected in
figure 2.4. Here we have a plot of /S as a function of a/p for several different
energies. Note the flatness of the graphs for a/p > 100. We note, however, that
since typical values for a/p obtained from soil samples rarely exceed 6.25 cm2/g,
and since the source geometry for this model assumes a perfectly smooth interface,

the case of a plane souce distribution is unrealistic for most in situ measurements.

For the case of a very deeply distributed source (1/p.)/(1/a) is nearly zero. It
follows from equation 2.8, that in the limit a/p-0, the flux vanishes. That is, the
flux from a deeply distributed source has diluted its concentration to the point that
no photons are able to reach the detector without interacting with the soil. This too
is reflected in figure 2.4. Note that the flux approaches zero as a/p-0.

Figure 2.5 is a plot of the flux a function of energy for a uniform depth profile.
It must be emphasized that this situation is not to be confused with the deeply
distributed source described previously. The uniform source distribution arises
primarily with the natural emitters and not from fallout.

Dependence of the Flux on the Source Geometrv

Figures 2.6 and 2.7 show the fraction.of the total flux as a function of the
horizontal distance from the detector for several energies. Figure 2.6 is for a deep

distribution, while Figure 2.7 is for a shallow one. The essential point is the

‘relationship between the source distribution and the contribution to the total flux

from various horizontal distances. For a/p = 6.25 cmz/g, roughly 40 to 50 % of the
flux comes from horizontal distances greater than 10 meters, while for a/p = 0.0625
(cmz/g), only about 10 to 20% of the flux comes from distances greater than 10
meters. The immediate implication of this fact is that for the accurate
measurement of recent fallout deposition, corrections for a limited halfspace may be

necessary if the site to be measured has obstructions within a 100 meters radius.
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Figures 2.8 and 2.9 show the fraction of the total flux as a function of the linear
depth beneath the air-ground interface for several energies. Figure 2.8 is for a deep
distribution, while Figure 2.9 is for a shallow one. Here, the essential point is that
even for a relativley deep distribution (a/p=0.0625 cmz/g), over 90% of the total flux
comes from the first 10 cm of soil. The situation is even more extreme in the case of
a shallow distribution. In Figure 2.9 we can see that that roughly 75% of the total
flux comes from the first 1mm of soil. It must be pointed out that in the case of

a/p=6.25 cm2/g, 63% of the total concentration lies within that first millimeter of
soil. ‘

Other Factors Affecting Flux

Eicessive ground roughness effectively provides additional self-absorbtion and

therefore makes the source appear more deeply distributed.

Variations in soil density are effectively factored out of the relationship because
the concentration of radionuclides in the soil is given per unit mass. Thus, a soil

with twice the normal density will have half the concentration and therefore
provide half the flux.

The precise soil composition is generally not needed. A typical soil compositon
might consist of 68% silicon dioxide, 14% aluminium oxide, 5% iron oxide, 5%
carbon dioxide, and 10% water. Varying the soil compostion will effect the flux

through the mass attenuation coefficients. The variation in soil composition will, in

- the very extreme cases, result in a few percent error in the flux for medium and

high energy photons. Figure 2.10 shows the relative error in the flux for a 1%
deviation from the assumed mass attenuation coefficient of soil as a function of the
source depth parameter. As one would expect, the more deeply distribution source is
more sensitive to the specific soil composition. Clearly, a low energy, deeply

distributed source requires the specific mass attentuation coefficient to ultimately
determine an accurate source activity.
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Since, at a height of 1 meter, the mass depth of air is typically one-tenth the
mass depth of soil, :mcertainty in the flux due to a deviation from the assumed
mass attenuation coefficient of air is regarded as negligible. However variations in
the density of air could produce as much as a 5 to 7% error in the flux for a very
shallow distribution. For purposes of in situ spectrometry, variations in the air
density occur only with altitude. Figure 2.11 shows the relative error in the flux as
a function of height for several different energies and two different source
distributions. We have assumed that the density of air decreases exponentially
with the height above sea level and a scaling heigth of 7 km. This figure

demonstrates the necessity to correct for air density for fresh fallout at high
altitudes.
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CHAPTER 3

DETECTOR CALIBRATION

Response at Normal Incidence

The response of the detector to photons at normal incidence is represented by
the term No/¢ which was introduced in equation 2.1 in the previous chapter. In
general, the response of a detector to incident photon fluence is a complex function
ofa nuinber of factors such as crystal size, shape, mounting, housing, and inactive
volume regions. Estimates of these parameters can be provided by the
manufacturer and then used as input to computer codes for determining the
detector efficiency as a function of energy. More commonly, experimental
determinations of detector response are performed using certified calibration
sources. One standard measure of a Ge detector performance is the efficiency at
1332 keV relative to a 3x3 inch Nal crystal. This measurement is performed with a
60c, point source positioned 25 cm from ﬁhe detector face at normal incidence. For
purposes of in situ gamma-ray spectrometry, a more meaningful measurement is to
determine the full absorption peak count rate per unit incident fluence rate at a
given energy for plane parallel radiation which requires a larger source to detector
distance. In the case of long Ge crystals, the standard measurement distance of 25
cm underestimates the efficiency that would be achieved for in situ spectrometry
since the distance to the effective crystal center is larger. True plane parallel
incidence would be accomplished for a point source at infinite distance. For
practical applicafions, however, a source distance of 1 to 2 meters can suffice

considering that the dimensions of a Ge crystal are on the order of a few cm or less.

The full absorption peak count rate N, sometimes referred to as the peak area,
1s computed as the sum of the counts across those channels that represent a peak in
the spectrum minus the counts in the underlying continuum, sometimes referred to
as the baseline or background. All modern full-function analyzers and software

analysis packages allow the user to set up a region of interest (representing the
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peak) and the peak area is automatically calculated. Generally, on the order of
three to five channels on both the low and high energy side of the peak are used as a
basis to infer the continuum counts.

The fluence rate, ¢(E), at the detector is given by the expression

R(E)

¢(E) = (3.1)

4nx2
where R(E) is the gamma ray emission rate at that energy and x is the source to
detector distance. The attenuation effect of the source encapsulation should be

taken into account along with that of the air between the source and detector,

- particularly for low energy gamma rays and large values of r.

The determination of the ratio of N o to ¢#(E) must be done at several different
energies over the effective operating energy range of the instrument. For
environmental gamma radiation, this would be up to 2.615 MeV, a principal gamma
ray emitted by 20871 in the naturally occurring 2327 series (although there may
be applications for studying N-16 near operating reactors in which case, 7 MeV).A
The effective low end point will depend upon the type of detector which would be .
about 60 keV for P-type Ge and down to 10 keV for N-type. |

Although almost any certified gamma source can be used to measure the
detector efficiency at a particular energy, the use of longer-lived isotopes is

recommended so that measurements can be repeated throughout the lifetime of the

- same detector. In addiAtio‘n, the use of the same set of sources for two different

detectors will reduce systematic differences in their responses. It is also effective to
use multiple gamma emitters such as 1825y and 194Eu since they can provide
many data points across a wide energy range. While these isotopes generally
introduce some difficulty in the interpretation of the detector response for close-in
geometries due to the effects of cascade coincidence summing, the effect is negligible
at source distances of a meter or more. Also, 241pm (59.5 keV), 137¢s (661.6 keV),
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and 60Co (1173.2 keV and 1332.5 keV) are common isotopes that.can provide data
points at low, medium, and high energies, respectively. Although it has a relatively
short half-life of 1.9 years, 2281h provides a crucial high energy point at 2.615 from

its progeny, 208T], Mixed gamma-ray point sources specifically made for
calibrating Ge detectors are regularly available from the National Institute of
Standards and Technology (NIST).

A precise determination of N, /¢(E) should take into account that the
calculation of the ﬂuénce rate at the detector will depend upon the distance from
the point source to average point of interaction within the crystal and the window to
crystal distance. At low energies (<-100 keV), the penetration of the photons into
the crystal is minimal and the distance to the front surface can be taken to be the
value of r plus the manufacturer’s estimated window to crystal distance. For high
energies (>~1 MeV), the value of r can be measured to the geometric midpoint of the
crystal since the penetration is high and the interactions are spread throughout.
For medium energies, the mean penetration into the crystal can be estimated from
the photon cross section data for Ge or can be experimentally determined by
plotting the inverse of the square root of the peak count rate versus the source to
window distance for two or more distances. This would be done for a few different
energies. The intercept on the plots for a specific energy then represents the
effective penetration into the crystal at that energy plus the window to crystal
distance. An example of the results of this experimantal determination are shown
in Figure 3.1. '

- The precise value of r becomes less important as the source to detector
distance increases relative to the crystal dimensions. For a crystal that is 6 cm
long, the difference in the fluence rate at 1 meter is close to 6% for front surface as

opposed to crystal midpoint distances. At 2 meters the difference is reduced to 3%.

Once the value of N o/9(E) has been determined at several different energies, a
polynomial fit can be applied across the energy range. Alternatively, a simple
straight line fit on a log-log plot is adequate between 300 and 2000 keV. It can be
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expected that this simplest of approaches would fit the data to within :+3%. Since
each source has some uncertainty in the quoted activity, a best fit straight line is
perhaps a more realistic choice over a forced fit curve with many points of inflection.
If suitable calibration sources are not available outside this energy range,
extrapolations of the straight line fit down to 200 keV and up to 3 MeV would
generally not introduce significantly larger errors. For comparison, Figure 3.2
shows examples of calibration fits for eight different detectors of various sizes, as

measured by the manufacturer’s quoted relative efficiency at 1332 keV,

Angular Response

Although the 'reépohs'e of a detector toAphdt'oh' flux at normal incidence provides
a general measure of the sensitivity for in situ measurements, the actual full
calibration of the detector for most applications involves the response at other
angles of incidence because one is generally measuring extended sources in the |
environment and not aiming the detector towards a point source. In these
circumstances, photons will be incident on the detector through the side wall and
even possibly at angles corresponding to a photon path through the dewar. For this
reason, some consideration must be given to the crystal shape, dewar size and
detector orientation in the field.

Due to the cylindrical shape of the Ge crystal, it can be assumed that thereis a
uniform response about its axis of rotation. 'fhis can be checked experimentﬂly for
a detector to insure that the mounting structure has not introduced any substantial
asymmetrical response characteristics. For typical applicai:ions in the field, the
orientation of the detector should be with the axis of rotation perpendicular to the

ground thus eliminating any dependence on angle of photon incidence about the
azimuth.

The response in the plane perpendicular to the detector face is generally not

uniform. For the measurement of a source in a half-space geometry where the
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detector is faced toward the ground, the range of angles would be 0 degrees (normal
incidence to the detector face) to 90 degrees (sidewall incidence). This would be the
ideal orientation for measuring ground sources, i.e., facing down with the dewar
overhead. Although it may seem unconventional, it is still possible to perform
measurements over soil with the detector facing up and the dewar underneath. In
this case the range in the photon angles of incidence would be 90 to 180 degrees,
relative to the detector face. In either case, the detector response about the angles
of photon incidence must be determined. This is accomplished by counting point
sources at a fixed distance at least 1 meter at several angles. The peak count rates
at a given energy can be normalized to 0 degree incidence and fitted to a smooth
curve on a plot. Figures 3.3 and 3.4 show examples for two different detectors
across the full range in angles, 0 to 180 degrees, where 0 degrees represents normal
" incidence on the detector face. The data in Figure 3.3 are for a detector witha
small 1.2 liter cryostat while the data in Figure 3.4 are for a detector with a dipstick
cryostat in a 17 liter dewar. In practice, this later detector would be situated facing
up in the field and the flux would be incident in the range of 90 to 180 degrées.

Whereas the total volume of the Ge crystal is closely related to the quoted
efficiency, the shape of the crystal is the fundamental controlling factor for the
variation in response at other than normal incidence. Based on theoretical
considerations, and as found in experimental studies on detectors (Helfer and
Miller, 1988), a cylindrical crystal with a length (L) greater than the diameter (D)
will tend to have a higher response at angles off normal incidence. The response for
a detector where L is less than D would tend to be opposite to this since less surface
‘area is presented to the fluence at sidewall incidence. The variation in response
would be least for crystals where L = D. In general, response variations with ahgle'
would be most pronounced at lower energies where the efficiency would be related
to the effective area that intercepts the photon fluence. At higher energies, the
angular response characteristics are less sensitive to the crystal shape since
primary and secondary absorption occurs throughout the volume of the Ge crystal.
To illustrate these characteristics, the responses (relative to normal incidence) for

three different crystal shapes (as measured by the L/D ratio) are presented for three
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separate energies in Figures 3.5, 3.6, and 3.7. These data are indicative of the
general behavior that would be found for Ge detectors, although the exact angular
response would be expected to vary among detectors with the same L/D ratio
because of different sizes and variations in attenuation properties associated with
mounting and hoﬁsing. At very low energies (< 100 keV), the effects of attenuation
by the detector mounting and housing material can substantially reduce the

efficiency for flux incident on the detector sidewall and no general behavior can be
predicted. '

The angulér correction factor is computed as a weighted average of the

normalized detector response as a function of angle, N(8)/N o over the flux angular

distribution,

6,
Ng 1 N(6)
—_ —¢— ¢(6)
N N
[o]
6,

de (3.2)
o

For a detector positioned in a half space source geometry, the limits of
integration in the above equatioﬁ would be 0 to n/2. The sensitivity in the case of
measurements over a soil half space is maximized with the detector facing
downward, in which case 0 degrees is the perpendicular to the ground plane and
normal incidence at the detector face.

Equation 3.2 can be evaluated numerically using the experimental data for
N(6)/N, and calculated values of ¢(8) for different source energies and geometries.

Figure 3.8 shows the results for three different "shz'ape detectors for Wo different
source geometries, a plane source atop the ground and a uniformly distributed
source with depth. As explained previously, when the crystal length/diameter ratio
is close to 1, a more uniform angular response can be expected and this is also
reflected in the behavior of the function N¢/N,. Also, as expected, the angular
response tends to flatten out at high energies, but can be vary quite a bit at low
energies. Although the value of N¢N, can be seen to vary considerably for different
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detectors and as a function of energy for a given detector, it is important to note
that there are only minor differences for different source depth distributions. This
results from the fact that, at a given energy, the angular distribution of the fluence
does not change dramatically with the source depth profile. This is fortunate in
that a large error will not result in the measurement of fluence rate if the source

depth profile is not known.

The situation of a detector facing upward with the dewar underneath will
result in a lower efficiency for the measurement of radionuclides in soil. The dewar
itself will substantiallj attenuate the photon fluence from the ground underneath
and, in general, the detector mounting will result in a lower response at incident
angles at the back end of the crystal. However, since the angular distribution of the
fluence is peaked toward the horizontal direction, the overall effect is not
substantial. The data of Helfer and Miller (1988) indicate that the value of N #N,
‘would only be reduced by a few percent for surface source distributions for detector
facing up as compared to facing down. For a uniform source distribution in the soil,
the reduction would be typically 10 to 20 percent.

Generic Conversion Factors

In lieu of developing a full calibration for a detector, generic calibration factors
can be applied if a high degree of accuracy is not required. These factors were

developed on the basis of experimental findings on the response characteristics of a

~number of different Ge detectors of various sizes and shapes and have been ‘

published in (Helfer and Miller, 1988). The only parameters needed are the
manufacturer's quoted efficiency at 1332 keV, the crystal L/D ratio, and the
detector orientation in the field (facing up or down). These generic factors are
estimated to have an uncertainty of +10% at energies above 500 keV and :15%
between 200 and 500 keV. Due to the sensitivity of the response at low energies to
individual detector characteristics, they cannot be used below 200 keV.
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CHAPTER 4

INFERRED QUANTITIES

Concentration in Soil

Having determined the three separate quantities, No/¢, Nf’N . and ¢/A, their
product yields the desired conversion factor, N¢A. For radionuclides uniformly
distributed with depth in the soil (a/p = 0), the term A is in units of activity per unit

mass. As such, there is no need to determine the soil density.

Although the assumption of a uniform profile in the soil for natural emitters is
generally safe, unusual situations where there is markedly different soil strata of
varying nuclide concentration may produce anomalous results. This situation could
- arise if landscaping has been performed where topsoil from a different area has
been used. Also, evaluations of the 238Y series must be done with the awareness
that 222Rn escapes from the soil and that the important gamma emitting progeny,
214pp angd 2 14Bi, may not be in equilibrium with 226R3 in the soil. In fact, there
may be a measurable contribution to the fluence rate at one meter above the soil
from the progeny in the air, particularly under atmospheric inversion conditions.
Disequilibrium is also possible for the 2327, series due to the exhalation of 220Rn

(thoron), although this is less likely to be as'severe due to its relatively short half
life.

Another effect that may interfere with the interpretation of a spectrum is that.
of radon progeny scavenging during precipitation. In this situation the 214py, and
214B; assume a surface source distribution that can considerably alter the flux and
dose rate. For this reason (and to keep people and equipment dry!) it is best to

avoid measurements during and for about 2 to 3 hours following rain.

It is possible to consider a fallout product as having a uniform profile if it is

deeply distributed or has been mixed through soil cultivation. Depending upon the
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source gamma energy, plowing to depths of 15 to 30 cm essentially accomplishes
this. Although the distribution does not extend to infinity in a situation such as
this, in terms of the total gamma flux seen above ground, it is effectively infinite in
depth. For in situ applications such as this, the concentration that is measured can |

be considered as representative of the surface soil.

Deposition/Inventory

For radionuclides that are exponentially distributed with depth (a/p > 0), the

term A is in units of activity per unit area. Although the results of analyses of

environmental samples are frequently reported in terms of concentration, the

fundamental ciuéritity that is of most use for aséessiing' fallout products is the

deposition (sometimes referred to deposition density or inventory). Whereas the
deposition remains a constant, the concentration of a fallout product will vary
depending upon the depth distribution. To illustrate this point, consider a
radionuclide such as 37Cs that was deposited in an area 30 years ago from
atmospheric nuclear weapons testing. Where the surface soil has retained it, a
sample down to 5 cm will yield some concentration, x. On an adjacent strip of land
that was plowed deeply, the same sampling protocol will yield a concentration of
perhaps only 0.2x. Obviously, this would be a flawed scheme for investigating a
potential local source of contamination. Instead, consider a soil core that was taken
down to 30 cm. The measured concentration of an aliquot of this sample should be
multiplied by the entire sample mass to give the total activity in the core and then
divided by the sample area to give activity per unit area. This would yield the same
result for both sites. The only precaution is to sample to a great enough depth to
collect essentially all of the deposited activity.

In order to make an accurate assessment of deposited activity with in situ
spectrometry, an estimate or actual measurement of a/p must be made. As such,
the time of deposition must be taken into account and assurances that no erosional

processes or human activities such as plowing have disturbed the site. For fresh
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fallout that is dry deposited, the assumption of a surface source (a/p = =) is
generally not justified due to the effects of soil surface roughness which effectively
buries the source and lowers the fluence at the detector. Wet deposition processes
will also tend to distribute the fallout within the surface soil layer such that the
assumption of a surface source would not be correct. Experience has shown that a
more realistic assumption of a/p would be on the order of 1 to 10 cm? g'l.
Depending upon the degree of uncertainity that is acceptable, experimental
determination of the profile may be required via soil sampling. For deposition that
occurred in the past, soil sampling is generally required to obtain an accurate value
of a/p. This will be discussed in Chapter 6.

In making measurements of deposition, one must be aware of the sensitivity of

"the inferred inventory to the value of a/p Figdré 4.1 shows a.nvexainple of the
results of a calibration for a 22% efficient Ge detector. The conversion factor, N¢A,

is plotted as a function of the source depth constant, a/p, for the commonly

encountered fission product 137Cs. The conversion factor is seen to change

relatively little for values of a/p > 1 cm? g'1 (shallow source depth distribution) as

compafed to values of a/p < 1 cm? g'l (deep sourceAdepth distribution). In effect,

the error made in inferring the source activity will not be large for a fresh

deposition event even if the profile is not precisely known. Conversely, if a

measurement of aged fallout is made, accurate results will only be obtained if the

profile is determined by some independent means, i.e., soil sampling.

Dose Rate in Air

One of the most useful quantities that can be determined with in situ gamma-
ray spectrometry is the dose rate in air (or the exposure rate) for the individual
radionuclides present at a site. To do this, the results of transport calculations are
used for the infinite half space geometry and the exponential source distribution.

The conversion factors, I/A, exposure rate per unit activity in the soil, can be found
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in (Beck et al, 1972) and (Beck, 1980). One can incorporate these factors directly in
to the detector calibration using the relationship

Ne Nf/A
—_= (4.1)
I I/A

where N¢T is the full absorption peak count rate per unit exposure rate for that
nuclide.

The factor VA takes into account all of the gamma rays emitted in the decay of
that nuclide. Therefore, one does not have to analyze every peak for that nuclide.
In practice, however, it is best analyze more than just one peak, especially is they
are well separated in energy, to check agreement. ;

What is not obvious in this analysis is the fact that the derived quantity, N¢7,
is less sensitive to a/p than is N¢/A. This results from the fact that as the source
distribution in the soil gets deeper, the primary flux decreases relatively rapidly
compared to the scattered component. However, this scattered component still
contributes to the dose rate. To illustrate this, Figure 4.2 compares these the two
calibration factors N¢T and N¢/A as a function of the relaxation depth, a'l, where
the soil density=1.6g em™3. This range in depth profiles extends from that a fresh
deposit to one that is perhaps 30 years old. It can be seen that the exposure rate
factor varies by only 50% or so whereas the inventory factor varies by about a factor
of 7. Thus, only a rough estimate of the depth profile is needed to predict the dose
rate. Atthe same time, substantial errors can be made in the inventory estimate if

the wrong depth profile is used.
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CHAPTER 5

RADIATION SOURCES IN THE ENVIRONMENT

Natural Emitters

Virtually any spectrum collected over soil will reveal the presence of the three
primordial natural radionuclides, 238U, 232Th, and 49K, In the case of 238U,
detection is made through the analysis of its progeny, principally, 214pp and 2143,
For 232Th, the progeny 228 5¢ and 2087 are commonly used. As mentioned
previously, these radionuclides are generally distributed uniformly with depth in
the soil. As such, the the appropriate quantity to report is the concentration, ie.,
the specific activity (pCi/g, Ba/kg, etc.). Since these natural radionuclides are‘like'ly |
to contribute substantially to the total gamma flux, the exposure rate rate or dose
rate in air is a useful quantity to report as well. As explained in the following
section, the summation of all contributions to the dose rate should be made and

compared to a reading from an instrument such as a PIC.

Table 5.1 lists some of the more prominent peaks that are seen in a spectrum
and which are the best to analyze. As a standard practice, the conversion factors

N¢A and/or N¢/1 should be computed for these lines as they will almost always be
used.

~ One characteristic of an in situ spectrum is that the continuum rises
substantially at low energies due to the absorption of scattered radiation in the air
by the Ge crystal. This makes it difficult to detect and analyze peaks below about
200 keV. For instance, the rather weak 186 keV peak from 226R, superimposed on

this large continuum does not usually give highly precise results due to the
counting error. .
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One cosmogenically produced isotope that can sometimes be seen is TBe (478
keV, 53 day half-life). Since it is produced in the atmosphere and deposited on the

earth’s surface, it can be expected to have an exponential profile like that of a

‘typical fission fallout product. Due to its short half-life, it can also be expected to lie

close to the soil surface and thus have a high value of a/p.

Fallout Emitters

Due to nuclear weapons testing in the atmosphere, measurable amounts of the

fission product 137Cs can be seen in surface soils around the world. Also, many

areas, especially in Europe, show the activation product, 134¢;, along with

additional amounts of 137Cs ffombherndbyl fallout. thef, less intense, and. ‘

shorter lived isotopes from Chernobyl such as 1258b and 196Ru can be sometimes
seen as well.

For common fallout products such as these and for other isotopes which one
expects to encounter, it is useful to determine the conversion factor N¢A and plot it
for several different values of a/p. A smooth curve can be drawn thorough the

points or a fit can be applied such as show in the previous chapter (Figure 4.1).

For in situ applications where there is potential for inhomogeneity in the
horizontal distribution of deposited activity due to sparse ground cover, accurate

measurements can still be performed providing that the scale of these

. inhomogeneities is small in comparison to the field of view of the detector. As an .

~ example, fallout in semi-arid regions may tend to clump under scattered plants

from the effects of wind blown soil. If the depth distribution of the radionuclides is
approximately the same for bare ground as well as under the plants, no correction is
needed as the application of the appropriate conversion factor for that depth
distribution will yield the the average inventory for that site. However, it is
possible that there may two or more distinct depth profiles associated with the

various ground covers in which case separate determinations must be made. The
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infinite half space in this circumstance can be considered a collection a sub-spaces,
each with its own characteristic radionuclide inventory and depth profile. The
conversion factor for field spectrometry is then computed as an average, weighted
by the fraction of the total deposited activity associated with each ground cover. An
estimate of this can be made through selected soil sampling to determine the
inventory and by measuring the fraction of the half space for each ground cover. In
a-strict senee, the in situ spectrum in this situation does not provide an independent
measure of the deposited activity in that there is a reliance on the data provided by
the ‘soil eamples. However, the average conversion factor is bounded by the range in
respective values for each type of ground cover. This range may be small compared
to the variation in inventory so that the in situ spectrum provides a reasonably
accurate average without resortmg to far more extensxve so1l sampling. For more
details on this subJect the reader is referred to (Nhller and Helfer 1985).

Cosmic Radiation

A portion of the continuum seen in a Ge spectrum is due to the interaction of
cosmic-ray secondary radiation in the crystal. The degree of this contribution can
be estimated from the count rate above the 2.615 MeV line from 20871, Generally,
it is a small fraction of the count rate due to terrestrial gamma radiation. The
overall effect is to increase somewhat the error associated with the analysis of a

peak in the spectrum in that the continuum under that peak is slightly higher.

It is important to realize, however, that a measurement of the external dose
rate will include a contribution from the cosmic component. Many survey
instruments have some response to cosmic radiation. If a comparison is made
between a survey instrument reading and the sum of the dose rates inferred from
peak analysis with a Ge detector, it must be remembered that the latter provides

only the terrestrial gamma component.

-29.




In general, the dose rate from cosmic radiation increases towards the earth’s
poles and decreases toward the equator. For mid-latitudes, Figure 5.1 provides a
useful conversion from altitude/pressure to cosmic ray dose rate. In practice, a
reading with a pressure meter would be the preferred method with which to infer
the cosmic ray component. In place of this, a geological survey map can be used to
find one's altitude. In using this chart, a limitation on its accuracy must be
recognized. There are variations of a few percent with the 11 year solar cycle and
somewhat smaller variations with season. During periods of maximum solar
activity (as measured by sunspots for instance), the cosmic component tends to be
lower while during periods of a "quiet" sun it is higher. The overall uncertainty
given both these spatial and temporal variations is estimated to be on the order of

ten percent.
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CHAPTER 6

QUALITY ASSURANCE

Error Estimates

Sources of random and systematic uncertainties for in situ spectrometry include
deviations in the assumed source geometry parameters, soil density and mass
attenuation coefficients, detector parameters, and counting statistics. For the case
of a fresh deposition event, the source geometry and soil parameters are not crucial.
1t is unlikely that errors greater than 10% would result since the source is near the
soil surface. For more deeply distributed_ radionu.clide’s, errprs_;glating to
'déplartt-zlres. frorh thé -assﬁn.nec.i source-geometry and soil medium attenuation are not
readily predictable. For this reason, it is important to corroborate estimates of

inventory with independent methods such as soil sampling (see below).

~Systematic error relating to detector calibration can be estimated based on the
quoted uncertainties of the calibration sources used. These would tend to be around
3% or less. Calibration source uncertainty is not a factor for the angular response
determination since the measurements are normalized. There is, however, a few
percent uncertainty in the application of a value of N¢N due to variations in the
angular distribution of the flux with source depth profile and any experimental

error in the measurement of angles during the calibration.

One source of error that should be reported and which is easy to estimate is the
statistical counting error (sometimes referred to as z10) for each peak analyzed.
Software peak analysis routines generally calculate such an error. If not, a basic
estimate is given by the square root of the sum of the peak (net) counts and the
gross counts in the region of interest. The relative error would simply be this

quantity divided by the peak counts.
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As a general quality control practice, the detector calibration should be checked
on a regular basis. To do this, the value of N/¢ can be measured at two energies,
one high and the other low, and for two angles, normal incidence and sidewall
incidence. The detector performance over time should be evaluated as any
‘deterioration in the energy resolution could point to loss in efficiency as well. If the
detector is repaired by the manufacturer, a complete recalibration may be
necessary, particularly if the crystal has been reworked.

Source Depth Profile Determinations

In certain in sztu apphcatlons and partxcularly for deposmed radlonuchdes that
have weathered mto the soil, one would like to ascertain the source depth‘ |
distribution. This can be done by taking soil samples from different depths. One of
the easiest ways in which to do this is to hammer a corer (sometimes referred to as
a cookie cutter) into the ground and remove a soil section. If the soil bore hole does
not collapse, one can continue the procedure to greater depths with longer corers,
taking care not to spill topsoil into the hole. Alternatively, once the corer is in the
ground, the area is defined and various depth layers can be carefully spooned out.
It is best to take several cores in this manner, and composite the samples. More

complete information on soil sampling can be found in the EML.Procedures
Manual.

Useful depth increments for the determination of a/p are 0 - 2.5 cxﬁ, 2.5-5cm,
(or a combined 0-5 cm), 5 - 10 cm, 10 -15 ¢m, and 15 - 30 cm ( or a combined 10 - 30
cm). Uniformity of the natural emitters with depth can be checked by counting
these samples in a laboratory based shielded detector. Moreover, a plot of the
concentration with depth for man-made activity can yield the depth penetration
factor a/p. A convenient method is to compute the total activity in the core
(assuming it was of great enough depth to contain all of the deposited activity) and
then plot the fraction of the total below a given depth versus that depth. The depth

should be in terms of mass per unit area (g/cmz), which is simply the original wet
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mass divided by the area of the corer. A straight line fit to the data points provides
a slope which is just the value of a/p (cm2/g). Figures 6.1 and 6.2 show several
examples of depth profiles that were determined in this manner.

In the case of a radionuclide that has two or more prominent gamma lines well
separated in energy, it is possible to infer the depth profile by comparing the ratio of
measured fluxes for the two lines to the calculated ratio as a function of the depth
parameter a/p. Although this technique does not require the collection and analysis
of soil samples, sufficient sensitivity can only be achieved with a strong source
since the statistical counting error must be low. It is most effective if the
measurement can be made for a very low energy and a very high energy peak as the
variation in flux ratio will be greatest in this case. -

Comparison to Soil Samples

The simplest comparison to make between in situ spectrometry and soil sample
analysis is a comparison of concentrations for the natural emitters. Some caution is
needed here for the 238U.226R,4 series, however, since the emanation of 222Rn
from either the soil in the field or from thevsample complicates matters. Typically,
disequilibrium on the order of 10 to 20% can result if the the soil is open to the free
air. This would be the case for for surface soil. For a sample that has been sealed
in a container (not porous to radon and with no air space at the top where radon

could collect and the progeny plate out) equilibrium would be achieved in several
half-lives, about 3 weeks.

Another factor to consider in the 238U series is 210Pb (22 year hélf-life). Since
this nuclide follows 222Rn in the decay chain, it cannot be expected to be in
equilibrium for surface soils. In wet regions, it is likely to have a higher

concentration than 226Ra and in dry regions, a lower concentration.
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An important consideration in making a comparison with soil samples is soil
moisture content. Generally, samples are dried before counting. In order to make a
valid comparison to in situ measurements, it is necessary to weigh the sample wet
and correct the dry concentration to wet concentration. This might typically be a 10
to 25 % correction.

Comparisons of fallout activity are generally best made in terms of activity per
unit area as pointed out before. Due to the potential inhomogeneity in the
horizontal distribution of fallout activity, a representative soil sample would
generally have to measure several hundred cm? and be comprised of several cores
from different spots.

Comparisons to Total Ionization

One of the best techniques to employ for'quality assurance purposes is to make
a dose rate comparison between results obtained with the Ge detector and those of
another instrument. For instance, the total dose rate in air from penetrating
radiation (gamma and cosmic) in the environment can be made fairly accurately
with a properly calibrated pressurized ionization chamber. This can be compared
with the sum of the dose rates for each nuclide from spectrometric determinations
with the cosmic component added in. Agreement to within 5% is a sign that the
detector calibration is good and that the assumed source geometry is correct.
Disagreement by more than 10% points to é calibration problem or a radical

departure from the assumed source geometry.
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USEFUL CONVERSION FACTORS
= Basic Units

1R=2.58x10"% C/kg

1 mCi/km? = 37 Bg/m?

1 mc:i/km? = 1 nCi/m?

1 mCi/km? = 0.1 pCi/cm2
1pCi/g = 2.22 dpm/g

1 pCi/g = 37 Ba/kg

Other Factors

1 uR/h 5 8.7 nGy/h
for a soil half-space:

1 pCi/g of 238y 4 progeny - 1.90 yR/h
1 Bg/kg of 238y . progeny - 0.45 nGy/h

1 pCi/g of 232Th + progeny - 2.82 uR/h
1 Bq/kg of 232Th 4+ progeny - 0.66 nGy/h

1 pCi/g of 40K 5 0.179 yR/h
1 Bo/kg of 40K 5 0.042 nGy/h
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SUGGESTED READINGS
Publications of EML (HASL)

Beck, H. L., J.DeCampo, and C. Gogolak

"In situ Ge(Li) and Nal(Tl) gamma-ray spectrometry"

USDOE Report HASL-258 (1972)
The "Bible" of in situ gamma spectrometry. A complete description of theory and
application with data tables. As useful today as when it was first published.

Beck, H. L.
"The Physics of Environmental Gamma Radiation Fields"

J. A. S. Adams, W. M. Lowder, and T. F. Gesell (Editors)
‘In: The Natural Radiation Environment II CONF-720805- Pl Pp. 101 134 (1972)

A fundamental review of the properties of gamma radiation fields in the
environment. Basic flux, exposure rate, and angular distribution data.

Beck, H.L.
Exposure Rate Conversion Factors for Radionuclides Deposited on the Ground
USDOE Report EML-378 (1980)
Tables listing the exposure rate per unit deposited activity for over 100 of the most
common fission isotopes and over 50 activation products. The conversion factors

are given for four different source depth profiles ranging from a recent deposition
event to an aged fallout situation.

Chieco, N. A, D. C. Bogen, and E. O. Knutson (eds.)

EML Procedures Manual

USDOE Report HASL-300, 27th edition, Vol. 1, Section 3 (1990)
Information on the instrument systems and techniques employed for environmental
radiation measurements with emphasis on calibration procedures. Devices covered

include Ge and Nal detectors, pressurized ionization chambers, and

thermoluminescence dosimeters.
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Helfer, I. K, and K. M. Miller
- "Calibration Factors for Ge Detectors Used for Field Spectrometry”
Health Physics 55, 15-29 (1988) 4
For those who do not have the time or resources to calibrate their detector, this
reference contains equations and tables that provide generic factors based on a
manufacturer’s quoted specifications for the Ge crystal. Above energies of 500 keV,
these factors are estimated to be accurate to within 10%.

Miller, K. M., and . K. Helfer
"In situ Measurements of 137Cs Inventory in Natural Terrain”
in: Environmental Radiation ’85, Proceedings of the Eighteenth Midyear Topical
- Symposium of the Health Physics Socxety, 243-251 (1985)
The basic approach is described for maktng measurements at sztes wzth sparse
ground cover where fallout was deposited many years ago and where it is likely to

have been redistributed by wind and water erosion.

Miller, K. M.

"A Spectral Stripping Method for a Ge Spectrometer used for Indoor Gamma
Exposure Rate Measurements”
USDOE Report EML-419 (1984)

A more advanced topic for experienced gamma spectroscopists. This technique

involves additional experimental determinations of detector response and the
application of an unfolding routine. It yields the incident flux spectrum (both
primary and scattered) which can then be converted to exposure rate. No

knowledge of the source geometry is needed.




Table 5.1

Energy (keV) Nuclide Parent Series Comments

186 226R, 238y low intensity, high continuum,
cannot be resolved from 235y peak at
185 keV

239 212py, 232py strong peak, contribution from 224ga
Eeak at 241 keV, interference from

l4pp peak at 242 kev

295 214py, 238y generally clean peak, fairly strong

352 2l4pp 238y generally clean, strong peak

583 2087y 232qp generally clean, strong peak

609 214Bi 238U strong peak, interference from 605
keV peak if 134cs is present

911 228p¢ 232qy generally clean, strong peak

965+969 228p¢ 232qy doublet, not as strong as 911 peak

1120 214py 238y reasonably strong, continuum
relatively low '

1461 40g - clean, strong, only peak for this
nuclide

1765 2l4p; 238y reasonable strong, continuum low

2615 2087y 2329y clean, strong, continuum very low
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CONTRIBUTION TO TOTAL 662keV PRIMARY FLUX AT 1 METER
ABOVE GROUND FOR TYPICAL '>’Cs SOURCE DISTRIBUTION
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Figure 3.2
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Figure 3.8
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Figure 4.2
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