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Introduct ion 

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, 

0 The possible complexity of the radionuclide content, 

0 The resources available, and 

0 The end use of the data. 
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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(ti) and Nal(TI) 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. 
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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. 

. . . . .  . .  

. .  
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Background 

All radiation detectors use products of the ionization or excitation process to produce a 
measurable output that is propbrtional 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 0 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. It 
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 are filled with electrons on the basis of increasing energy. (See Figure 2.) The 
levels are filled in the following order Is,  2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p, 
7s, 5f, 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. 

4 



Figures 1-3 
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Figure 1: Atomic Particles 
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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: 2 z 

A X A X 

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: 

239 239 

94 Pu 94 P U' 

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

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. 

Ions and Ionization 

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. 

Ionization 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. 

Ionization 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. 
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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 
stable atomic configuration is reached. (See Figure 4.) 

Ionizing 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. 
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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 particles 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 collisions 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 
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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) = io-3ci 
microcurie (pCi) = 10-6Ci 
nanoCurie (nCi) = IDSCi 
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 activity of plutonium-239 is (1 
Curie)/(l6.3 grams), or 0.061 4 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 measurable 
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 
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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 106counts 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: 

Ionization chambers 

Proportional counters 

Geiger-Muller tubes 

Scintillation detectors 

Semiconductor detectors 

Detectors fall under one of the following classifications: 

j 0 Portable survey instruments 

0 Area radiation monitors 

0 Personnel monitoring devices 

1 1  
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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. 

e 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 log ice cube 
at 0°C. 
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be collected and measured. A typical reaction, (employed in the Ludlum-1 11) is: 

This equation shows an incident neutron striking a lithium atom, producing tritium (H3) and 
helium (He).  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-Filled 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: 

I) 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: Le., a lower positive charge on the wire, and thereby a voltage drop in the system. 

13 

. -. 



_ _  . .. .__ .. . . . ._  . - . _..._. . . _ _  . .  _ _ _  . _  . 

Figures 5&6 

Figure S :  Basic Schematic of Gas-Filled Detector 

a Detector 

V 

Figure b: Cylindrical Gas-Filled Detector 
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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. 
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Figure 8: Gas-Filled Detector Characteristic Curve 
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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, Ionization 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. 

Ionization 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 pulse 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: 

Low applied voltage 
No gas multiplication 

Used to detect gamma and X-rays 

Increase/decrease in voltage to detector not critical 
Almost 100% of ions produced are detected 
Ionization chambers respond to a wide energy range 
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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; Le., 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: 

Gas multiplication occurs 

Slight changes in applied voltage cause large changes in output pulse size 
Primarily used to detect alpha radiation 

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 following 
characteristics: 

Avalanche conditions exist 
Saturation may occur 

Used for beta and gamma radiation 

Alcohol and chlorine are used as quenches 
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. 

Ionization 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 intensity) 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 Ionization Chambers Used at Rocky Flats: 

Victoreen 440: used primarily for building re-entries. 

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

Proport ional Counters 

Operation and Application 

Instruments 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: 

Ludlum 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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I 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. 

I 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, alcohol 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. 

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

0 Ludlum Model 31 : designed for use in beta-gamma surveys: utilizes a ,high sensitivity 
pancake-type probe. 

Sci n ti I I at ion 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 gramdcm3, while gasses have 
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densities of around 0.001 gramdcm3. Therefore, there are many more atoms available with 
which gamma rays can interact. 

It is possible to use the scintillation 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 

0 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. 

0 Ludlum 11 1 : used for detection of neutrons; mounted on a wheeled cart for mobility. 
The detector is surrounded by a IO-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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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. 

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 manufactured 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 
cpsCcm2/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 to 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 making 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. 
characterization was accomplished by measuring the detector sensitivity to a number of 
gamma-ray energies at angles ranging from 0 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, 60C0, 
and 152Eu. These sources emit useful gamma and/or x-rays at energies ranging from 32.1 
keV to 1408.0 keV. 

The detector 

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 
Equation (1 ). 

where: 
A0 = 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 gls 
y P 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. . 
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: 

The other five 

where: 

R(0)  = the ratio of the detector response at an angle 0 to that at 0 = 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 appropriate 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 P homogeneous 
averaging depth = 3.0 cm 
air density = 0.001293 gkm3 

, 
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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): 

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

r = ra + rs in units of cm . .  

(w/p)a = air attenuation coefficient in units of cm2/g 

( j ~ / p ) ~  = soil attenuation coefficient in units of cm2/g 

p a = air density in units of g/cm3 

p = soil density in units of g/cms 

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: 

where: 
S,O= the activity per unit volume at the surface and 

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

Rewriting Equation (3) in terms of q and z, combining with Equation (4) and integrating over z 
leads to: 
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Conversion Factors From Point Sources 

The detector response to a given flux of gamma-rays (a) of energy E incident at an angle e 
can be given in terms of an effective detector area, A, defined by: 

where: 
N, = 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: 

Both A0 and R(q) can be determined experimentally with point gamma-ray sources. 

Combining Equations (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: 

The conversion factor NdS,ogiven by Equation (7) is in units of cps/(v/cm%). 

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

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

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

S V z  = l / z  o jz  S,O e-2 dz = [S,O/(az)](l-e-aL) (8) 

Combining Equations (7) and (8) leads to: 

in units of (pCi/g)/cps, where t3 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 waterknow (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 model (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 II 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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Effect of Standing Water on The Flux From a Plane Source at 1 Meter 
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ABSTRACT 

The use of  l a r g e  NaI (T1)  c r y s t a l s  and large G e  ( L i )  diodes 
t o  make i n  s i t u  measurements of y-rays from sources  i n  t h e  
s o i l  and a i r  i s  described. Methods f o r  i n f e r r i n g  source  con- 
c e n t r a t i o n s  and con t r ibu t ions  t o  the t o t a l  exposure ra te  f r o m  
i nd iv idua l  e m i t t e r s  are discussed and tables of photon flux 
to source a c t i v i t y  and f l u x  t o  exposure r a t e  conversion 
f a c t o r s  are presented.  Descr ipt ions are given of the ca l i -  
b r a t i o n  of 4 i n .  by 4 i n .  NaI(T1) detectors, and 2 5  cm3 and 
60 c m 3  G e  ( L i )  diodes. 
spectrometry are discussed. 

A number of a p p l i c a t i o n s  of f i e l d  
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I. INTRODUCTION 

The Health and Sa fe ty  Laboratory (HASL) pioneered t h e  
development of i n  s i t u  gamma-ray spec t romet r ic  techniques,  
f i r s t  u t i l i z i n g  l a r g e  N a I  (Tl) c r y s t a l s  ( ’  *‘I  and l a t e r  
G e ( L i )   diode^'^'. These spec t r a  a r e  used t o  provide in fo r -  
mation on t h e  i d e n t i t y  of radionucl ides  i n  t h e  s o i l  and a i r ,  
their  concent ra t ions  i n  t h e  s o i l  and t h e i r  i n d i v i d u a l  
exposure r a t e  con t r ibu t ions  ( 4  0 6 )  

‘ -- I n  s i t u  measurements of s o i l  a c t i v i t y  are more s e n s i t i v e  
and provide more r e p r e s e n t a t i v e  d a t a  than d a t a  obtained by 
sample c o l l e c t i o n  and subsequent labora tory  a n a l y s i s .  
unshielded d e t e c t o r  placed about one meter above the ground 
d e t e c t s  gamma r a y s  from an area  within about a 10 m e t e r  
r ad ius ,  repreTenting a l a r g e  volume of s o i l  compared t o  the 
t y p i c a l  s o i l  sample, and comparable counting s t a t i s t i c s  can 
be obtained i n  on ly  a small  f r a c t i o n  of t h e  time requ i r ed  
f o r  the l abora to ry  ana lys i s .  For example, a f i e l d  s p e c t r a l  
a n a l y s i s  f o r  the n a t u r a l  emitters,  * O K ,  23eU and 232Th, can 
be c a r r i e d  out  i n  approximately 15  m i n u t e s  w i th  a 4 i n .  b y  
4 i n .  N a I ( T 1 )  d e t e c t o r .  A comparable a n a l y s i s  i n  t h e  labor-  
a t o r y ,  excluding t r a n s p o r t a t i o n  and sample p repa ra t ion  t i m e ,  
would r equ i r e  s e v e r a l  hours,  Furthermore, a s i n g l e  s o i l  
sample from a s i t e  may not be r ep resen ta t ive  of t h e  mean s o i l  
a c t i v i t y ,  so a nunber of samples o r  composite samples a r e  
required.  
inhomogeneties i n  the sample. 

An 

A s i n g l e  f i e l d  a n a l y s i s  averages o u t  small  l o c a l  

The most important disadvanLage of s i t u  spectrometry 
Ls t h a t  t h e  accuracy of t h e  a n a l y s i s  depends on a s e p a r a t e  
knowledge of the r a d i o a c t i v i t y  d i s t r i b u t i o n  with s o i l  depth,  
and t o  a lesser ex ten t  a knowledge of t h e  s o i l  dens i ty ,  
moisture  content and chemical composition. W e  w i l l  show, 
however, t ha t - exposure  r a t e  es t imates  a r e  much less s e n s i t i v e  
t o  v a r i a t i o n s  i n  rad ionucl ide  d i s t r i b u t i o n  and s o i l  cha rac t e r -  
i s t ics  than a r e  concentrat ion e s t ima tes  and t h a t  very  accu ra t e  
e s t ima tes  of i n d i v i d u a l  nuc l ide  con t r ibu t ions  t o  t h e  t o t a l  
e x t e r n a l  exposure r a t e  can be made from t h e  f i e l d  spec t r a .  
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Our NaI (T1) a n a l y s i s  techniques have 'been d i scussed  
ex tens ive ly  i n  p r i o r  publications' ' ' '  ) , and s imilar  work h a s  
s i n c e  been repor ted  by o t h e r   investigator^(^'^ I .  The s p e c i f i c  
app l i ca t ion  of our ana lys i s  t o  l a r g e  l i t h ium d r i f t e d  ermanium 

add i t ion ,  s ince  our  l a s t  d e t a i l e d  r e p o r t  on spec t romet r ic  
methodsc6) ,  improved c a l c u l a t i o n s  of gamma-ray f l u x  and 
exposure r a t e  i n  a i r  a s  a tunc t ion  of s o i l  concent ra t ion  have 
been made, and new and more precise information on t h e  gamma- 
r a y  emissions of 226Ra and 232Th daughters  has  become a v a i l a b l e .  
These new da ta  have allowed u s  t o  improve t h e  f l u x  t o  dose 
conversions used i n  our  s p e c t r a l  ana lys i s .  

diodes [ G e  (Li) 3 has  only  q u a l i t a t i v e l y  been d iscussed  ?3 . I n  

11. EXPERIMENTAL EQUIPMENT; FIELD PROCEDURES 

Figure 1 is a block diagram of  our f i e l d  equipment 
arrangement. Each de tec to r  is placcd on a t r i p o d ,  f a c i n g  
downward toward t h e  s o i l  ha l f space ,  a t  a d i s t a n c e  of 1 meter 
above t h e  ground (Figure 2 ) .  The s i t e  i s  u s u a l l y c h o s e n  t o  
be a f l a t  r e l a t i v e l y  undist:li:-i>r?r? area whose s o i l  is t y p i c a l  
of t h e  surrounding environs.  !9e have found t h a t  t h i s  
measurement technique smoot1:r.. out:  much of t h e  e f f e c t  of ground 
roughness. Extreme roughness w i l l  r e s u l t  i n  anonal ies  s ince  
t h e  s o i l  sur face  a rea  c lose  LO i.he d e t e c t o r  i s  increased ,  
while  t h e  sur face  cont r ibu t ion  from l a r g e  d i s t a n c e s  i s  reduced 

.. . 

The NaI d e t e c t o r s  a rc  i:sus?ly covered (in addi t lor ,  t o  
t h e  manufacturers standard! thin aiuminu! o r  s t a i n l e s s  s teel  
window) by a 1/4 i n .  b a k e l i t e  s h i e l d  t o  reduce t h e  be t a - r ay  
con t r ibu t ion  t o  t h e  Compton continuum a s  w e l l  a s  t o  moderate 
thermal s t r e s s e s .  

The NaI d e t e c t o r s  (usua l ly  4 i n .  by 4 i n .  c y l i n d r i c a l  
c r y s t a l s  a t tached t o  3 i n .  matched photomul t ip l ie r  tubes) 
are coupled through an emit ter-fol lower p reampl i f i e r  and a 
100 f t .  coaxia l  cab le  t o  a multichannel analyzer  i n  our  f i e l d  
veh ic l e .  The output  of t h e  G e ( L i )  diode goes to an uncooled 
preampl i f ie r  d i r e c t l y  a t tached  t o  t h e  c r y o s t a t ,  then throcgh 
a s p e c i a l l y  designed low noise  100 f t .  c ab le  ca r ry ing  t h e  
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preampl i f ie r  power and t r a n s m i t t i n g  t h e  s i g n a l ' t o  a h igh  
r e so lu t ion  ampl i f i e r  and 4000 channel analyzer  i n  the vehic le .  
T h e  5 l i t e r  dewar at tached t o  t h e  diode-cryostat  r e q u i r e s  
f i l l i n g  every four days and f o r  long t r ips  an e x t r a  30 l i ter  
dewar of l i q u i d  n i t rogen  is  c a r r i e d  along. 
equipment i s  shockmounted i n  a rack mounted i n  a s t a t i o n  
wagon (Figure 3 ) .  Power for opera t ing  a l l  t h e  equipment f o r  
up t o  e i g h t  hours i s  suppl ied by t h r e e  95 ampere-hour s t o r a g e  
b a t t e r i e s  coupled t o  a s o l i d - s t a t e  12 V DC-AC conver te r .  The 
primary output  device i s  a magnetic t a p e  recorder ,  however, 
a p a r a l l e l  p r i n t e r  i s  a l s o  ava i l ab le .  The p a r t i c u l a r  analyzer 
w e  use was chosen f o r  i t s  l o w  power requirements (-200 w a t t s ) ,  
i t s  compact s i z e ,  weight and acceptable  temperature s t a b i l i t y  
cha rac t e r  is  t i c s . 

The e l e c t r o n i c  

The G e  ( L i )  and N a I  ( T l )  d e t e c t o r s ,  when not  i n  u s e ,  -are 
t ranspor ted  i n  rugged Styrofoam cushioned boxes designed t o  
minimize both mechanical and thermal shock. Portable l ead  
sh ie ld ing  also allows us  t o  use  t h e  d e t e c t o r s  f o r  count ing 
samples i n  a f ixed  geometry i n  t h e  f i e l d .  

. NaI(T1) s p e c t r a  a r e  u s u a l l y  accumulated i n  from 10 - 20 
minutes while  G e ( L i )  spectra usua l ly  r e q u i r e  f r o m  30 t o  90 
minutes counting t ime.depending on t h e  s o i l  a c t i v i t y  and 
a c t i v e  volume of the diode. 
i n  t h e  f i e l d  is no t  u sua l ly  as good a s  t h a t  i n  t h e  l abora to ry ,  
w e  r a r e l y  encounter s i g n i f i c a n t  d e t e r i o r a t i o n  i n  r e s o l u t i o n  
from ga in  o r  zero d r i f t  even during very w a r m  o r  co ld  days 
because of the r e l a t i v e l y  short counting i n t e r v a l s .  W e  use  
no s p e c i a l  g a i n  s t a b i l i z a t i o n  equipment. The d e t e c t o r  
c h a r a c t e r i s t i c s  a r e  discussed more f u l l y  i n  Sec t ion  V of th i s  
report. 

Although t h e  r e s o l u t i o n  ob ta inab le  

Our s tandard  p r a c t i c e  a t  each measurement s i t e  is  t o  f i rs t  
. monitor t h e  e n t i r e  a rea  w i t h  hand-held, NaI s c i n t - i l l a t i o n  . -  

meters t o  a s su re  t h a t  t h e  r a d i o a c t i v i t y  l e v e l  i s  r e l a t i v e l y  
is  used t o  uniform, A high p res su re  i o n i z a t i o n  chamber 

measure t h e  t o t a l  exposure r a t e  a t  t h e  site. 
( 1 0 )  
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111. THE ANALYSIS O F  -- I N  SITU SPECTRA 

The t o t a l  absorp t ion  peaks i n  a spectrum a r e  a measure 
o f  t h e  gamma-ray f l u x  of a p a r t i c u l a r  energy i n c i d e n t  on t h e  
de tec tor .  By c a l i b r a t i n g  t h e  d e t e c t o r  i n  t h e  l a b o r a t o r y  wi th  
s tandard po in t  sources  w e  have de te rmined  t h e  d e t e c t o r  
response i n  t e r m s  of t o t a l  absorpt ion peak counts  f o r  a given 
f l u x  a s  a funct ion of gamma-ray energy and angle  of  incidence.  
The a rea  of a t o t a l  absorpt ion peak i n  a f i e l d  spectrum is 
thus  a measure of t h e  a c t u a l  f l u x  inc iden t  on t h e  d e t e c t o r  i n  
t h e  f i e l d  s i t u a t i o n .  W e  have a l s o  ca l cu la t ed  t h e  expected 
f l u x  a t  t h e  de tec tor  per  u n i t  a c t i v i t y  of each nuc l ide  i n  the 
s o i l  f o r  var ious source  depth d i s t r i b u t i o n s  and s o i l  p r o p e r t i e s  
and obtained t h e o r e t i c a l  f l u x - t o  concent ra t ion  r a t i o s .  W e  
extended t h e  method t o  exposure r a t e  e s t ima tes  by c a l c u l a t i n g  
the t o t a l  exposure r a t e  expected at var ious  h e i g h t s  above t h e  
ground per u n i t  a c t i v i t y  of a p a r t i c u l a r  nuc l ide  i n  t h e  s o i l ,  
ob ta in ing  t h e o r e t i c a l  f l u x  t o  C X ~ O S U J - c  r a t e  r a t i o s .  M u l t i -  
p ly ing  t h e  absorpt ion peak area response of t h e  d e t e c t o r  p e r  
u n i t  i nc iden t  f l u x  by t h e  ca l cu la t ed  f l u x  t o  exposure r a t e  
and f l u x  t o  a c t i v i t y  r a t i o s  w e  ob ta in  c a l i b r a t i o n  f a c t o r s  i n  
t e r m s  of t o t a l  a3sorpt ion peak counts 2cr l;.Rfiir or  pe r  pCi/grn 
f o r  each nucl ide of i n t e r e s t .  

W e  can descr ibe  t h e  ana lys i s  s \ p b o l i c a l l y  i n  t h e  following 
manner. L e t  

(No/cp) = an e s t ima te  Gf t h e  counts per  m i n u t e  ob ta ined  under 
a p a r t i c u l a r  spectrum t o t a l  absorp t ion  peak due t o  
a u n i t  f l u x  of  gamma rays  of energy E i n c i d e n t  on 
t h e  d e t e c t o r  p a r a l l e l  ‘to t h e  a x i s  of  symmetry o f  
t h e  d e t e c t o r .  

( N f / N o )  = t he  angular  correction f a c t o r  appl ied  t o  (No/cp) t o  
account f o r  t h e  f a c t  t h a t  gamma rays  i n  t h e  f i e l d  
s i t u a t i o n  a r e  not  i nc iden t  p a r a l l e l  t o  t h e  d e t e c t o r  
a x i s  of  symmetry. I f  t h e  d e t e c t o r  has  a uniform 
response over t h e  s o l i d  angle from which gamma r a y s  
e n t e r  t h e  d e t e c t o r  i n  t h e  f i e l d ,  then  N f / N o  = 1.0 .  
I f  no t ,  t h e  measured angular response of  t h e  d e t e c t o r  
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must be i n t e g r a t e d  over t h e  a c t u a l  d i s t r i b u t i o n .  
This l a t t e r  q u a n t i t y  is  a ' f u n c t i o n  of energy, source 
d i s t r i b u t i o n ,  s o i l  dens i ty ,  and s o i l  composition. 

(9) = 

(I) = 

t o t a l  f l u x  a t  t h e  de t ec to r  per u n i t  s o i l  concentra- 
t i o n  [ (pCi/g) o r  ( m C i / k m 2 )  1 of a p a r t i c u l a r  nuc l ide  
a s  a funct ion of energy, source d i s t r i b u t i o n ,  and 
s o i l  p rope r t i e s .  

exposure r a t e  i n  @/hr a t  one m e t e r  above t h e  ground 
from a l l  ganuna r ays  o r i g i n a t i n g  from a p a r t i c u l a r  
nuc l ide  and t h e  secondaries produced i n  t h e  s o i l  
and a i r .  

the r a t i o  of the  f lux a t  t h e  d e t e c t o r  due t o  gamma 
rays  of  energy E emitted a s  a r e s u l t  o f  the decay 
of a p a r t i c u l a r  nuc l ide  and any daughters  t o  t h e  
corresponding exposure r a t s  f o r  t h a t  nuc l ide  and 
i t s  daughters i n  equilibrium, i€ s p e c i f i e d .  

Then, t h e  absorp t ion  peak counting r a t e  is  r e l a t e d  t o  the 
exposure r a t e  i n  a i r  above t h e  ground o r  t o  r ad ionuc l ide  con- 
c e n t r a t i o n  i n  t h e  ground by 

( N / I )  = ( N f / N o )  (No/cp) (cp/I) = peak area counts  per pR/hr, 

IN / f i !  = !Nf/NO) !Fa/&) !p,/A) = peak area  c c r u n t s  per m i n i i t e  "f 
per pci /g  o r  m C i / k m 2  

T h i s  a n a l y s i s  is equa l ly  appl icable  t o  NaI (T1) and G e  (Li) 
de tec to r s ,  though t h e  es t imat ion  of absorpt ion peak areas for 
the t w o  types of d e t e c t o r s  are q u i t e  d i f f e r e n t .  The ve ry  
g r e a t  r e s o l u t i o n  of  Ge(Li) d e t e c t o r s  allows one t o  measure 
absorpt ion peak-a reas  due t o . a  given gamma-ray t r a n s i t i o n  
wi th  very  l i t t l e  i n t e r f e r e n c e  f ron  neighboring peaks. Often, 
the a reas  of s e v e r a l  peaks r e s u l t i n g  r'rom the same nuc l ide  
may be measared. The  e f f i c i e n c y  of Ge(Li) diodes i s  s t i l l  
much lower than  N a I ( T 1 )  and thus  longer counting t i m e s  are 
required t o  o b t a i n  comparable s t a t i s t i c a l  p r e c i s i o n .  The 
poorer r e s o l u t i o n  of the N a I ( T 1 )  da t a  o f t e n  makes d i f f i c u l t  
the es t imat ion  o f  absorpt ion peak area  due t o  i n t e r f e r e n c e  
from nearby peaks. 

- 5 -  



Though our c a l i b r a t i o n  d a t a  on  N o &  and Nf/No a r e  s t r i c t l y  
v a l i d  only f o r  our  p a r t i c u l a r  d e t e c t o r s ,  except f o r  nominal 
d i f f e r e n c e s  i n  volume, our NaI(T1) d a t a  should be a p p l i c a b l e  
t o  o the r  4 in .  by 4 i n .  detectors and our  G e ( L i )  d a t a  should 
be i n s t r u c t i v e  i n  i l l u s t r a t i n g  t h e  differences i n  N a I  and 
Ge ( L i )  s e n s i t i v i t y .  

The c a l c u l a t i o n s  of cp, cp/A, q/I, and I given i n  the next  
section, however, are gene ra l ly  use fu l  for any detector c a l i -  
b ra t ion .  

IV. CALCULATIONS OF FLUX AND EXPOSURE RATE 

Gamma-Ray Flux from Monoenersetic Sources i n  t h e  S o i l  

The t o t a l  f l u x  of  gamiis r a y s  of  energy E a t  h e i g h t  h cm 

I 
above a f l a t  air-ground i n t e r f a c e  due  t o  an emitter d i s t r i b u t e d  

I i n  the s o i l  exponent ia l ly  with depth is  given by 

w h e r e  

r = the d i s t a n c e  from each element of d i f f e r e n t i a l  
v o l m  t o  t h e  d e t e c t o r  p o s i t i o n ,  

. .. . . . .  . .  
u)..= cos’ e.-. . ..... . . 

. ,  

Z = t h e  depth beneath t h e  s a r f a c e  i n  c m ,  

So = - t h e  s u r f a c e  a c t i v i t y ,  photons/sec-cm3, 

a = t h e  r e c i p r o c a l  o f  t h e  r e l a x a t i o n  l e n g t h  o f  t h e  
. assumed exponentially-distriuted source  a c t i v i t y  

with depth,  cm-’, 
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P =  

- Pa?Ps - 
so i l  bulk dens i ty ,  g/cm3, and 

the a i r  and s o i l  t o t a l  gamma-ray a t t e n u a t i o n  c o e f f i c i e n t s ,  
cm-l . 

The dependence of cp on t h e  photon angle  o f  inc idence  w i t h  
respect t o  t h e  perpendicular  t o  the e a r t h - a i r  i n t e r f a c e ,  68, 
is obtained by i n t e g r a t i o n  over  r,  hence 

w h e r e  

So/p i s  t h e  su r face  a c t i v i t y  per u n i t  mass of s o i l  and the 
a c t i v i t y  a t  depth p z  g/cm2 i s  given by 
S/P = S o / p  exq?(-a/p P Z ) ,  and 

p /p is t h e  mass a t t enua t ion  c o e f f i c i e n t  f o r  s o i l  and t is  
the he igh t  of t h e  d e t e c t o r  above the i n t e r f a c e  i n  
u n i t s  of mean f r e e  pa ths  of a i r ,  1.e. 

S 

/ .  
t = ( ' l a /Pa)  (hPa)* 

Since 

m 

is  t h e  t o t a l  a c t i v i t y  i n  an i n f i n i t e l y  deep column of s o i l  
of u n i t  c ross -sec t iona l  area,  t hen  equation ( 2 )  can be 
r e w r i t t e n  

Equations (1-3) 
a source d i s t r i b u t e d  

g ive  t h e  flux i n  a i r  a t  any h e i g h t  t f o r  
exponent ia l ly  i n  tne s o i l  a s  long a s  w e  
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a r e  dea l ing  w i t h  i n f i n i t e  half-space geometry, i .e.  a s  long 
as variations occur only  i n  t h e  z d i r e c t i o n .  Any depth 
d i s t r i b u t i o n  can be represented  by a supe rpos i t i on  of p l ane  
sources  buried a t  var ious  depths and equat ions  (1-3) merely 
represent  p a r t i c u l a r  superpos i t ions .  
t h e  a c t u a l  d i s t r i b u t i o n  o f  a c t i v i t y  can be represented  by 
equat ions ( 2 )  and ( 3 ) .  Natural  emitters are u s u a l l y  d i s t r i -  
buted reasonably uniformly i n  t h e  s o i l ;  f o r  t h i s  case  u/p = 0 
and equation ( 2 )  becomes 

For most r e a l  s i t u a t i o n s  

and t h e  t o t a l  f l u x ,  

Equation (5) g e n e r a l l y  cannot be evaluated d i r e c t l y  b u t  can 
be solved numerically wi th  t h e  a i d  of a l a r g e  computer. 

For a p lane  source on t h e  soil su r face ,  r e p r e s e n t a t i v e  
of f r e s h  weapons f a l l o u t ,  a/p - = and from equat ion  ( 3 )  w e  
obta in  

and t h e  t o t a l  f l u x ,  

(7) . .. . 

where E, (t) is t h e  exponent ia l  i n t e g r a l ,  s o m e t i m e s  also 
w r i t t e n  - E i  (-t). 
i n  many mathematical handbooks. 

The va lues  of El (t)  have been  t abu la t ed  

Fa l lou t  deposi ted on t h e  ground t ends  t o  approach a 
d i s t r i b u t i o n  which can be reasonably approximated by  an 

- a -  



The va lue  of  (11) exponent ia l  d i s t r i b u t i o n  a f t e r  some time 
a/p best descr ib ing  t h e  d i s t r i b u t i o n  w i l l  depend on the t y p e  
o f  soi l ,  s o i l  d e n s i t y  and moisture content .  Values of a/p 
ranging from 0.05 t o  0 . 5  have been found t o  describe 
rea l i s t ic  f a l l o u t  d i s t r i b u t i o n s  adequately,  t h e  more aged 
f a l l o u t ,  of course, being represented by the smaller 
va lues  (11) 

Calculated Fluxes 

Using equat ions ( 2 )  and (3)  w e  have c a l c u l a t e d  the un- 
s c a t t e r e d  photon flux a t  one meter above the i n t e r f a c e  f o r  
va lues  of u/p ranging from 0 t o  -. These r e s u l t s  are g iven  
i n  T a b l e  1 for va r ious  monoenergetic source energ ies ,  for  a 
source s t r e n g t h  of SA = 1.0 photons/cm2-s except f o r  the 
case  of u/p = 0 (uniform) where the  r e s u l t s  are f o r  S/p = 1 . 0  
photons/s pe r  gram of s o i l .  
g iven i n  T a b l e  2. 

W e  used t h e  s o i l  composition 

The choice o f  doing the u/p # 0 c a l c u l a t i o n s  f o r  a fixed 
t o t a l  source ac t iv i ty  and a varying source depth d i s t r i b u t i o n  
r a t h e r  than for  a fixed va lue  of  su r face  a c t i v i t y  (So/p = a S ~ / p )  
r e s u l t s  i n  the a/p = 0 data n o t  being d i rec t ly  comparable t o  
t h e  u/p # 0 data as tabula ted .  
d i s t r i b u t i o n  i s  more apparent from t h i s  type of normalizat ion,  
however. T h e  r e s u l t s  could be reLnormalized by l e t t i n g  
So/p  = 1.0 photodg-s f o r  a l l  cases.  

The  e f f e c t  o f  source depth 

I n  Table 3 w e  g i v e  the f luxes  a t  1 m e t e r  fo r  some typical 
f a l l o u t  rad ionucl ides  obtained by i n t e r p o l a t i n g  t h e  d a t a  i n  
Table 1 and mul t ip ly ing  by the given photons/dis. 
w e  g i v e  s i m i l a r  r e s u l t s  f o r  the major 23eU and 232Th t r a n s i -  
t i o n s .  

I n  T a b l e  4 

The '"U and 232Th decay cha ins  are l i s t e d  i n  T a b l e  5. 

' Dependezce of Flux on S o i l  Density - - .. 

Although s o i l  d e n s i t i e s  may vary  cons iderably  f r o m  s i t e  
t o  s i te ,  it can be seen from equat ions (3)  and (4) t h a t  the 
s o i l  dens i ty  e n t e r s  on ly  i n  the terms a/o and pS/p.  One can 
o b t a i n  t h e  f l u x  f o r  any s o i l  dens i ty  from the f l u x  vs.  ( a / p )  
i n  Table 1 s i n c e  t h e  q u a n t i t y  w s / p  is  independent of  d e n s i t y  
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and depends only on i s o t o p i c  composition. 
assume a s o i l  d e n s i t y  of 1 .6  g/cm3, t h e  va lues  i n  T a b l e  1 for 
any va lues  of p and a are equal ly  v a l i d  f o r  o t h e r  va lues  of  p 
a s  long as a/p = cons tan t ,  i .e .  the va lues  given f o r  a = 0 . 5  
cm-' and p = 1.6 correspond t o  t h e  va lues  for a = 1.0 cm-' and 
p = 3.2. The values  given for a/p = 0 depend on ly  on the 
source  a c t i v i t y  per gram of  s o i l  m a t e r i a l  and not  t h e  a c t u a l  
s o i l  dens i ty .  

Although we  t y p i c a l l y  

, Angular D i s t r ibu t ion  o f  Flux 

I n  T a b l e  6 we  g ive  integral  angular f l u x  d i s t r i b u t i o n s  
obta ined  by i n t e g r a t i n g  equation (1) from 0' t o  8 .  From t h e s e  
d a t a  it i s  seen t h a t  most of t h e  unsca t te red  gamma r a y s  
i n c i d e n t  on a de t ec to r  a t  one meter above the ground a r r i v e  
a t  angles  of  roughly from 50' - 80' from the  v e r t i c a l ,  i .e .  
are o r i g i n a t i n g  from an area  bounded by  r a d i i  of about 1 t o  
5 meters. A l s o  f o r  an energy of  662 keV and a r e l a x a t i o n  
l eng th  of 3 c m  (a/p = O A 2 - 1 )  85% of this f l u x  comes f r o m  an 
area of  about 10 meters i n  diameter. The a r ea  "seen" by  t h e  
d e t e c t o r  depends on t h e  he igh t  of the detector, of course,  a$ 
w e l l  as on t h e  depth d i s t r i b u t i o n  (u /p )  and t o  a much lesser 
e x t e n t  on the gamma energy of  the  source. 

&*. ..I 

Dependence of Flux on S o i l  Connosition and Moisture Content 

The unsca t te red  f l u x  is not  completely independent of 
ws/p, the t o t a l  mass a t t enua t ion  c o e f f i c i e n t  of the s o i l .  
T h i s  q u a n t i t y  depends on t h e  s o i l  composition which i t s e l f  
depends on t h e  s o i l  moisture content .  For a f a i r l y  w i d e  
range  of  s o i l  conten ts ,  however, ps/p v a r i e s  over  a narrow 
range, as shown i n  T & l e  2. Since f o r  the w o r s t  case, a 
uniformly d i s t r i b u t e d  source is shown i n  equat ion 4, the flw 
v a r i e s  on ly  a s  l / ( p s / p )  and s i n c e  ps/p changes by a t  most 
about 6 - 7% between a1umir.m and s o i l  wi th  25% n o i s t u r e  
con ten t  ( T a b l e  2 ) ,  c l e a r l y  a knowledge of  t h e  exact s o i l  
composition i s  n o t  c r i t i c a l  f o r  t h e  c a l c u l a t i o n  o f  f lux .  A 
s o i l  w i th  a s i g n i f i c a n t  high 2 m a t e r i a l  conten t  could r e s u l t  
i n  somewhat l o w e r  f l uxes  than  are given i n  T a S l e s  1, 3 and 
4, however. 

- 10 - 
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Dependence of Flux on Source Depth D i s t r i b u t i o n  

It can be seen  from T a b l e  1 t h a t  t h e  f lux i s  s t r o n g l y  
dependent on depth d i s t r i b u t i o n ,  changing f o r  example b y  
almost an orde r  of  magnitude a t  662 k e V  (see T a b l e  1) as the 
source d i s t r i b u t i o n  changes from a plane source t o  a deeply 
d i s t r i b u t e d  source.  Increased s o i l  moisture  e f f e c t i v e l y  
r e s u l t s  i n  a more deeply d i s t r i b u t e d  source  s i n c e  inc reased  
s o i l  moisture inc reases  the dens i ty  and thus reduces a / p .  

Clearly,  the r e l a t i o n  of an i n  s i t u  f l u x  measurement t o  
t o t a l  s o i l  concent ra t ion  r e q u i r e s  a f a i r l y  good knowledge of 
the e f f e c t i v e  depth d i s t r i b u t i o n .  
t o  mind f o r  i n f e r r i n g  t h e  depth d i s t r i b u t i o n  from measurements 
of f lux.  One might i n f e r  t h e  depth parameter,  a/p, from 
measurements of flux a t  some energy a t  s e v e r a l  heights above 
t h e  s o i l .  
he igh t  i s  very i n s e n s i t i v e  t o  a / p  over the first few meters 
above the i n t e r f a c e  (12). For example, t h e  r a t i o  of  662 k e V  
f l u x  a t  10 m t o  t h a t  a t  1 m f o r  a / p  = 0.0625 is  0.74, w h i l e  
f o r  a/p = 0.1875 it i s  0.70 

Severa l  p o s s i b l e  ways come 

Unfortunately,  t h e  v a r i a t i o n  of f l u x  w i t h  d e t e c t o r  

( 1 2 )  

An a l t e r n a t i v e  might be t o  observe the photon flux a t  
two d i f f e r e n t  ene rg ie s  from the s a m e  source,  e.g. 
and ,1596 keV f r o m  lC0La,  o r  t o  assume t h e  same depth dis t r i -  
b u t i o n  f o r  say 
have s i m i l a r  h a l f - l i v e s .  From T a b l e  1 w e  see, however, t h a t  
the r a t i o  of the  150 k e V  f l u x  t o  the 662 k e V  f l u x  f o r  
a / p  = 0 . 2 1  is  0.68, w h i l e  f o r  a / p  = 0.063 it is  0.61, on ly  
about a lo"? d i f f e r e n c e  i n  a / p  f o r  very d i f f e r e n t  photon 
energies. I t  is, i n  f a c t ,  ve ry  d i f f i c u l t  t o  use  measurements 
of t o t a l  f l u x  alone t o  determine a / p  except perhaps i n  a very 
gross  manner. T h i s ,  of  course,  l i m i t s  t h e  a b i l i t y  of  %he 
f i e l d  spec t romet r ic  method w i t h  r e spec t  t o  determining 
cumulative f a l l o u t  s o i l  a c t i v i t i e s  un less  one h a s  some 
independent knowledge of t h e  depth d i s t r i b u t i o n .  
6, however, w e  no te  t h a t  t h e  angular f lux d i s t r i b u t i o n s  are 
somewhat more s e n s i t i v e  t o  a / p  and perhaps measurements  o f  
th is  q u a n t i t y  wi th  col l imated d e t e c t o r s  could be used t o  
i n f e r  approximate va lues  of u / p .  

587 keV 

and l°CRu (134 keV and 619 keV) w h i c h  

. 

From T a b l e  
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Exposure Rates for Monoenerqetic Sources i n  the S o i l  

The t o t a l  exposure r a t e s  a t  1 meter per u n i t  c o n c e n t r a t i o n  
of source  a c t i v i t y  i n  t h e  s o i l  f o r  monoenergetic s o u r c e s  as 
a func t ion  of  source  energy a r e  given i n  Table 7. These d a t a  
i n c l u d e  the c o n t r i b u t i o n s  from gamma r a y s  s c a t t e r e d  i n  b o t h  
t h e  soil and a i r  and w e r e  determined u t i l i z i n g  a polynomial  
s o l u t i o n  t o  the gamma-ray t r a n s p o r t  equa t ion ‘” )  for  the s o i l  
composition given i n  Table 2 and a mois ture  c o n t e n t  o f  10% by 
weight.  

Dependence of Exposure Rate on S o i l  Dens i ty  

Like t h e  f l u x  t h e  exposure r a t e  is  dependent on s o i l  
d e n s i t y  and composition. The exposure r a t e .  due t o  a source 
of strength S o / p  exp(-a/o p Z )  b u r i e d  a t  a dep th  between z 
and z + dz cen t ime te r s  beneath t h e  s u r f a c e  depends o n l y  on 
the nurrber of mean f r e e  p a t h s  (MFP) t o  t h e  i n t e r f a c e ,  i .e.  

w h e r e  I i s  the exposure r a t e  a t  11 meters above t h e  i n t e r f a c e  
and F i s  a q u a n t i t y  which r e l a t e s  t h e  exposure a t  h t o  a 
p l a n e  source  a t  dep th  z .  F depends on ly  on t h e  number o f  
qamma mean f r e e  p a t h s  (u/D) ( p z )  b e t w e e n  t h e  h e i q h t  h and 
the depth z s i n c e  the exposure r a t e  from a b c r i e d  p l a n e  source  
c a n  be shown t o  be on ly  a func t ion  o f  ILZ = ( I L / G )  ( p z ) ( ” ) .  
Equation (8) can be r e w r i t t e n  

. . . . . .. _ .  . . 

(9) : 

As was t h e  c a s e  f o r  f l u x  t h e  cxposure r a t e  f o r  a g iven  SA 
varies a s  a / p  and one  can o b t a i n  t h e  va lue  f o r  any s o i l  
d e n s i t y  b y  u t i l i z i n g  t h e  Table 7 v a l u e s  w i t h  an a p p r o p r i a t e  
va lue  of a/p.  
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Dependence of Exposure Rate on S o i l  Composition and Moisture 
Content -- 

The soil d e n s i t y  a t  a given loca t ion  may vary wi th  t i m e  
due t o  changes i n  s o i l  moisture  and '' may remain cons t an t  or 
vary extremely slowly. 
with increas ing  water content  (Table 2 ) ,  t h e  e f f e c t  i s  t o  
reduce the  f l u x  and exposure r a t e  somewhat, s i n c e  i n  e f f e c t  
each source e lement  is f u r t h e r  away from t h e  d e t e c t o r  i n  
t e r m s  of mean free paths .  For u/p = 0, a uniformly distri- 
buted source, an increased moisture conten t  reduces t h e  source 
per  gram of s o i l  ( o r  per  MFP) and t h e  exposure r a t e  and f l u x  
a r e  both reduced propor t iona te ly .  

Since pS/p i nc reases  only  s l i g h t l y  

The above d iscuss ion  assumed a uniform change i n  s o i l  
moisture content  over t h e  f i r s t  s e v e r a l  inches of s o i l ,  which 
may not be a r e a l i s t i c  assumption f o r  a c t u a l  so i l s .  
case,  both the f l u x  and exposure r a t e  should change about t h e  
same amount f o r  most s i t u a t i o n s .  

I n  any 

Since ps/p is not completely i n v a r i a n t  small  changes i n  
t h e  values of ca l cu la t ed  exposure r a t e s  would r e s u l t  from the 
a c t u a l  s o i l  composition being d i f f e r e n t  from t h a t  given i n  
Table 2. However, our c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e s e  
d i f f e rences  f o r  most p l a u s i b l e  s o i l s  are almost always less 
than  5% w h i c h  i s  t h e  same order  as t h e  e r r o r  i n  t h e  c a l c u l a -  
+iopc(l2) . 
would n o t  be represented as well. by the exposnre r a t e  d a t a  i n  
Table 6. 

Agair?, howwer? a s o i l  rich i n  hiqh Z m a t e r i a l  

- Emosure Rates for Natural  and F a l l o u t  E m i t t e r s  

The exposure r a t e s  a t  1 m e t e r  f o r  na tura l ly-occurr ing  
radionucl ides  found i n  t h e  s o i l  a r e  given i n  Table 8 w h i l e  

' those  f o r  f a l l o u t  emitters a r e  given i n  Table 9. These d a t a  
w e r e  c a l cu la t ed  by fo ld ing  toge ther  i n t e r p o l a t e d  va lues  from 
Table 7 with t h e  best a v a i l a b l e  da ta  for t h e  rider of 
photons e m i t t e d  p e r  d i s i n t e g r a t i o n  a t  each energy. The d a t a  
f o r  t h e  f a l l o u t  nuc l ides  w e r e  taken from t h e  Nuc lea r  Data 
T a b l e s '  1 3 )  whi le  those  f o r  t h e  238U and ""Th series are 
based p r imar i ly  on r e c e n t  measurements by Gunnink a. 9 

( 1 4 )  

I 
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. . .  

as w e l l  as o u r  Lingeman ( 1 6 1 ,  mwatt(le) , and Maria e t  a l .  
own measurements wi th  a G e ( L i )  d iode  (le? 

best a v a i l a b l e  gamma emission d a t a  f o r  the  major l i n e s  of the 
23eU and 232Th series are given i n  Table 4 .  

and cons ide rab ly  b o t h  from t h e  d a t a  w e  used J I I  the 
t h a t  g iven  by  H u l t q u i s t  i n  h i s  e a r l y  work ( l e  

exposure r a t e  t o  concen t r a t ion  f a c t o r s  f o r  23eU and 232Th, 
t h e r e f o r e ,  d i f f e r  somewhat f r o m  t h o s e  i n  ou r  p r e v i o u s  p u b l i c a -  
t i o n s ( l * a * 4 * 6 )  (see Table 8 ) .  I n  a d d i t i o n ,  o u r  e a r l i e r  work' ') 
was based  on a bu i ldup  f a c t o r  c a l c u l a t i o n  of  t h e  exposure  r a t e  
which neglec ted  d i f f e r e n c e s  be tween  gamma-ray transport  i n  
a i r  and s o i l .  The approximate error r e s u l t i n g  from the l a t t e r  
t r ea tmen t  can be seen i n  Table 10 f o r  the case of a uni formly  
d i s t r i b u t e d  source  when w e  compare exposure r a t e s  c a l c u l a t e d  
from t r a n s p o r t  t heo ry  wi th  t h o s e  c a l c u l a t e d  us ing  the simple 
s i n g l e  medium bu i ldup  f a c t o r  approach. 
d i f f e r e n c e s  are on ly  about 10% except  f o r  v e r y  l o w  e n e r g i e s .  

( 1 7 )  

Our estimate of t h e  

These d a t a  d i f f e r  

and the c a l c u l a t e d  

As can be seen ,  the 

Although our  new exposure ra te  per u n i t  s o i l  a c t i v i t y  
conversion f a c t o r s  f o r  both 236U and 232Th are s m a l l e r  t h a n  
t h o s e  used p rev ious ly ,  implying t h a t  t h e  exposure rates cal- 
c u l a t e d  a t  one  meter from measured s o i l  a c t i v i t y  are somewhat 
less than  p rev ious ly  though t ,  t h e  to t . a l  change i n  t h e  23bU 
series f a c t o r  is  on ly  about- 2O'X and i n  thl :  232Th f a c t o r  about  
15%. S ince  our  va lues  for 4; and No/q? have a l s o  been r e v i s e d ,  
our e a r l i e r  e s t i m a t e s  of exposure r a t e s  bascd on -- i n  s i t u  spectral  
measurements are probably i n  ci-1-01' 1)y less t h a n  t h e s e  amounts. 

Dependence of Exposure Rates on Radioac t ive  E a u i l i b r i u n  of t h e  
236U and 2"zTh Series - Radon Emanation 

--- - 

I n  us ing  these conversion f a c t o r s  one shouid  r e m e m b e r  t h a t  
they  refer t o  concen t r a t ions  i n  i n  s i t u  s o i l  and n o t  i n  the  
d ry  s i e v e d  s o i l  which is u s u a l l y  measured i n  t h e  l a b o r a t a r y .  
S c i l  mois ture  con ten t  by weight of 10 - 20% seems t o  be f a i r l y  
t y p i c a l  i n  t h e  E a s t e r n  U n i t e d  S t a t e s  w i th  wide v a r i a t i o n s  from 
s o i l  t o  so i l .  

-- 

The c a l c u l a t i o n s  a l s o  assumed t h a t  all daugh te r s  a r e  i n  
r a d i o a c t i v e  equ i l ib r ium with t h e i r  p a r e n t s .  
f r a c t i o n  of the .radon and thoron  produced (see Table 5 )  

A c t u a l l y J  some 
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emanates from t h e  s o i l  matrix,  d i f f u s e s  through the s o i l  a i r  
t o  the i n t e r f a c e  and then d i spe r ses  throughout the atmosphere. 
The escape o f  2 2 2 r m  i s  much more l i k e l y  than  t h a t  of 
because of i t s  much longer h a l f - l i f e .  The f r a c t i o n  o f  radon 
which escapes s i t u  s o i l ,  or emanation c o e f f i c i e n t ,  v a r i e s  
considerably from s o i l  t o  s o i l ,  t y p i c a l  va lues  be ing  about 

( 2 0 , 2 1 1  20 - 30% although va lues  a s  high a s  50% a r e  not  uncommon . 
Since most of t h e  exposure r a t e  f r o m  t h e  238U series i s  from 
radon daughters (see Table 4 ) ,  w e  can, t o  a good approximation, 
assume t h a t  t h e  f r a c t i o n  of radon escaping i n t o  the s o i l  a i r  
and t h e n  t o  t h e  atmosphere w i l l  r e s u l t  i n  an equ iva len t  
reduction i n  gamma exposure r a t e  a t  1 m e t e r .  Under a steady- 
s t a t e  condi t ion,  t h e r e  w i l l  be some small  c o n t r i b u t i o n  from 
t h i s  f r a c t i o n  whose source d i s t r i b u t i o n  can be represented  by 
two e q o n e n t i a l  d i s t r i b u t i o n s ,  one i n  t h e  atmosphere and one 
i n  tht? s o i l .  For normal atmospheric d i f f u s i o n  and typical  
surfac:e l e v e l  radon a i r  concentrat ions,  w e  e s t ima te  this  con- 
t r i b u t i o n  t o  be only a few t e n t h s  of a @fir. 
inversion,  however, t h e  exposure r a t e  would, of course,  be 
somewhat increased s i n c e  t h e  radon would remain c l o s e r  t o  t h e  
in t e r f ace .  

2 a o -  

During an 

Errors  would r e s u l t  when using a f i e l d  measurement of t h e  
2 1 4 B i  or 2’4P0 photon f luxes  t o  e s t ima te  2 3 e ~  s o i l  concentra- 
t i o n  o r  a labora tory  measurement of equi l ibr ium 2 s a U  s o i l  
concentrat ion t o  eva lua te  the one meter exposure r a t e .  I n  
these cases one wqald m e 2  t o  know b o t 5  the c z x a t i o n  
f r a c t i o n  and the approximate exposure r a t e  c c n t r i b u t i o n s  
f r o m  radon i n  t h e  s o i l  a i r  and atmosphere. The f i e l d  
spectrometr ic  determination of exposure r a t e  u t i l i z e s  t h e  
r a t i o  o f  f l u x  t o  exposure r a t e  and s i n c e  b o t h  q u a n t i t i e s  
conta in  a con t r ibu t ion  from t h e  emanated radon, t h e  exposure 
r a t e  es t imate  obtained by using a s l i g h t l y  i n c o r r e c t  va lue  
f o r  cp/I would no t  be expected t o  be g r e a t l y  i n  e r r o r .  Indeed, 
as t h e  radon b u i l d s  up i n  t h e  s o i l  or near  t h e  ground due t o  
increased s o i l  moisture, f rozen ground, o r  an atmospheric 
temperature invers ion ,  t h e  a c t u a l  r a t i o  o f  cp/I w i l l  approach 
t h e  value used r o u t i n e l y  ( t h e  equi l ibr ium i n f i n i t e  half-space 
va lue)  and the e r r o r  i n  determining t h e  exposure r a t e  w i l l  be 
even smaller.  

Disequilibrium i n  t h e  2 3 8 U  series and 2 3 2 T h  series can 
2 3 6 ~  be inves t iga t ed  using f i e l d  G e ( L i )  spec t r a .  For t h e  
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series one can obtain flux estimates from the 186 keV a 2 e ~ a  
line as w e l l  as from lines of radon daughters and thus obtain 
rough estimates of the emanation fraction. Similarly, any 
disequilibrium in the 23aTh 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 @/I 

The ratio of flux to exposure rate is the most important 
quantity 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 varying 
depth distributions are not as troublesome when determining 
exposure rate. 

-- 

In Table 1 1 w e  give values for rp/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 cp vs u / p ,  I vs u/p, and cp/I vs 
a / p ,  for 662 keV. The first two quantities 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 cp/I. In addition, 
since the density (water content) enters into both the flux 
and exposurexate calculations in almost the same manner 
(see equations 1 - 8), the ratio cp/I is fairly insensitive to 
the actual density and is almost completely invariant for the 
uniformly-distributed natural emitters. Similarly, rp/I is 
also  insensitive to the exact soil composition. The values 
for cp/I are thus of more universal utility when used for 
interpreting field spectra, 
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The values  of @/I f o r  the important gamma r a y s  from 33'U, 
and 33aTh and 'OK are given i n  T a b l e  12.  
t h a t  t h e  values  f o r  cp/I given here f o r  t h e  1.76 MeV "'Bi l i n e  
or t h e  2.62 MeV a32Th l i n e  d i f f e r  from t h e  va lues  used i n  our 
previous work(6) s i n c e  both our values  f o r  I and f o r  the 
unsca t te red  f l u x  have been revised.  
on ly  about 10% lower than our  previous va lue  and the 40K value 
changes by only  about 574, although the  232Th va lue  i s  20% 
l o w e r .  

I t  should be noted 

The 1.76 MeV va lue  i s  

The values  of rp/I given h e r e  may not ,  of course,  be t h e  
f i n a l  ones because 'unce r t a in t i e s  i n  some of the photons per 
d i s i n t e g r a t i o n . v a l u e s  a r e  s t i l l  known only  t o  f 10%. 
d a t a  i n  Table 1 - 7, however, allow the reade r  t o  revise t h e  
t a b u l a t e d  va lues  of cp/I based on any new d a t a  o r  t o  c a l c u l a t e  
va lues  f o r  energ ies  and rad ionucl ides  n o t  given. Any e r r o r s  
due t o  d i f f e r i n g  soil composition and uneven moisture  content ,  
even though t h e y  may r e s u l t  i n  q u i t e  l a r g e  e r r o r s  i n  the 
ind iv idua l  va lues  of f lux  and exposure r a t e ,  should n o t  
m a t e r i a l l y  a f f e c t  the r a t i o .  

The 

Importance of Detector  Heiqht Above the I n t e r f a c e  

~ l l  of the q u a n t i t i e s  above have been c a l c u l a t e d  f o r  a 
d i s t a n c e  of one m e t e r  above t h e  i n t e r f a c e  i n  a i r  a t  2OoC and 
760 mm o f  Hg. 
depth d i s t r i b u t i o n s  except those  approaching a p l a n e  source 
on the surface,  t h e  exposure r a t e  and f l u x  va ry  s lowly w i t h  
h e i g h t  above the i n t e r f a c e  
f o r  changes i n  a i r  m a s s  due t o  changing environmental  
condi t ions nor i s  it important t h a t  the d e t e c t o r  d i s t a n c e  be 
e x a c t l y  one m e t e r .  For example, t h e  flw and exposure ra te  
a t  one meter due t o  a 13'Cs (662 keV) source d i s t r i b u t e d  i n  
t h e  s o i l  w i t h  u/p = 0.63 are on ly  reduced b y  10% and 7%, 
respec t ive ly ,  from the va lues  a t  the i n t e r f a c e  i tself .  For , 

more uniform source  d i s t r i b u t i o n s ,  the decrease w i t h  height 
i s  even less and the r a t i o s  of cp/I are r e l a t i v e l y  i n s e n s i t i v e  
t o  the exact d e t e c t o r  height .  

It w a s  previously shown t h a t  f o r  almost all 

. Thus one need n o t  correct (12) 

I n  r e a l  l i f e ,  t h e  ea r th -a i r  i n t e r f a c e  i s  no t  a f l a t  plane.  
This f a c t  manifests  i t se l f  most s i g n i f i c a n t l y  when t h e  
ampl i tude  of the  e a r t h  su r face  undulat ions become s i g n i f i c a n t  
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w i t h  respect t o  the d e t e c t o r  he ight .  
r a t e s  and f luxes  then  vary  from t h e  measured va lues  s i n c e  i n  
e f f e c t  the de tec to r  "sees" a d i f f e r e n t  amount of source  t h a n  
i n  the c a l c u l a t i o n a l  model. Again, t h e  r a t i o  tp / I  should be 
the q u a n t i t y  least  a f f ec t ed .  Ground r=>ughness may, however, 
e f f e c t i v e l y  make a su r face  source appear t o  be d i s t r i b u t e d  i n  
depth and i n  f a c t  many i n v e s t i g a t o r s  s imula te  ground roughness 
by a bur i ed  plane source.  I n  a r e a l  s i t u a t i o n ,  therefore, t h e  
d e t e c t o r  height  could be important i f  a measurement o f  f lux 
o r  t o t a l  exposure ra te  a lone  is being attempted. 
i n d i c a t e s  t h a t  t h e  r a t i o  of rp/I is s u f f i c i e n t l y  i n v a r i a n t  w i t h  
respect t o  ground roughness t h a t  good r e s u l t s  can be obta ined  
for n a t u r a l  emitter exposure rates i n f e r r e d  from f l u x  measure- 
ments even over q u i t e  poor half-spaces.  

The c a l c u l a t e d  exposure 

Our experience 

Sources Outside the S o i l  Half-space 

A l l  of the preceding d iscuss ion  h a s  been f o r  sources  i n  
t h e  s o i l  half-space.  F i e l d  spectrometry is, of course,  u s e f u l  
for measuring the gamma r a y s  from o t h e r  sources,  such as noble  
gases i n  a i rborne  e f f l u e n t s  from nuclear  f a c i l i t i e s ,  l e N  gamma 
r a y s  from nuclear  power p l a n t  t u r b i n e s  employing pr imary steam 
f r o m  t h e  reacror ,  o t h e r  sources  of d i r e c t  r a d i a t i o n  f r o m  
nuc lear  f a c i l i t i e s ,  and l o c a l l y  contaminated a reas .  I n  each 
case a knowledge of the source geometry i s  r equ i r ed  i n  order 
t o  use  the measured f l u x  t o  i n f e r  ei ther source concen t r a t ion  
o r  exposure r a t e .  

These s i t u a t i o n s  a r e  u s u a l l y  d i f f i c u l t  t o  model, as for 
example the plume of noble gases  from a nucle.ar f a c i l i t y ,  
however, f i e l d  s p e c t r a  a r e  u s e f u l  f o r  i d e n t i f y i n g  the c o n t r i -  
b u t o r s  t o  f l u x  and exposure r a t e .  By u t i l i z i n g  t h e  f i e l d  
s p e c t r a  t o  c a l c u l a t e  n a t u r a l  and f a l l o u t  exposlire r a t e s  and 
then  subtracting t h e s e  c o n t r i b u t i m s  f r o m  an i o n i z a t i o n  chaxiber 

. measurement of t o t a l  exposure r a t e ,  one can o b t a i n  the-exposure  
r a t e  due t o  t h e  o t h e r  sources  i d e n t i f i e d  i n  the f i e l d  spectra. 
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V. CALIBRATION OF DETECTORS AND ANALYSIS OF SPECTRA 

Detector Response t o  Known Flux (Na/cp)  

The f irst  important requirement for measuring gamma-ray 
f lux  is a de t ec to r  w h i c h  i s  accu ra t e ly  c a l i b r a t e d ,  both a s  a 
funct ion of energy (N,/qp) and a s  a funct ion of angular  
incidence ( N f / N o ) .  Each of the detectors described i n  

known f luxes  f r o m  s tandard po in t  sources  placed a t  d i s t a n c e s  
ranging from about 1 - 6 meters from t h e  f a c e  of  the  detector. 
I t  is  important t o  p l ace  t h e  source a s  f a r  f r o m  the detector 
as poss ib l e  i n  o rder  t o  s imulate  a p lane  beam of  i n c i d e n t  
photons. Corrections must  be made for a t t enua t ion  i n  the a i r  
between the source and the d e t e c t o r  and f o r  s e l f - abso rp t ion  
i n  t h e  source i f  any. When c a l i b r a t i n g  t h e  N a I ( T 1 )  detectors, 
the sources used w e r e  chosen t o  s imula te  t h e  peaks r o u t i n e l y  
analyzed i n  f i e l d  spec t ra .  For t h e  Ge . (L i )  d e t e c t o r s ,  a much 
more extensive c a l i b r a t i o n  was des i r ed  s i n c e  t h e  inc reased  
r e so lu t ion  means one can u t i l i z e  photopeaks a t  almost every 
energy. 

/ Table 13 was c a l i b r a t e d  i n  t h e  labora tory  by  exposure to 

Cal ib ra t ion  Sources 

Many of the s tandard so-arces used w e r e  obtained from the 
I n t e r n a t i o n a l  A t o m i c  Energy Agency or -  Naticrnal Bureau of 
Standards a1though.a nunber w e r e  s tandardized h e r e  a t  HASL 
us ing  beta-gamma coincidence counting. I n  a l l  cases  the b e t a  
emission r a t e  of t h e  s tandards was known t o  a f e w  percent .  
For a f e w  sources, u n c e r t a i n t i e s  i n  gamma emission r a t e  o r  
h a l f - l i f e  r e s u l t e d  i n  u n c e r t a i n t i e s  i n  t h e  measured No/q 
g r e a t e r  than  i 5 X .  The use of  a l a r g e  number of sources., and 
the sl;bsequent f i t t i n g  of a smooth curve t o  t h e  da t a ,  r e s a l t e d  
i n  what w e  b e l i e v e  a r e  values  of No/q  f o r  t h e  G e ( L i )  detectors 
whose accuracy is  better than 5% a t  a l l -  energ ies  and better 
than  2% a t  energies above 200 keV. The No/q va lues  determined 
f o r  t h e  N a I ( T 1 )  detectors a r e  somewhat less accu ra t e  (- 5%) 
because of  the problem of measuring the peak a r e a  f o r  a g iven  
inc iden t  f l u .  
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Determination of To ta l  Absorption Peak Areas 

I n  the case of t h e  G e ( L i )  de t ec to r  c a l i b r a t i o n ,  t h e  t o t a l  
absorpt ion peak a rea  obtained due t o  a given i n c i d e n t  f l u x  i s  
determined by f i t t i n g  t h e  continuum under the peak by an 
exponential  funct ion and then a sc r ib ing  a l l  t h e  counts  above 
t h i s  base l ine  t o  the t o t a l  absorpt ion of i n c i d e n t  f l u x .  The 
c a l i b r a t i o n s  are a l l  c a r r i e d  out  by superimposing the source  
response on top  of l abora to ry  background i n  o rde r  t o  s imula t e  
t h e  f i e l d  s i t u a t i o n  as c l o s e l y  a s  possible .  

I n  r e a l i t y  the continuum dominated p r i m a r i l y  by Compton 
Some inves-  s c a t t e r e d  gamma rays  i s  not a t r u e  exponential .  

t i g a t o r s  f i t  t h e  peak by assuming it t o  have a Gaussian shape 
wi th  a skewed low energy t a i l .  O t h e r s  f i t  t h e  continuum b y  
a s t r a i g h t  l i n e .  W e  have found by comparing s e v e r a l  methods 
wi th  our method f o r  es t imat ing  peak areas ,  w e  can determine 
t h e  a c t u a l  nuniber o f  t o t a l  absorpt ion events w i t h i n  about 2% 
f o r  our 60 cm3 G e ( L i )  d e t e c t o r  and t h a t  t h e  more sophisticated 
techniques do n o t  s e e m  t o  r e s u l t  i n  s i g n i f i c a n t l y  better 
analyses. 
f o r  even t h e  s t r o n g e s t  peaks i s  about 5 - 10% f o r  a 30 minute 
counting i n t e r v a l ,  and this  unce r t z in ty  has  a g r e a t e r  e f f e c t  
on both t h e  f i t  t o  the continuum anZ t h e  e s t ima te  of  peak 
area  than the p a r t i c u l a r  method used t o  f i t  t h e  continuiim. 

For f i e l d  s p e c t r a  t h e  s t a t i s t i c a l  count ing error 

A l l  of oar ana lyses  of Ge(Li) peak areas  a r e  done serrii- 
automatical ly  by 2 i sp lay iny  a p c r t i o n  of t h e  spectrum on a 
cathode r a y  screen, i n s t r a c t i n 5  a small  com2uter to f i t  an 
exponential  between two channels ind ica ted  by the ope ra to r ,  
s t r i p  t h e  continuwn away and es t imate  t 3 e  peak area .  
\>perator can have the conp-ater smooth t h e  da t a  if necessary  
i n  order  t o  a id  him i n  determining t h e  end channels for 
f i t t i n g  , 

The 

The N a I ( T 1 )  peak a reas  a r e  a l s o  e s t b z t e d  by f i t t i n g  t h e  
Compton continuum wi th  an e x y n e n t i a l  curve a s  shown i n  
Figare  5. Because of t h e  poozer resolution only  ve ry  
prominent peeks can b e  resolved,  h3wever. As car: 3e seen i n  
t h e  f i g u r e  which shows a t y ? i c a l  f i e12  s2eccrum with falloat 
present, t h e  1.46 MeV ‘OK, 1765 k e V  “‘2i and 2 . 6 2  MeV “““Tl 

. .. 
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peaks a r e  q u i t e  prominent and t h e i r  a r eas  can be est imated 
r ead i ly .  The f a l l o u t  peaks a r e  less prominent and t h e  
es t imates  of t h e i r  a reas  ' a re  considerably less precise. 

The c a l i b r a t i o n  of t h e  NaI(T1) de t ec to r  f o r  No/cp i s  more 
d i f f i c u l t  than f o r  t h e  G e ( L i )  de t ec to r  s i n c e  t h e  determinat ion 
of peak area does not u sua l ly  account for a l l  the t o t a l l y  
absorbed gamma rays  ( i .e.  the exponent ia l  f i t  over  t h e  l a r g e  
number of channels encompassed by the typical  peak i s  not  an 
optimum f i t ) .  
t i n g  background for monoenergetic c a l i b r a t i o n  source  
exposures i n d i c a t e  t h a t  t h i s  method of e s t ima t ing  t h e  
continuum r e s u l t s  i n  approximately 20% of t h e  t o t a l  absorp t ion  
peak a r e  being missed. However, w e  found t h a t  t h i s  p e r c e n t a g e .  
i s  r e l a t i v e l y  c o n s t a n t  among f i e l d  spec t r a ,  because t h e  shape 
of t h e  NaI continua are r e l a t i v e l y  constant .  This is  because 
t h e  Compton s c a t t e r e d  gamma rays  from t h e  n a t u r a l  emitters i n  
the s o i l  dominate the NaI(T1) spectrum and t h e  spectrum i s  
r e l a t i v e l y  i n v a r i a n t  t o  t h e  amount of K, Th, and U i n  t h e  
s o i l  o r  to the s ize  of the ind iv idua l  t o t a l  absorpt ion peaks 
on t h e  continuum. Thus, i f  we c a l i b r a t e  t h e  d e t e c t o r  i n  a 
s i t u a t i o n  similar t o  t h a t  i n  the f i e l d  ( i .e .  u s e  l abora to ry  
background) the absorption peak count f r a c t i o n  w e  o b t a i n  f o r  
t h e  c a l i b r a t i o n  i s  approximately t h e  same a s  the f r a c t i o n  we  
ob ta in  i n  t h e  f i e l d  f o r  t h e  same inc ident  f lux .  W e  can thus  
obta in  a good measure of the in s i t u  f lux .  

Comparisons of peak areas  obta ined  by subt rac-  

Since t h i s  f r a c t i o n  v a r i e s  somewhat w i th  source energy' I, 
however, it is  mandatory t o  c a l i b r a t e  f o r  t h e  ene rg ie s  o n e  
wishes t o  measure. 
be cons is ten t ,  i . e .  t o  determine peak a reas  f o r  f i e l d  spectra 
i n  a manner i d e n t i c a l  t o  t h a t  used f o r  c a l i b r a t i o n .  
ab le  t o  do t h i s  f o r  a l l  energ ies  except f o r  40K (1.46 M e V ) ,  
which i s  not a v a i l a b l e  as  a s tandard.  
t o  r e l y  on c a l i b r a t i o n  measurements using 24Na (1.38 MeV) o r  
42K (1.58 . A l a t e r  comparison i n  t h e  f i e l d  of  t h e  
G e  ( L i )  and NaI (Tl) spectrometers ,  which w i l l  be discussed 
l a t e r ,  ind ica ted  w e  w e r e  able t o  obta in  a reasonably good 
es t imate  of No/cp f o r  1.46 MeV. 

The most important c r i t e r i o n  he re  i s  t o  

W e  w e r e  

H e r e  w e  o r i g i n a l l y  had 
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Another method would be t o  s imula te  a source of 'OK us ing  
KC1 o r  K a C 0 3 ,  measure t h e  f lux  using t h e  G e ( L i )  detector, and 
then  use t h e  measured f l u x  t o  c a l i b r a t e  t h e  NaI d e t e c t o r s .  

Measured Values o f  N 6 / a  

The values obtained f o r  No/cp f o r  two 4 i n .  by 4 i n .  
N a I  ( T l )  de t ec to r s ,  f o r  the o r i g i n a l  HASL 2 5  cm3 G e ( L i )  d iode  
and our present 60 cm3 diode a r e  given i n  Tables 14 and 15 
along wi th  a d e s c r i p t i o n  of t h e  c a l i b r a t i o n  sources  used. The 
values  f o r  No/q f o r  t h e  l a r g e  G e ( L i )  d e t e c t o r  can  be rep resen ted  
t o  wi th in  a few percent by t h e  func t ion  ln(No/cp) = 4.48 - 1.03 In 
E(MeV)  over t h e  range 180 keV t o  3.0 MeV. Since f o r  t h e  G e ( L i )  
detector No/cp i s  a c t u a l l y  a measure of  t h e  t o t a l  abso rp t ion  
probabi l i ty ,we  a r e  j u s t i f i e d  i n  drawing a smooth curve and 
i n t e r p o l a t i n g  between energies .  This i s  not  j u s t i f i e d  for 
NaI(T1) spectrometry because t h e  N o / q  values  are dependent on 
t h e  experimenter ' s  method of es t imat ing  t h e  continuum. 

T a b l e  13 g ives  p e r t i n e n t  da t a  regarding t h e  cons t ruc t ion ,  
e f f i c i e n c y  and r e s o l u t i o n  of each of t h e  d e t e c t o r s  c a l i b r a t e d .  
I n  a l l  cases  t h e  f lux r e f e r r e d  t o  i s  t h e  f l u x  i n c i d e n t  on t h e  
actual  de t ec to r  a t  t h e  po in t  of  i n t e r a c t i o n .  N o t e  t ha t  as 
long a s  t h e  source t o  de tec to r  c a l i b r a t i o n  d i s t a n c e  i s  long 
compared t o  t h e  d i s t a n c e  between t h e  a c t u a l  p o i n t  of  i n t e r -  
a c t i o n  i n  t h e  d e t e c t o r  and the face  o f  t h e  housing, no 
s i g n i f i c a n t  e r r o r  r e s u l t s  from measuring d i s t a n c e s  wi th  
r e spec t  t o  t h e  housing faces .  W e  determined, by  p l ac ing  
sources a t  var ious  d i s t ances  from 50 c m  t o  2 meters from the 
f a c e  of t h e  detector, t h a t  t h e  median dis tance.  o f  e f f e c t i v e  
i n t e r a c t i o n s  i n  ou r  60 cm3 diode was about 1.6 c m  from t h e  
housing face.  Gamma-ray absorpt ion i n  t h e  housing i s  included 
as p a r t  of t h e  d e t e c t o r  response. 

Note t h a t  t h e  va lues  of No/p i n  Table 14 for the two 
N a I ( T 1 )  d e t e c t o r s  d i f f e r  by only a few percent  from each 
o the r ,bu t  by about 15% from t h e  va lues  repor ted  f o r  our  
o r i g i n a l  4 i n .  by 4 in .  d e t e c t o r s ( 6 ) .  This discrepancy 
i n d i c a t e s  t h a t  one can be wrong i n  assuming t h a t  two NaI(T1) 
d e t e c t o r s  of t h e  same nominal s i z e  procured a t  different 
t i m e s ,  even from t h e  same supp l i e r ,  w i l l  have t h e  S ~ I I W  size. 
The reduct ion i n  No/cp seemed t o  be t h e  same for a l l  energi.es 

- 2 2  - 



measured i n  t h e  present c a l i b r a t i o n  which w e r e  n o t  a s  ex tens ive  
a s  t h a t  ca r r i ed  out  previously,  so w e  merely reduced t h e  No/q 
d a t a  i n  € V L S L - ~ ~ O ( ~  
N o / q  f o r  energ ies  not used i n  t h e  r e c a l i b r a t i o n .  

by t h e  appropr ia te  f r a c t i o n  when determining 

Ansular Response Correction Fac tor  ( N f / N o )  

A complete flux response c a l i b r a t i o n  o f  t h e  detectors .. . 
r equ i r e s  a co r rec t ion  f a c t o r  t o  account f o r  t h e  f a c t  t h a t  the 
gamma rays i n c i d e n t  on t h e  detector i n  the f i e l d  s i t u a t i o n  
a r e  not  (as shown i n  Table 6 )  i n c i d e n t  along the a x i s  of  
symmetry. I f  N ( 8 ) / N o  i s  t h e  r a t i o  of t h e  response t o  gamma 
rays  of energy E a t  angle 8 with  r e spec t  t o  the response a t  
8 = O o ,  then 

Fortunately,  N ( 8 )  is nea r ly  u n i t y  over a l l  8 f o r  bo th  
d e t e c t o r s  f o r  a l l  except very low energy gamma rays.  T h i s  
r e s u l t s  i n  va lues  of Nf/No (see Table 16) f o r  the NaI(T1) . 
peaks of i n t e r e s t  most of which are less than  1.1 and i n  60 
c m 3  G e ( L i )  va lues  almost' a l l  equal  t o  1.0 f o r  gamma rays  
f r o m  the s o i l  h a l f  space. The angular response of our  
o r i g i n a l  25 cm3 G e ( L i )  d e t e c t o r  was more skewed, r e s u l t i n g  
i n  l a r g e r  values  of Nf/No .  The Nf/No r a t i o s  w e r e  c a l c z l a t e d  
by numerically i n t e g r a t i n g  Equation (10)  us ing  a smooth f i t  
t o  t h e  experimental angular response da t a  t o  i n t e r p o l a t e  over 
N ( 8 ) / N o .  Because the f i n a l  c o r r e c t i o n  f a c t o r  is  small ,  
errors involved i n  t h i s  i n t e r p o l a t i o n  i s  small .  cp(8)  is  
given by equation (4 )  i n  s e c t i o n  111. 

The angular response o f  o u r  G e ( L i )  d e t e c t o r s  i s  s o m e w h a t  
asymmetrical i n  t h e  azimuthal d i r e c t i o n  because of  t h e  
mounting arrangement, cold f i n g e r  connection and e l e c t r o d e  
connections. These dev ia t ions  from symmetry, however, a r e  
q u i t e  small  except a t  very low energies (C 100 keV), and 
involve only a small po r t ion  of  t h e  t o t a l  s o l i d  angle.  
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F i n a l  Cal ibra t ion  Fac to r s  

The, f i n a l  sens i t iv i t ies  of each de tec to r  i n  t e r m s  of t o t a l  
absorpt ion peak counts per u n i t  s o i l  a c t i v i t y  Nf  = 
(Nf/No)Cp and peak counts per u n i t  exposure r a t e  Nf = 
( N f / N o )  (cp/I) a r e  given i n  Tables 17 and 18. 
60 cm3 G e ( L i )  detector has  an e f f e c t i v e  s e n s i t i v i t y  a t  lower 
energ ies  which . i s  g r e a t e r  than  i t s  volume ra t io  t o  t h e  25 cm3 
d e t e c t o r  would i n d i c a t e ,  due t o  i t s  f l a t t e r  angular  response 
as w e l l  as r e l a t i v e l y  g r e a t e r  s e n s i t i v i t y  a t  h ighe r  ene rg ie s  
than  a t  lower energies .  

(No/cp) 
(No/@) 

Note t h a t  t h e  

Note also t h a t  t h e  f i n a l  conversion f a c t o r s  f o r  exposure 
r a t e  vs. 'source depth d i s t r i b u t i o n  vary over a much sma l l e r  
range t h a n  t h e  corresponding f a c t o r s  f o r  s o i l  a c t i v i t y .  

Correct ions fo r  I n t e r f e r i n s  Peaks 

The values f o r  Nf and N f . 1 1  i n  Table18 f o r  c e r t a i n  weak 
l i n e s  such a s  t h e  768 k e V  o f  2 ' 4 B i ,  t h e  665 keV ' 1 4 B i  l i n e ,  
and the 300 keV '"Pb l i n e  should not  be used as the Trimary 
means f o r  determining t h e  f l u x  or exposure r a t e  f r o m  t h e  
nuc l ide  i n  question. 
i n t e r f e r e n c e  f r a c t i o n  d u e . t o  a s t rong  peak o f  the same or 
very  nea r ly  same energy corresponding t o . a  second nucl ide .  
For example, t h e  766 keV B 6 N b  peak must b e  co r rec t ed  f o r  t h e  
768 keV '14Bi  peak, t h e  662 keV 137Cs f o r  t h e  665 keV ' 1 4 B i  
peak, etc. W e  have attempted t o  include values  f o r  all the 
radium and thorium l i n e s  which in te r fe re  with important 
f a l l o u t  nucl ides  o r  w i t h  o t h e r  s t ronger  radium and thorium 
l i n e s .  
p re sen t  t h e  i n v e s t i g a t o r  should determine any other p o s s i b l e  
i n t e r f e r e n c e s  and c a l c u l a t e  co r rec t ion  f a c t o r s  based on the 
d a t a  i n  t h e  Tables i n  t h i s  report. 

They do allow a rough e s t ima te  o f  t h e  

However, when sources o t h e r  than those l i s t e d  are 

For t h e  NaI(T1) detector, t h e  values  f o r  t h e  583 k e V  
T1 l i n e  and 609 keV '14Bi l i n e  are Siven p r i m a r i l y  t o  a o e  

allow an est imate  of the i n t e r f e r e n c e  i n  t h e  broad peak 
centered approximately around 662 k e V  when s i g n i f i c a n t  
amounts of 1 3 7 C s  a r e  p re sen t .  A cor rec t ion  f a c t o r  t o  the 
514 k e V  l o 6 R u  l i n e  i s  n o t  given s i n c e  bes ides  t h e  510 keV 
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1 

2 c 6 T 1  l i n e  t h e r e  i s  a l s o  a s i g n i f i c a n t  con t r ibu t ion  from 
ann ih i l a t ion  photons from both cosmic rays and from t h e  p a i r  
productions of t h e  higher  energy gamma rays  i n  t h e  s o i i ,  a i r  
and de tec tor  housing. Thus, on ly  very l a r g e  amounts of 
can be r e a d i l y  q u a n t i t a t e d  with t h e  NaI spectra. 

I 

Ru 106 

equations,  shown i n  Table 20, i n d i c a t e  t h a t  t h e  energy i n  each I 
band due t o  cosmic rays  (which i s  a func t ion  of a l t i t u d e )  must 
be subt rac ted  be fo re  applying t h e  equations.  The appropr i a t e  
cosmic-ray co r rec t ion  f a c t o r s ,  based on r e v i s i n g  t h e  d a t a  i n  

- HASL-170 f o r  reduced e f f i c i ency ,  are also given i n  Table 20. 
The new equations,  f o r  the f i e l d  da t a  obtained so f a r  w i t h  
t h e  new de tec to r s ,  g ive  comparable r e s u l t s  t o  t h e  peak method. 

E n e r q y  Band Cal ibra t ion  

~ 

Tota l  Spectrum Enerqy  Ca l ib ra t ion  

I The exposure r a t e  i n  ai-, 
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wtmre @(E) i s  t h e  f l u x  of gamma rays  of energy E and pe/D i s  
t h e  mass energy absorpt ion c o e f f i c i e n t  i n  a i r .  For energies 
between a few hundred k e V  and s e v e r a l  MeV p.e/P i s  f a i r l y  
constant  with energy. Also ,  f o r  l o w  energies t h e  p r o b a b i l i t y  
of an inc iden t  photon being t o t a l l y  absorbed by  a l a r g e  N a I ( T 1 )  
detector i s  f a i r l y  l a r g e  (on t h e  order  of 50 - 100% from 100 
keV t o  -1 M e V ) .  Most o f  t h e  exposure r a t e  i n  a i r ,  about 75%, 
due  t o  emitters i n  t h e  s o i l  is due t o  gamma r a y s  between 100 
keV and 1 . 5  M e V ( 3 2 )  . 
spectrum of gamma rays  from n a t u r a l  emitters i s  q u i t e  invar-  

and one can see why t h e  t o t a l  "spectrum energy" is a reasonable  
measure of f r e e  a i r  exposure from n a t u r a l  r a d i o a c t i v i t y  i n  t h e  
s o i l .  I n  essence t h e  l a r g e  c r y s t a l  measures the flux t o  a 
f a i r l y  high degree of accuracy and, even though it measures 
a s l i g h t l y  smaller  proport ion of the f l u x  a s  the energy 
increases  and some of t h e  secondary s c a t t e r e d  energy escapes 
t h e  de tec tor ,  t h i s  decrease is  corqensated by correspoxdingly 
smaller  values o f  pe/D a t  energ ies  above 1 bieV r e l a t i v e  t o  
values  below 1 MeV. 

Couple t h i s  wi th  t h e  f a c t  t h a t  t h e  

i a n t  t o  t h e  a c t u a l  proport ions of U, Th and K i n  t h e  s o i l  ( 1 2 )  

Unlike many NaI (T1) instrumenzs, vhich a r e  based c n  t h e  
assumption t h a t  t h e  counting r a t e  aSove some S i a s  l e v e l  is  
~ ~ ~ ~ p o ~ t f o 1 i a l  t o  t'fie exposure r a t e ,  t 3 - c ~  implying t 'hat S i r ?  
s p e c t r a l  shape of  t h e  gamma-ray f i e l d  is i n v a r i a n t ,  t h i s  t o t a l  
energy technique r e q u i r e s  only  t h a t  t h e  counts i n  a c h a m e l  
be propor t iona l  t o  o(E) ( ~ ~ / p )  f o r  t h a t  e n e r 3 ,  ar,d i s ,  the re -  
fore ,  less s e n s i t i v e  to s p e c t r a l  changes. For exarp le ,  a 
counter using a l a r g e  NeI(T1) d e t e c t o r  woul2 record  t h e  
exposure r a t e  from a u n i t  f l u s  of 60 keV photons a s  be ing  
almost eqca l  t o  the exposure r a t e  from a u n i t  f1-s of 1464 
keV p'riot0r.s since, even a t  1.46 ~ e v ,  B pu l se  wocld b e  
recorded Cue t o  the h igh  ? ro l ) aS i l i t y  of a Com2ton c o l l i s i o n  
i n  t h e  de t ec to r  even though many of t h e  secondar ies  wocld 
esca2e t h e  c r y s t a l .  I n  t h e  t o t a l  ezergy technique, t h e  
higher  energy counts a r e  weighte2 Sy t:?e energy deposized t o  
r e f l e c t  more c o r r e c t l y  t h e i r  r e l a t i v e  conkrLDution t o  =he 
exposure r a t e .  The s l i g h t l y  l a r g e r  t o t a l  &sorp t ion  a t  60 

. .. 
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k e V  r e f l e c t s  t h e  l a r g e r  va lue  of ( k / o )  r e l a t i v e  t o  1500 keV 
qamma rays. 

The t o t a l  energy technique was t e s t e d  between 150 keV 
aitd 3.4 MeV by comparing t h e  exposure r a t e s  determined from 
our  l a rge  N a I  (Tl) c r y s t a l s  w i t h  high pressure  i o n i z a t i o n  
chamber measurements f o r  a v a r i e t y  of gamma ray  f i e l d s .  The 
t o t a l  energy method r e s u l t s  w e r e  p ropor t iona l  t o  exposure 
r a t e  for  var ious  r a d i a t i o n  f i e l d s  varying from low-energy 
f a l l o u t  r a d i a t i o n  t o  a predominantly 'OK dominated f i e l d .  

Another advantage i n  using t h e  NaI d e t e c t o r  a s  a dosimeter 
i s  i t s  r e l a t i v e  small response t o  cosmic-ray secondaries  over 
t h e  range of 150 keV t o  3.4 MeV. This has  allowed us  t o  check 
independently t h e  cosmic-ray c a l i b r a t i o n s  of our  h igh  p res su re  
ion iza t ion  chambers' . 

W e  determined the "spectrum energy" c a l i b r a t i o n  f a c t o r s  
for  our  present  4 in .  by 4 i n .  d e t e c t o r s  i n  t w o  ways. F i r s t ,  
w e  exposed t h e  d e t e c t o r s  t o  a known exposure r a t e  from a 
p o i n t  Ra source i n  t h e  labora tory  as  determined by an 
ion iza t ion  chamber measurement. This measurement was cor- 
r e c t e d  t o  account f o r  t h e  f a c t  t h a t  t h e  gamma rays  i n  t h e  
labora tory  were inc iden t '  along t h e  de t ec to r  ax is .  T h e  
angular  cor rec t ion  f a c t o r  (1.11) was estimated by fo ld ing  i n  
our previous c a l c u l a t i o n s  of t h e  angular exposure r a t e  
d i s t r i b u t i o n  f o r  a f i e l d  s i t u a t i o n '  1 2 )  with  t h e  measured 
response of  "spectrum energy" a s  a funct ion of t h e  angle o f  
incidence.  

2 2 6  

The second method of determining t h e  p r o p o r t i o n a l i t y  
f a c t o r  was t o  compare measurements of  "spectrum energy" f o r  
a c t u a l  f i e l d  s p e c t r a  w i t h  simultaneous i o n i z a t i o n  chamber 
measurements over a range of  f i e l d s .  The two methods gave 

these fac to r s  w e r e  about 85% of  t h e  va lues  obtained for ou r  
previous 4 in. by 4 i n .  d e t e z t o r s .  These t o t a l  "energy" t o  
exposure r a t e  conversion f a c t o r s  a r e  given i n  Table 20,  along 
with t h e  appropriate  cosmic-ray co r rec t ion  f ac to r s .  

. e s s e n t i a l l y  t h e  same c a l i b r a r i o n  f ac to r s .  W e  noted again t h a t  

One f u r t h e r  p o i n t  regarding t h e  use o f  "spectrum energy" 
technique i s  t h a t  although a t  h = 1 meter about 40% of  t h e  

- 27 - 



gamma r a y  f l u x  is b e l o w  150 keV this  f l u x  ( abou t  h a l f  o f  w h i c h  
is  due t o  skyshine) accounts f o r  less than 10% o f  t h e  exposure 
rate ( 1 a 9 2 2 1 . Thus, i n t e g r a t i n g  from 150 keV up does n o t  
in t roduce  se r ious  error i n t o  exposure r a t e  e s t ima tes ,  however, 
a count r a t e  m e t e r  b iased  b e l o w  150 k e V  w i l l  be s e n s i t i v e  t o  
changes i n  low energy f l u x  and, because of the l a r g e  f r a c t i o n  
of "skyshine" , w i l l  be q u i t e  angular ly  ,dependent. 

Summary of Ca l ib ra t ions  and Analyses 

Because of t h e  l eng th  and complexity of the preceeding 
d iscuss ion  it may be va luab le  t o  summarize the use of  f i e ld  
spectrometry t o  determine source a c t i v i t y  o r  exposure r a t e s  
from p a r t i c u l a r  nuc l ides  i n  the s o i l :  

1. Determine t h e  response of the  de tec to r  t o  a known f l u  of 
gamma rays of  energy E, i nc iden t  along the d e t e c t o r  axis, 
w h e r e  E i s  the energy of a prominent gamma-ray t r a n s i t i o n  
c h a r a c t e r i s t i c  of t h e  source. (No/cp - T a b l e s  14, 1 5 ) .  

2, 

3. 

4. 

Using equations ( 3 )  o r  (4) f o r  t h e  angular inci6.ence of 
gamma rays on the d e t e c t o r  f o r  given source depth dis t r i -  
but ions,  de te rmine  the co r rec t ion  to be made t o  No/cp. 
(Nf/N, - T a b l e  1 6 ) .  ' 

If t h e  source is  one for which w e  have a l r eady  c a l c u l a t e d  
the f l u x  cp, for the gamma-ray energy of i n t e r e s t  (Table 
3 o r  4) ,  and t h e  exposure I (Table 8 o r  91, m u l t i p l y  each 
of these va lues  by No/cp and Nf/No t o  obta in  the r e q u i r e d  
c a l i b r a t i o n  f a c t o r ,  

I 

If t h e  nuc l ide  and source d i s t r i b u t i o n  i s  one for w h i c h  
w e  have not determined cp and I, use  t h e  d a t a  i n  Table 1 
or  i n t e r p o l a t i o n s  the reo f  and appropr ia te  va lues  of 
photons per  d i s i n t e g r a t i o n  t o  determine rp. 
d a t a  i n  T a b l e  7, o r  i n t e r p o l a t i o n s  thereof ,  sum over a l l  
t h e  gamma-ray t r a n s i t i o n s  f o r  a given nuc l ide  t o  determine 
I f o r  t h a t  source  f o r  a depth d i s t r i b u t i o n  of i n t e r e s t .  

Using the 

F ina l ly ,  t o  determine t h e  source a c t i v i t y  o r  exposure 
r a t e  from a s p e c i f i c  radionucl ide,  e s t ima te  the peak a r e a  
i n  t h e  f i e l d  spectrum i n  a manner i d e n t i c a l  t o  t ha t  used 
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d u r i n g  the calibration, subtract  any counts i n  the  peak 
due t o  the same energy t rans i t ions  from other nuclides 
(see "Corrections for  Interfer ing Peaks", page 2 4 ) ,  and 
then divide by the appropriate calibration factor  t o  
obtain the desired ac t iv i ty  o r  the exposure rate .  

V I .  APPLICATIONS OF FIELD SPECTROMETRY 

Typical Field Spectra 

Figure 6 shows a NaI(T1) f i e l d  spectrum obtained a t  a 
location i n  the Northeastern United States.  Figure 7 shows 
the  Ge(Li) spectrum obtained with the 60 cm3 G e ( L i )  detector 
simultaneously a t  the same s i t e .  The G e ( L i )  spectrum 
represents a 30 - 4 0  minute mezsurement and the  NaI(T1) 
spectrum, 2 0  minutes. The former spectrum conveys f a r  more 
information even though the efficiency of the  detector i s  
lower. For example, one can measure fluxes a t  several  dozen 
energies, including t h a t  Cue t o  lCCCe (134 keV) and 12'Sb 
(428  keV) which are not ident i f iab le  i n  t he  NaI(T1) spectrum. 
I n  addition, the important 137Cs peak is comgletely resolved 
instead of being p a r t i a l l y  corbined with an array of Th and U 
peaks. 

Examples of Field Spectrornetric R e s u l t s  

Table 2 1  gives some i n d i v i h a l  nuclide exposzlre r a t e s  
calculated from spectra f o r  a variety of environmental 
radiation f i e l e s  and compzred with independent ionization 
chaniber measurements. Even t h e  NaI (T1) spectroseter is a 
powerful tool, as i s  shown, for example by the  data obtained 
a t  Bikini Atoll for  a pxre f z l lou t  f i e ld .  Comparing e>posure 
r a t e s  a t  a number of t he  s i t e s  i l l u s t r a t e s  t 3 a t b o t h  nethods 
give comparable exposure r a t e  r e s u l t s  for  the  na tura l  evitters 
and major fa l lou t  nuclides, znZ as eFec ted  the  Ge(Li) detector 
i s  more useful for  analyzing more complex f ie lds .  The r e l a -  
t i v e  accuracy of the spectrometric analysis methods described 
e a r l i e r  i s  indicated i n  the  t a X e  by the  degree t o  which t h e  
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s:;m of t h e  ind iv idua l  nuc l ide  exposure r a t e s  add up t o  t h e  
t c* ta l  ( ion iza t ion  chamber) measured exposure r a t e  over  a wide 
r-arqe. of radiati.Cn f i e l d s .  

Determining Source Radioactive Euuilibrium 

The s t a t i s t i c a l  p rec i s ion  of t h e  f l u x  measured from a 
s i n g l e  major peak i s  less p r e c i s e  fo r  a G e ( L i )  than  f o r  a 
NaI(T1) spectrum. W e  can, however, measure t h e  flw f r o m  
s e v e r a l  l i n e s  f o r  say  t h e  23eU or  232Th series and o b t a i n  a 
m o r e  p r e c i s e  measurement of t h e  exposcre r a t e  from t h e  whole 

Th serirs, one can a s c e r t a i n  series. I n  t h e  case of  the  
t h e  degree cf e q u i l i b r i u n  among var ious nucl ides  i n  t h e  series 
( p a r t i c u l a r l y  t h e  degree of equili ' t=riml between MsThz and i t s  
daughters s i n c e  '"Ra may be leached out  of some s o i l s  and 
be tween  

Nilclear F a c i l i t i e s  S tud ie s  

2 3 1  

Ra (186 keV) and radon daughters ) .  t 2 6  

I n  addi t ion  t o  measuring exposure r a t e s  and concent ra t ions  
nf n a t c r a l  emitters and deposi ted f a l l s u t  emitters, f i e l d  
spectrometry i s  a l s o  q u i t e  va luable  f o r  i n v e s t i g a t i n g  tfie rad-  
iatia? f i e l d  around nuclear  f a c i l i t i e s .  Even when a nuc lear  
f a c i l i t y  i s  opera t ing ,  t h e  n a t u r a l  background and f a l l o u t  
exposure r a t e  l e v e l s  can he uQar.hlg>oasly d i s t ingu i shed  by 
G e ( L i )  f i e l d  spectrometry f r o m  t h e  exposure r a t e  c o n t r i b u t i o n s  
from o the r  socrces, such  as  e f f l u e n t  noble gases  and d i r e c t  
r a d i a t i o n  from waste s to rage  and steam turb ines .  

FiTxe 8 shows G e ( L i )  s p e c t r a  obtained a t  a s i t e  near  a 
b o i l i n g  water r e a c t o r  (BWR) nuclear  p l a n t  w i th  t h e  wind 
blowing from t h e  BWR s t a c k  toward t h e  d e t e c t o r  a3d i n  the 
oppos i te  d i r ec t ion .  The peaks due t o  t h e  noble gases can be 

r .  c l e a r l y  i d e n t i f i e d  and t h e  f luxes  o f  t h e s e  gamma r a y s  a t  the 
de tec to r  estimated. For accura te  measurements, however, w e  
need t o  know t h e  geonetry of t h e  plume i n  o rde r  t o  relate 
f luxes  a t  t h e  ind ica t ed  energies  t o  exposure r a t e s  from t h e  
ind iv idua l  nucl ides .  W e  can, however, t e s t  models of  plume 
geometry by using t h e  r a t i o s  of f l u x e s  a t  t h e  d e t e c t o r  due t o  
d i f f e r e n t  gamma-ray energy l i n e s  from t h e  same nucl ide ,  f o r  
example the 403 keV t o  2556 k e V  "Kr l i n e s  o r  t h e  196 t o  2196 
kev l i n e s .  The t o t a l  Plume exposure r a t e  can, of course, 
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be e a s i l y  obtained by sub t r ac t ing  t h e  spec t romet r i ca l ly  
determined n a t u r a l  and f a l l o u t  components from t h e  t o t a l  
exposure r a t e  determined with t h e  ion iza t ion  chamber. 

The G e ( L i )  spectrum can be used t o  qumfitate the  exposure 
rates o r  concent ra t ions  of any nucl ides  deposi ted on t h e  
ground, such a s  13’1 or 1 3 4  Cs, using t h e  usua l  techniques.  
An example of a s i t u a t i o n  which could be analyzed s e m i -  
q c a n t i t a t i v e l y  is  shown i n  F i g u r e  9, a G e ( L i )  spectrum 
obtained along a r i v e r  bank near a nuclear f u e l  reprocess ing  
p l a n t .  Here the c l a y  apparent ly  f i l t e r e d  and concentrated 
c e r t a i n  nucl ides  p re sen t  i n  the  water ( p a r t i c u l a r l y  cesium), 
r e s u l t i n g  i n  a s u b s t a n t i a l  increase i n  l o c a l  environmental 
r a d i a t i o n  l eve l s .  

16N from BWR Turbines 

Another app l i ca t ion  of  f i e l d  spectrometry i s  the measure- 
ment  of t h e  f l u x  and exposure r a t e  i n  t h e  environment due t o  
the high energy gamma rays  from 1 6 N  i n  t h e  steam pass ing  
through t h e  tu rb ines  o f  l a r g e  BWR p l a n t s  (Figure 1 0 ) .  H e r e  
t h e  high s e n s i t i v i t y  o f  NaI(T1) even a t  t h e s e  h ighe r  gamma-ray 
energ ies  provided a s e n s i t i v e  ind ica t ion  of the presence of 
higher  energy gamma rays ;  p a r t i c u l a r l y  s i n c e  t h e r e  are no 
n a t x r a l  o r  f a l l o u t  emit ted gamma rays  above 3 .0  MeV. Using 
t h e  measured f l u x  and t h e  t o t a l  spectrum energy above 3 MeV 
Lowder ( 2 3 )  has shown t h a t  q u i t e  accura te  e s t ima tes  of  1 6 N  
environmental exposure r a t e s  can be made. 

Radioactive Construction Mater ia l s  

W e  have a l s o  used -- i n  s i t u  spectrometry t o  q u a l i t a t i v e l y  
i d e n t i f y  t h e  presence of l o w  energy gamma rays  from radium 
present i n  uranium t a i l i n g s  used f o r  bu i ld ing  cons t ruc t ion  
and t o  i d e n t i f y  t h e  source of  e leva ted  exposure r a t e  levels 
i n  s t r u c t u r e s  b u i l t  us ing high phosphate ma te r i a l  or c e r t a i n  
types of uranium bear ing  sha le .  

230Pu  i n  t h e  Environment 

F ie ld  spectrometry can a l s o  be used t o  monitor s p e c i a l  
r a d i a t i o n  contamination s i t u a t i o n s  such a s  depos i ted  239 Pu 
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in the s o i l  surface.  H e r e ,  l a r g e  a rea ,  t h i n  N a I ( T 1 )  d e t e c t o r s  
a r e  used t o  monitor t h e  60 keV 241Am gamma rays  which accompany 
2 3 9  Pu. 
60 cm3 G e ( L i )  a t  60 keV i n d i c a t e  t h a t  one could i d e n t i f y  ele- 
vated l e v e l s  of 23ePu i n  t h e  environment. Though sys t ema t i c  
s t u d i e s  have not been made, o n e  notes  t h a t  a l a r g e  f r a c t i o n  
of t h e  low energy f l u x  con t r ibu t ing  t o  t h e  Compton continuum 
i n  the 60 k e V  energy region i s  due t o  "skyshine" and, t h e r e f o r e ,  
t h e  "background" i n  t h i s  reg ion  can probably be d rama t i ca l ly  
reduced by jud ic ious  s h i e l d i n g  and t h e  a b i l i t y  t o  meascre t h e  
60 keV l i n e  en'nanced. 

Our labora tory  s t u d i e s  of t h e  response o f  our  l a r g e  

I 
Estimates of S o i l  e o S r  and 1 3 ?  C s  Levels 

F ina l ly ,  f i e l d  spectrometry i s  use fu l  f o r  r a p i d  de t e r -  
minations of  t h e  v a r i a t i o n  o f  f a l l o u t  w i th in  s o m e  geographical  
area.  H e r e ,  a s  mentioned previous ly ,  w e  need t o  know t h e  depth 
d i s t r i b u t i o n  of r a d i o a c t i v i t y  f a i r l y  accu ra t e ly  t o  a r r i v e  a t  
a very accura te  concent ra t ion  measurement, though one can s t i l l  
ob ta in  a p i c t u r e  of t h e  g ross  v a r i a t i o n  with loca t ion .  For 
example, T a b l e  22 shows es t imates  of  137Cs a c t i v i t y  i n  s o i l  
i n  t h e  mid 1960's made by measuring t h e  662 keV f lux  a t  1 meter 
a'Sove t h e  ground, assuming t h a t  a 3 c m  r e l a x a t i o n  l eng th  
represents t h e  mean depth d i s t r i b u t i o n  (c/p = 0.21,  a t  t h a t  
t i m e  was a reasonable  va lue  based on t h e  few a v a i l a b l e  measure- 
ments) and t h e  empi r i ca l ly  accepted f a c t  t h a t  the 60Sr/'37Cs 
a c t i v i t y  is a5out 1 . 5  ( 2 4  I .  
can be seen t o  compare we l l  wi th  t h e  s o i l  sample r e s u l t s  of 
Hardy and Alexander ( 2 c ) .  

gross a c t i v i t y  of 137 cs o r  " ~ r  a t  a s i t e  t o  even an accuracy 
of  a f a c t o r  of two ( i f  t h e  assumed depth d i s t r i b u t i o n  was 
wrong) s e e m s  s i g n i f i c a n t  i n  t h e  l i g h t  of t h e  speed wi th  which 
t h e  s p e c t r a l  measurements cart be made. 

I \ 

Estimates from f i e l d  spectrometry 

The f a c t  t h a t  one can e s t ima te  the 

Rela t ive  Advantaaes of KaI (TI.) and G e  (Li) Svs tems  . .- . .. 

Although G e ( L i )  s p e c t r a  c l e a r l y  g ive  much more information 
than  t h e  NaI(T1) s?ec t r a ,  t o  ga ther  and u t i l i z e  t h i s  informa- 
t i o n  r equ i r e s  a l a r g e  c a a c i t y  multichannel analyzer  having 
1000 or  more channels,  a sepi i ra te  am?l i f ie r ,  l i q c i d  n i t rogen  
supply and readout equipment t o  s t o r e  t h e  l a r g e  amount of 
da ta .  One a l s o  o b t a i n s  much more d a t a  f o r  a n a l y s i s  than may 
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be needed for a part icular  problem. 
detector requires only a 200 - 400 channel analyzer and a 
p a r a l l e l  p r in te r .  Power requirements can be met w i t h  only 
one 12 V storage bat tery and a small rotary i n v e r t e r .  One 
can operate the equipment required for a NaI(T1) f i e l d  
spectrum out of the t r u n k  of a standard auto. For most 
"natural  background" measurements, it i s  c lear  from the data 
i n  the preceding tables  t h a t  the  NaI analysis is completely 
adequate. 

Conversely t h e  NaI(T1) 

Though the  cost of the  Ge(Li) system is  qu i t e  high, i t s  
u t i l i t y  i s  obvious for  investigating complex radiat ion f ie lds .  
The proper mounting i n  a s ta t ion  wagon or panel truck allows 
the spectrometer t o  be eas i ly  transported and allows maximum 
u t i l i za t ion  both as a f i e l d  spectrometer and as a standard 
laboratory counting system. 

V I I .  ESTIMATES OF ERRORS I N  THE DETERMINATION OF FLUX, 
EXPOSURE RATE AND SOIL ACTIVITY 

We have t r i e d  t o  indicate a t  each step the necessary 
approximations and possible sources of error.  I t  i s  c lear  
t h a t  the f i n a l  assessment of the accuracy of the  method must  
r e ly  on (1) cross-calibrations by other techniques of  analysis  
and (2) the  degree by which the sum of the individual exposure 
r a t e s  agrees with independently measured t o t a l  exposure r a t e s  
over a wide range of K, Th, U and fa l lou t  combinations. 

We previously showed t h a t  t he  use of N a I ( T 1 )  spectrometry 
t o  measure the s o i l  a c t i v i t y  of U, T and K w a s  qu i t e  accurate 
having tes ted t h e  assumptions of half-space geometry, uniformly 
dis t r ibuted sources, i n sens i t i v i ty  t o  s o i l  density, etc. by- 
comparing f i e l d  spectrometric estimates of i n  s i t u  s o i l  
ac t iv i ty  with laborator 
large nuniber of si tes(lY. For both K and Th our estimates of 
concentration correlated very closely w i t h  t he  laboratory 
estimates, although the  f i e l d  estimates were i n  general about 
10% lower than the  laboratory r e s u l t s .  
however, since the  l a t t e r  were concentrations i n  d r y  s o i l  and 

analyses of s o i l  samples taken a t  a 

This was expected, 
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an average inc rease  of lo"/, i n  s o i l  d e n s i t y  due t o  & s i t u  
moisture content appeared reasonable.  Ind iv idua l  comparisons 
i n  some cases  showed poorer  agreement and t h i s  probably 
r e f l e c t e d  more t h e  problem of  obta in ing  a r e p r e s e n t a t i v e  s o i l  
sample a t  a s i te  than  an  e r r o r  i n  t h e  f i e l d  spectral ana lys i s .  
The U series comparison was, of course,  very poor r e f l e c t i n g  
p r imar i ly  the d i f f e r e n t  radon emanation f r a c t i o n s  a t  t h e  
var ious  sites, s i n c e  most of  the s o i l s  w e r e  counted i n  t h e  
labora tory  af ter  be ing  allowed t o  reach equi l ibr ium. A few 
samples which w e r e  counted i n  t h e  lab a f t e r  -drying and b e f o r e  
being allowed t o  reach equi l ibr ium ind ica t ed  losses o f  from 
30% t o  50%. of t h e  radium equivalent  q = m a  a c t i v i t y .  

I n  t h e  previous s e c t i o n  w e  compared our f i e l d  spectrometric 
es t imates  of l3'Cs and 
ind ica t ing  i n  gene ra l  ve ry  good agreement. 

'Sr  measurements on l abora to ry  samples, 

Table 21 i nd ica t ed  t h e  degree t o  which t h e  i n d i v i d u a l  
exposure r a t e  e s t ima tes  sum t o  t h e  t o t a l  i o n i z a t i o n  charriber 
value of exposure rate.  These da ta  a r e  i n  gene ra l  accord w i t h  
our experience a t  most reasonably f l a t  " h a l f  space" si tes and 
are t h e  best ind ica t ion  of t h e  v a l i d i t y  of our i n d i v i d u a l  
exposure ra te  es t imates .  

I n  general ,  t h e  l a r g e s t  percentage e r r o r  i n  exposure r a t e  
i s  obtained f o r  the 238U series, p r i m a r i l y  because of the 
emanation of radon and i t s  subsequent movement wi th in  t h e  
atmosphere. Besides r e s u l t i n g  i n  a somewhat a l t e r e d  source 
d i s t r i b u t i o n  with respect t o  our model, t h e  decreased f l u x  
r e s u l t s  i n  poorer q u a l i t y  counting da ta .  For example, it i s  
f requent ly  q u i t e  d i f f i c u l t  t o  accu ra t e ly  e s t ima te  the smal l  
f lux o f  1.76 MeV gamma r a y s  p re sen t  from N a I  (T1) spectral 
data .  Conibining t h e  accuracy of f lux e s t ima t ion  (A 20%) wi th  

series exposure r a t e  va lues  are c o r r e c t  t o  about 25%. Because 
of  t h e  a b i l i t y  t o  r e so lve  t h e  295, 350, and 609 keV U peaks 
wi th  t h e  G e ( L i )  d e t e c t o r  w e  are able t o  ob ta in  much better 
measurements of f l c x  (- * 5% s . d . )  and w e  e s t ima te  our  Ge(Li) 
238U exposure r a t e  measurements t o  have an accuracy of & 10 
t o  15%. 
percentage i s  small  s i n c e  g e n e r a l l y  23eU c o n t r i b u t e s  on ly  

the unce r t a in ty  i n  radon con t r ibu t ion  w e  e s t ima te  our  23Bu 

I n  terns of the e r r o r  i n  t o t a l  exposure r a t e  t h i s  

- 34 - 



. 
I . .  

about 20% t o  the t o t a l  gamma exposure r a t e .  The 40K es t ima tes  
are t h e  most accura te  and w e  f e e l  our measurements of  f l ux  a r e  
good t o  better than  5% and our  es t imates  of exposure r a t e  t o  
about 5 - 10% Thorium-232 exposure r a t e s  a r e  a l s o  be l ieved  
t o  be correct to about 5 - 105% 

The e r r o r  i n  es t imat ing  f a l l o u t  s o i l  a c t i v i t i e s  has  
a l ready  been  shown t o  be dominated by the accuracy of t h e  

exposure r a t e s  t o  k 15% with t h e  N a I ( T 1 )  d e t e c t o r  and -L lo"/, 
w i t h  t h e  G e ( L i )  under most circumstances. 

assumed depth d i s t r i b u t i o n .  W e  e s t imate  w e  can i n f e r  l3'CS 

These are accuracy es t imates  and inc lude  sys temat ic  e r r o r s  
such as u n c e r t a i n t i e s  i n  branching r a t i o s .  The p r e c i s i o n  of  
a s i n g l e  measurement depends on t h e  s t a t i s t i c a l  s i g n i f i c a n c e  
of  t h e  counting r a t e  d a t a  under t h e  photopeaks of i n t e r e s t .  
For prominent peaks such a s  t h e  1464 keV 'OK peak t h e  pre- 
c i s i o n  can be better than  t h e  accuracy, i . e .  w e  can r e y o d u c e  
t h e  measurement to better than a f e w  percent  a l though t h e  
a c t u a l  e r r o r  i n  our  es t imate  of exposure r a t e  may be much 
greater. Thus, it i s  q u i t e  f e a s i b l e  t o  use the spec t romet r ic  
technique t o  s tudy  smal l  t i m e  v a r i a t i o n s  i n  background due t o  
changes i n  s o i l  moisture, radon emanation, and " n a t u r a l  
f a l l o u t " .  

V I I I .  S UN!!iRY 

W e  have attempted i n  t h i s  r e p o r t  t o  summarize all of our 
work t o  da t e  on in s i t u  f i e l d  spectrometry, p r e s e n t i n g  i n  
de ta i l  t h e  t h e o r e t i c a l  b a s i s  f o r  i n t e r p r e t i n g  f i e l d  s p e c t r a  
t o  determine s o i l  concent ra t ions  and exposure ra tes  as w e l l  
as i l l u s t r a t i n g  t h e  l abora to ry  c a l i b r a t i o n  of our  p a r t i c u l a r  
de tec tors .  I n  doing so we have t r i e d  t o  i n d i c a t e  t h e  
"de tec to r  independence" of the  method, po in t ing  ou t  t h a t  t h e  
cietector can be any instrument which measures t h e  gama-ray  
fluxes a t  p a r t i c u l a r  ene rc i e s .  
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W e  have poin ted  o u t  t h e  use of  p a r t i c u l a r  f i e l d  spec t ro-  
metric systems f o r  i n v e s t i g a t i n g  var ious  environmental r a d i a t i o n  
f i e l d s ,  both n a t u r a l  and 'man-made. 
powerful t o o l  f o r  studying e x t e r n a l  environmental r a d i o a c t i v i t y .  
I t  allows one t o  o b t a i n  q u a n t i t a t i v e  d a t a  over l a r g e  a r e a s  i n  
a s h o r t  time, a t a s k  t h a t  i s  c l e a r l y  imprac t ica l  by convent ional  
sample gather ing  and subsequent l abora to ry  ana lys i s .  I t  a l s o  
allows one t o ' p i c k  and choose si tes f o r  f u r t h e r  o r  f o r  more 
i n t e n s i v e  study, provides  a t  t h e  very l e a s t  q u a l i t a t i v e  i n f o r -  
mation on t3e sources  con t r ibu t ing  t o  t h e  gmma-ray exposure 
a t  a s i te  and a t  i t s  best a complete q u z n t i a t i v e  p i c t u r e  of 
the gamma-ray f i e l d .  

F i e l d  spectrometry i s  a 

W e  have attempted t o  i n c l u s e  i n  t h i s  r epor t  the theoretical  
da t a  necessary t o  i c f e r  soil: a c t i v i t y  and free z i r  exposure 
r a t e  f o r  any so-arce whose depth d i s t r i S c t i o n  i n  t h e  s o i l  can 
be represented by a su2erpos i t ion  of  ex2oaentiEls an8  whose 
energy l i e s  Setween 50 keV zn2 3 MeV. Thxs, it wo'lld 3e an 
easy matter  f o r  i n s t a n c e  f o r  any i n v e s t i g z t o r  t o  w e  the 
t a b l e s  i n  t h i s  r e p o r t  t o  e s t i n z t e  the f lux  a t  1 rneter h o v e  t h e  

Cs or C o  ground due f o r  exaic2le to a q u z s i - p l a e  sccrce  c- 
o r  any o the r  s i m i l a r l y  unl-ikely contzzLzzcion s i t c a t i o n s .  

6 0  c - 3 4  

A 1 1  of t h e  Lata ir. t3is r e p o r t  refer- zc  aeEscrernezts to 
be made a t  o r  near the earzh-a i r  i n t e r f a c e .  C l e a r l y  =here are 
s i m i l a r  p o s s i b i l i t i e s  f o r  z i e l d  s p c t r o n e t r y  2 z n  a i r c r a f t .  
We previously discussed zke v a r i a t i o r ,  of zx?os~lre r z t e  en3 
f l u x  with a l t i t u d e '  '' az:d t h e s e  d a t a  caa Se ZSEZ to i z f e r  
appropr ia te  values  of O/I a5ove the ground. %;e t h e c r e t i c a l  
r e s u l t s  are being modified a s  Recessary t o  r e i l e c c  t;?e more 
accura te  da ta  f o r  photons per d i s i n t e g r a t i o n  i n  the 236,5 and 
232Th series, as w e l l  as t o  srovi.de energy and angular  d i s t r i -  
bu t ions  f o r  photon flux as  w e l l  a s  f o r  e q 3 s u r e  r a t e  a s  a 
f m c t i o n  of a l t i t u d e .  

-. 
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TABLE 1 

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

?/ Source (n/o)-cm q 
Energy 0 
(keV) (Uniform) 0.0625 0.206 0.312 0.625 6.25 (Plane)  

0 

50 
100 
150, 
200 
250 
3 64 
500 
662 
750 

1000 
1173 
1250 
1333 
1460 
1765 
2004 
2250 
2500 

1.4403 
2.7744 
3.3264 
3.9056 
4.0640 
4.7184 
5.3904 
6.1456 
6.5312 
7.5280 
8.1472 
8.4384 
8.7504 
9.1472 

10.091 
10.818 
11.397 
12.173 

0.0816 
0.1458 
0.1702 
0.1843 
0.2008 
0.2268 
0.2519 
0.2788 
0.2919 
0.3245 
0.3437 
0.3523 
0.3617 
0.3731 
0.3997 
0.4188 
0.4357 
0.4536 

0: 2245 
0.3627 
0.4103 
0.4550 
0.4697 
0.5158 
0.5595- 
0.6041 
0.6257 
0.6769 
0.7067 
0.7198 
0.7336 
0.7511 
0.7897 
0.8173 
0.8414 
0.8667 

0.3049 
0.4708 
0.5261 
0.5770 
0.5910 
0.6429 
0.6918 
0.1412 
0.7649 
0.8209 
0.8531 
0.8675 
0.8826 
0.9011 
0.9128 
0.9725 
0.9982 
1.025 

0.4748 
0.6786 
0.7438 
0.8018 
0.8185 
0.8775 
0.9334 
0.9889 
1.015 
1.077 
1.113 
1.129 
1.145 
1.166 -. ’ 211 
1.243 
1 .271  
1.300 

1.147 1.577 
1.359 1.710 
1.427 1.775 
1.483 1.804 
1.506 1.863 
1.578 1.933 
1.650 1.995 
1.719 2.054 
1.752 2.084 
1.830 2.151 
1 . 8 7 4  2.189 
1.895 2.205 
1.914 2.224 
1 .941  2.247 
1.997 2.294 
2.036 2.334 
2.071 i . 3 5 8  
2.1C5 2.385 

*The a c t i v i t y  a t  dep th  Z c m  o r  p Z  g/cm2 is S(gammas e m i t t e d  per 
gram s o i l  per sec) = a / p  SA e’ 
c m a - s  is  the t o t a l  number of gammas e m i t t e d  i n  3 column of area 
1 a n a  and i n f i n i t e  dep th  (see equa t ion  3 ) .  For a / p  = 0, 
SO/P = 1.0 gammas e m i t t e d  per gram of s o i l  fo r  all Z .  

( P z )  where SA = 1.0  g m a /  

. ._ .. 
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TABLE 2 

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

IN TRRNSPORT CALCULATIONS 

W P )  - c m a / g  
Soil Soil Soil 

E (keV) 0% HPO 10% H,O 25% HSO Alum. A i r  

20 
25 
30 
35 ' 
40 
45 
50' 
55 
.60 
65 
70 
75 
80 
85 
90 
95 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 

700 
750 

650 

3.01 
2.34 
1.00 
0.656 
0.470 
0.380 
0.327 
0.282 
0.254 
0.233 
0.218 
0.204 
0.192 
0.189 
0.179 
0.173 
0.166 
0.138 
0.124 
0.114 
0.106 
0.100 
0.0950 
0.0906 
0.0869 
0.0831 
0.0800 
0.0769 
0.0744 
0.0725 

2.78 
1.52 
0.938 
0.644 
0.471 
0.381 
0.314 
0.277 
0.248 
0.230 
0.214 
0.202 
0.190 
0.185 
0..178 
0.173 
0.167 
0.139 
0.125 
0.115 
0.108 
0.101 
0.0963 
0.0919 
0.0875 
0.0844 
0.0813 
0.0788 
0.0756 
0.0731 

2.05 
1.13 
0.838 
0.566 
0.433 
0.338 
0.298 
0.265 
0.239 
0.221 
0.206 
0.194 
0.189 
0.181 
0.175 
0.170 
0.167 
0.141 
0.127 
0.118 
0.109 
0.105 
0.0975 
0.0931 
0.0894 
0.0856 
0.0825 
0.0800 
0.0775 
0.0750 
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3.22 
1.76 
1.03 
0.669 
0.492 
0.386 
0.319 
0.277 
0.246 
0.219 
0.205 
0.193 
0.185 
0.177 
0.171 
0.166 
0.160 
0.134 
0.120 
0.111 
0.103 
0.098 
0.0925 
0.0875 
0.0844 
0.0806 - 

0.0775 
0.0756 
0.0731 
0.0706 

0.683 

0.315 

0.225 

0.193 

- 
- 
- 

0.177 - - - 
0.161 - 

- 
- 

0.151 
0.134 
0.123 - 
0.106 

0.0953 

0.0868 

0.0804 

- 
- 
- 
- 
- - 

. .  

. . . . .. .. . ._ .. . . ._ . _ _ _ _  . . . . 



TABLE 2 (Cont'd) 

- cm2/q 
Soil Soil Soil 

E (keV) 0% H S 0  10% H,O 25% H,O Alum.  A i r  

7 50 0.0725 0.0731 0.0750 0.0706 - 
800 0; 0706 0.0713 0.0725 
850 0.0681 0.0694 0.0706 0.0669 - 

* 900 0.0669 0.0675 0.0688 0.0644 - 
950 0.0656 0.0650 0.0669 0.0631 - 

0.0681 0.0706 

1000 0.0638 0.0638 0.0650 0.0614 0.0635 
0.0515 0.0521 0.0530 0.0500 0.0517 1500 

2000 0.0444 0.0449 0.0456 0.0432 0.0444 
2500 0.0390 0.0401 0.0413 0.0388 
3000 0.0362 0.0364 0.0371 0.0353 0.0358 

- 

Composition by weight of s o i l  used in transport calculations: 

A l , 0 3  - 13.5% 
Fe203 - 4.5% 
Si02 - 67,. 5% 

coz - 4.5% 
H S O  - 10% 

- .  . ... . .. . 
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TABLE 3 

cp - UIJSCATTERED PLtIx PER m C i h '  AT ONE MR'ER ABOVE GROUND P O R  
TYPICAL FALLL)VX' IS0'LI)PES I N  THE S O I L  

( a / p )  - m9/g 
0.0625 0.206 0 .312  0.625 6.25 0 (Plane) 

134 
14 5 
364 
428 
487 

. 497 
512 
537 
6 0 1  
610 
622 
662 
724 
7 57 
766 
8 16 
835 

1597 
1173 
1333 

.lo8 

.490 

.824 

.296 

.45 

.89  

.206 

.238 

.184 
* 054 

.e46 

.435 
' .543 

.998 

.231  

.956 

. . 1 0  

1.0. 

1 . 0  
1 . 0  

6 .51  (-5) 
3.03 (4) 
6.92 (4) 
2.63 (4) 
4.13 ( 4 )  
6.20 (4) 
1.94 (4) 
2 . 2 9 ( 4 )  
1.84 (4) 
5.33 (-5) 
l . O O ( 4 )  
8.73 (4) 
4.67 (4) 
5.91  (4) 
1 .09  (-3) 
2 .58 (4) 
1.13 (-3) 
1 .38 (-3) 
1.27 (-3) 
1.34 (-3) 

1.59 (4) 
7.43 ( 4 )  
1.58 (-3 1 
5.89 (4) 
9.19 (4) 
1.84 (-3) 
4.34 (4) 
5 .11  (4) 
4.02 (4) 
I. 18 (-4) 
2.19 (4) 
1 .89  (-3) 
9.98 ( 4 )  
1.27 ( -3)  
2.35 ( -3)  
5.47 (4) 
2.39 ( -3)  
2 .71  (-3) 
2.62 (-3) 
2.72 ( -3)  

2.04 ( 4 )  
9.43 (4) 
1.96 (-3) 
7 . 3 9 ( 4 )  
1.14 (-3) 
2.27 (-3) 
5.33 ( 4 )  
6.25 (-4) 
4 .90 (-4) 
1.44 (4) 
2.68 (4) 

1.22 (-3 1 
1.54 (-3 1 
2. e5 (-31 

2.32 (-3) 

6.67 (4) 
2.89(-3) 
3.26 ( -3)  
3.16 (-3) 
3.27 (-3) 

2.90 (4) 
1.34 (-3) 
2.67 (-3) 
9.86 (4) 
1.54 (-3) 
3.08 (-3) 
7.16 (4) 
6. 37 (4) 
6.57 (4) 
1.93 (-4) 
3.59 (4) 
3.08 (-3) 
1 . 6 1  (-3) 
2.07 (;3) 
3.85 (-3) 
8.97 (4) 
3.89 ( -3)  
4 .21  (-3,) 
4.12 (-3) 
4.24 (-3) 

5.63 (4) 
2.57 ( -3)  
4 .82  (-3) 
1 .75  ( -3)  
2 . 7 1  (-3) 
5.43 ( -3)  
1.27 ( - 3 ) .  
1.47 ( -3)  
1 .14  ( - 3 )  
3 . 4 0 ( 4 )  
6 . 2 9  (4) 
5.38 (-3) 
2.82 ( -3)  
3.54 (-3) 
6 .59  (-3) 
I. 54 ( -3)  
6.66 (-3) 
6.93 (-3) 
6.93 (-3) 
7.08(-3) 

6.99 (4) 
3.21 (-3) 
5 .86 (-3.) 
2.15 (-3) 
3.30 (-3) 
6.59 ( -3)  
1.53 ( -3)  
1.78 ( -3)  
1.38 (-3 ) 
4.06 (-4) 
7.55 (4) 
6.42 ( -3)  
3.33  ( -3)  
4.22 (-3) 
7.77 ( -3)  
1.81(-3)  
7.84 ( -3)  
8.03 (-3) 
8.10 (-3) 
8.23 (-3) 
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. a  ' 
TABLE 4 

9 - UHSCATPERED PLUX PER pCi/g AT ONE lrlElER ABOVE GROUND POR 
UNIPDRHLY DISTRIBVI'ED "'Ra AND D'g7'h SOURCES IN THE SOIL 

Decaying P lux Decay i n  q Flux 
Isotope E (keV) y's/dis. (y  ' s/ma -9 1 I sotope E (kcV) v*s/dis.+ (Y * s/mS-s) 

'"Ra 

"iPb 
"'Bi 

"'Ac 

186 
242 
2 95 
3 52 
609 
666 
768 
934 
1120 
1238 
1378 

1401-08 
1510 
1730 
1765 
1848 
2205 
2448 
12 9 
2 10 

0.034 
0.070 
0.179 
0.350 
0.430 
0.015 
0.048 
0.031 
0.145 
0.056 
0.046 
0.038 
0.021 

0.147 
0.021 
0.047 
0.015 
0.025 
0.041 

0.028 

4.58 (-3) 
1.04 (-2) 
2.91 (-2) 
6.01 (-2) 
9.42 (-2) 

1.17 (-2) 
0.10 (-3) 
4.21 (-2) 
1.72 (-2) 
1.49 (-2) 
1.25 (-2) 
7.12 (-3) 
1.02 (-2) 
5.39(-2) 
7.91(-3) 
1.95 (-2) 
6.66(-3) 
2. go(-3) 
5.80 (-3) 

3.39(-3) 

'"Pb 
marlto 

A c  a s a  

sOeT1 
'" A c  
'"Pb 
'"Ac 
Nixed 

AC aam 

ao'Tl . 
'"T1 

'"Ac 
aaaBi,a3'A~ 

I 
"'Tl 

239 241 1 
282 
301 
3 30 

463 
510 
583 
727 
755 
772 
7 95 

830c3k40 
860 
911 

96969 
1588 
2615 

328-340 

0.490 

0.065 

0.034 
0.129 
0.172 
0.047 
0.096 
0.300 
0.079 
0.011 
0.017 
0.049 
0.038 
0.047 
0.290 
0.230 
0.046 
0.360 

7.25 (-2) 

1.02 (-2) 

5.53(-3) 
2.18 (-2) 

1.93 (-2) 

2.90(-2) 
9.20 (-3) 

6.39 (-2) 
1.86 (-2) 
2.70 (-3) 
4.10(-3) 
1.20(-2) 
9.40 (-3) 
1.18 (-2) 
7.55 (-2) 
6.13 (-2) 
1.23 (-2) 
0.167 

*Transitions €or which y*e/die. c.02 are not l i s ted  except vhere they are required to 
correct measurements of the flux from some other natural or fallout e m i t t e r .  Series 
equilibrium is assumed. 
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TABLE 5 

'"U, 'OK, AND "'Th DECAY CHAINS 

Decay Decay 

Isotope nodo T* node *a - I B O t O p e  

1 

1 

1 

1 

a a e h  

"*Ra (ThX) 

a ~n ( t h o r o n )  

p a  'Po (Thd)  
l 

I 
a a a Pb (Th-B ) 

"'Bi(Th-C) 
1 

a 

a 

a 

a 

0- 

a (36%) 
p- (64%) 

O l a P O  (Th-c '1 a 
"'Tl (Th-C') 0- 

1 
a o e *  S t a b l e  

10.7% ex 
89.3% 0- 

B- Stable  
Ca S t a b l e  4 0  

1 . 4 0 ( 1 0 ) y  

6 .7  y 

6 . 1 3  h 

1.91 y 

3.64 d 

s 4 . 5  a 

0.16 s 

10.64 h 

60.5 m 

3 (-7)s 
3 . 1  m 

1.28 ( S l y  

a a ' U ( u 1 )  

'arm (mn) 
a'"%a (WCII) 

08* u ( V I I )  

A 

1 

1 

1 

'"Th (Io ) 

'"Ra 

a a 'Rn (radon) 

"'Po (RaA) 

"'Pb (RaB) 

"*Bi (RaC) 

'a'30 (RaC '1 

1 

1 

1 

1 

1 

I 

1 
"'Tl (RaC') 

"'?b (RaD) 

'"ai (RaE)  
1 

P o  a i 0  

"'Pb 

1 

I 

0 

B- 

0- 

a 

a 

a 

a 

a (99.97%) 

0- 

0- (99%) 

a 

9- 

0- 

0- 

a 

Stab le  

4.5 (S ly  

24.1 d 

1.18 m 

2.5 (S ly  

8M)y 

1622 y 

3.83 d 

. .  

3.05 m 

26 .8  m 

19 .1  m 

: .5 m 

22 y 

5 . 0 2  a 

L383 d 

- 47 - 



TABLE 6 

PERCENT OF UNSC&TPERED FLUX ENTERING DSTECTOR AT ANGLES LESS 
THAN 8 FOR h 1 E E R  

e Tan 8-R 14 5 keV 
Jdea. ) (meters) a/o-0. 4.21, =- 

90 
84 
79 
73 
66 
60 
53 
46 
37 
26 

w 

9.95 
4.90 
3.18 
2.29 
1.73 
1.33 
1.02 
0.75 
0.48 

100 . 100 
93 89 
04 76 
73 64 
63 52 
53 42 

32 
23 32 

21 15 
11 7 

c3 ~ 

100 
62 
45 
34 
26 
20 
15 
10 
6 
3 

662 keV 
a/p-=O, aO.21, 0- 

100 100 100 
92 85 53 
82 70 39 
72 58 30 
62 46 23 
52 37 17 
41 28 13 
31 20 9 
21 13 6 
10 6 3 

100 
92 
82 
72 
61 
52 
4 1  
31 
21 
10 

100 100 
83 51 
67 36 
54 27 
43 21 
33 16 
25 11 
18 8 
11 5 
5 2 

Note: € i e  measured with respect to the normal to the interface, i . e . ,  
E - 90' is parallel to the interface. 
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TABLE 7 

~ x p o s m  RATE (p/hr) AT ONE METER ABOVZ GROUND FOR EXPONENTIALLY 
DISTRIBUTE3 MONOENERGETIC SOURCES I N  THE SOIL" 

Source (a/o )-cn2/s 
a Energy 0 

(keV) (uniform) 0.0625 0.206 0.312 0.625 6.25 ( P l a n e )  

50 
100 
150 
200 
250 
364 
500 
662 
750 

1000 
117 3 
1250 
1333 
1460 
1765 
2004 
2250 
2500 
2750 

0.88 
2.05 
3.39 
4.88 
6.37 

10.2 
14.4 
19.6 
22.6 
30.4 
36.2 
38.4 
41.8 
45.1 
54.6 
62.2 
69.5 
77.2 
85.0 

- 
-0.095 

0,140 
0.200 
0.256 
0.404 
0,558 
0.738 
0.837 
1.10 
1.28 
1.33 
1.42 
1.54 

2.07 
1.78 

- 
- 
- 

- 
0.185 
0.285 
0.390 
0.491 
0.771 
1.03 

1.54 
2.00 
2.31 
2.41 
2.56 
2.75 
3.25 
3.60 

1.37 

- - 
- 

- 
0.215 
0.335 
0.460 
0.583 
0.896 
1.23 
1.60 
1.89 
2.32 
2.03 
2.79 
2 . 5 5  

3.75 
4.13 

3-18 . 

- - 
- 

- 
0.270 
0.418 
0.570 
0.731 
1.11 
1.52 

2.21 

3.27 
3.42 
3.62 

4.40 
5.00 

1.97' 

2. a5 

3. a8 

- 
- 
- 

- - 
0.400 0.438 
0.620 0.700 
0.845 0.960 
1.08 1.25 
1.63 1 .91  
2.27 2.60 
2.95 3.39 
3.32 3.80 
4.28 4.86 

5.14 5.,86 
5.35 6.16 
5.73 6 - 5 6  
6.45 7.78 
7.15 8.20 

4.87 5.52 

- - 
- - 
- - 

*The a c t i v i t y  a t  deptfi 2 an or pZ g/cm' i s  S(gammas emitted 
per gram s o i l  p e r . s e c )  = a / p  SA e-(a/p: ( P Z )  wkere SA = 1.0 
gamma/crna-s is the t o t a l  number of g m a s  emitted i n  a 
column of area 1 cm2 and i n f i n i t e  dept3 (see equation3). 
For a/p = 0, So/p = 1.0 gammas emi t ted  2er 5-ram of s o i l  f o r  
a11 z .  
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TABLE 8 

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

@/h 
I sotope D C i / U  unit concentration 

‘ O K  0 . 1 7 9  1 . 4 9  per % K 

“Ra+daughters 
214Pb 
214Bi 

1.80 
0 . 2 0  
1 .60 

0.61 per 0 . 3 5 8 ~ 1 0 ”  ppm Ra 
0.07 ” I 1  #I 

0 .54 #I I 1  a1 

238U+daughters 1 . 8 2  0.62 per ppa 238u 

’ ‘Th+daughters 
z.zeAc 

‘:2Bi 
‘OeTl 

2:2pb 
Other 

2 . 8 2  
1.18 
1.36 
0.09 
0 . 0 9  
0.09 

0 . 3 1  per ppm 232Th 
0.13 I 1  

0 . 1 5  ” 

0.01. 11 

0.01 at 

0.01 I 1  

11 

#I 

Note: 
scheme data  and buildup fac tor  calculat ions w e r e :  

Values quoted in reference 1 based on old  decay 

23BU - 0.76(@/h)/ppm 
232Th - 0.36 (pR/h)/ppm 

40K - 1.71(p.R/h)/OhK 
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TABLE 9 

mAL EXPOSURE RATE (@/h) AT ONE METER ABOVE GROUND FOR SELECTED 
FALIDUT ISOTOPES IN THE SOIL 

sourcc 
Activity (a/p) - m9/q 

I S O t O P e  (nci/kn' 1 0.0625 0.206 0.312 0.625 6.25 Q (Plane) 

1.0 
2.0 
1.0 
1.0 
1.0 
1.0 
1.0 
2.15 
1.0 
2.0 
1.0 
1.0 
1.0 
3.155 
1.0 
1.0 

6.25 (-5) 
1.85 (-4) 
2.60 (-4) 
1.56 (-3) 
1.77 (-3) 
7.74 (4) 
8.98 (-3) 
1.11 (-2) 
1.97 (-3) 
7.74 (-4 1 
2.31 (-3) 
3.02 (-3) 
3.15 (-3) 
9.91 (-3) 
3.40 (-3) 
9.99 (-3) 

1.34 (4) 
3.51 (4) 
5.23 (4) 
2.92 (-3) 
3.33 (-3) 
1.45 (-3) 
1.63 (-2) 
2.02 (-2) 
3.66 (-3) 
1.43 (-3) 
4.29 (-3) 
5.51 (-3) 
5.74 (-3) 
L. 79(-2) 
6.29 (-3) 
1,80(-2) 

1.56 (4) 
4.05 (4) 
6.21 (4) 
3.35 ( -3)  
3.82 (-3) 
1.69 ( -3)  
1.88 (-2) 
2-39 (-2) 
4.30 (-3) 
1.67 (-3) 
4.99 (-3) 
6.36 (-3) 
6.66 ( -3)  
2.07 (-2) 
7.22 (-3) 
2.06(-2) 

1.96 (-4) 
5.03 (4) 
7.68 (-4 ) 
4.20 (-3) 
4.86(-3) 
2.09 (-3) 
2.40(-2) 
2.97 (-2) 
5.37(-3) 
2.11(-3) 
6.17 ( -3)  
7.81 ( -3)  
8.14 (-3) 
2.54.(-2) 
8.88 (-3) 
2.55 (-2) 

2.86 (4) 
7.22 (-4) 
1.15 (-3) 
6.91 (-3) 
7.14 (-3) 
3.16 (-3) 
3.56 (-2) 
4.40 (-2) 
7.90 (-3) 
3.17 (-3) 
9.24 (-3 ) 
1.17 (-2) 
1.24 (-2) 
3.84 (-2) 
1.34 (-2) 
3..78 (-2) 

3.27 (-4) 
8.34 (-4) 
1.31 (-3) 
7.28 (-3) 
8.29 (-3) 
3.66 (-3) 
3.96(-2) 
4-92 (-2) 
9.22 ( - 3 )  
3.65!-3) 
1.06 (-2) 
1.35 (-2) 
1.41 (-2) 
4.39(-2) 
1.54 (-2) 
4.32 (-2) 

'Assuming dauFhter is in equilibrium with parent-exposure rate is for 1 mCi/km' 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) Soi 1 - A i r / S o i l  -So i  1 

2 5 0  0.79 

364 

500 

1000 

1500 

2000 

2500 

0.87 

0.90 

0.94 

0.95 

0.96 

0.95 



TABLE 11 

~ 

. EY (a /o)  - cm2/q 
Isato~e (keV) 0.0625 0.206 0.312 0.625 6 .25  0)  Plane 

" ' ~ e  
1 4  4 Ce-14 4 pr 
"ICe 
1 3 1 1  

l Z s S b  

134 
134 

3 64 
428 
487 
487 
4 97 
512 
537 
537 
601 
610 
622 
662 
7 24 
7 2 4  
7 57 
7 57 
7 66 
7 66 
8 16 
816 
835 

15  97 
15  97 
1173 
1333 

14 5 

1.04 
0.352 
1.17 
0.444 
0.149 
0.046 
0.037 
0.416 
0.251 
0.296 
0.0206 
0.104 
0.0271 
0.129 
0. 37-7 
0.155 
0.0476 
0.196 
0. 0602 
0.346 
0.239 
0.0287 
0.0232 
0.332 
0.154 

1.19 
0.453 
1.42 
0.541 
0.177 
0.056 
0.045 
0.503 
0.303 
0.252 
0.0253 
0 .121  
0.0322 
0.153 
0.440 
0.181 
0.0557 
0.230 
0.0709 
0.409 
0.282 
0.0336 
0.0270 
0.380 
0.166 

1 .31  
0.504 
1.52 
0.585 
0.193 
0.061 
0.049 
0.528 
0.319 
0.370 
0.0268 
0.128 
0.0335 
0.160 
0.465 
0.192 
0.0589 
0.242 
0.0744 
0.428 
0.297 
0.355 
0.0286 
0.400 
0.173 

1.48 
0.577 
1.74 
0.636 
0.203 
0.064 
0.052 
0.574 
0.339 
0.400 

0.135 
0.0359 
0.170 
0.499 
0.206 
0.0634 
0.265 
0.0615 
0.473 
0.328 
0.0374 
0.0302 
0.438 
0.175 

0.0282 

1.97 
0.780 
2.23 
0.702 
0.245 

* 0.076 
0.062 
0.687 
0.401 
0.465 
0.0234 
0.160 
0.0430 
0.198 
0.582 
0.241 
0.0734 
0.303 
0.0922 
0.531 
0 .371  
0.0433 
0.0350 
0.497 
0.195 

2.14 
0. G38 
2.45 

0.259 
0.083 
0.067 
0.715 
0.419 
0.486 
0.0362 
0.166 
0.0440 
0.207 
0.606 
0.247 
0.0758 
0.313 
0.0961 
0.551 
0.381 
0.0457 
0.0368 
0.509 
0.203 

0. a08 

0.124 0.134 0.140 0.142 0.158 0.163 
0.127 0.146 0.153 Oil62 0.183 0.188 
0.134 0.151 0.159 0.168 0.187 0.191 
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TABLE 12 

(DI I -MTIO OP GAIWA-RAY FLUX DENSITY ?o EXPOSURE RATE €%On 
NATURAL ElLlTTERS IN THE SOIL 

Parent Parent 
Isotope +(keV) @/I ' xeotope Ly(keV) @/I ( y e - )  

crR/h 
pc=z Uranium Series, I - 1.82 

186 
242 
205 
3 52 
609 
666 
7 68 
934 
1120 
1238 
1378 

140:-0e 
1510 
1730 
1765 
184 5 
2205 
2448 

2.52 (-3) 
5.71 ( -3)  
1.60 (-2) 
3.30 ( -2) 

1.86 ( -3)  
6.43 ( -3)  
4.45(-3) 
2.31 (-2) 
9.45 (-3) 
8.19 (-3) 
6.87 ( -3 )  
3.91 (-3) 
5.60 (-3) 
2.96 (-2)) 
4.35 (-3) 
1.07 (-2) 
3.66 (-3) 

Potassium, I = 0.179 rG 
*OK 14 64 0.203 

Thorium Series , 

aa4ku 
Ac a a e  

"'Tl .0537,  

Ac a a e  

'"Pb 
aa'Ac 
Mixei 

" ' T l  
aaeAC 

'"Tl 

12 9 
2 10 

233 24 
270 
277) 
282 
3 01 
338 

328-340 
I 463 

510 
583 
727 
755 
772 
705 

8 3 oC8 3 5+840 
8 6 0  

1.03 (-3) 
2.06 (-3) 
2.57 (-2) 

3.62 ( -3 )  

L. 96 (-3) 
7.73 ( - 2 )  
1.03 ( - 2 )  
3 . 2 6  ( - 2 )  
6.84 ( - 2 )  
2.27 (-2) 
6.60 (-3) 
?. St (4) 
2 . 4 5  ( - 5 )  
4.25 ( - 3 )  
3.23 ( -2 ,  
4.18 (-3) 

a "Ac 911 2.68 ( -2 )  
96S969 2.17 (-2) 
1588 4 . 3 6  f -3)  

T1 2615 5.92 (-2) 
I 

a o e  
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13 

PRYSICAL C ~ C l Z R I S R C b  OF HASL r-RAY DETEC?DRS 

5 14 484 730 785 Detector No. 

rn closed Coaxial 
Cylindrical &I (Li) 

Cloeed Coaxial 
Cylindrical (ie (Li) 

4.3  anx4.4 m ( L )  

2.17 

Harehw Integral 
Line NaI (TI) 

Harshav Integral 
Line NaI (T1) 

--4'x4" S i t e  

Efficiency* 

Resolution? 

Peak/Compton Ratio$ 

Active Vol- 

D r i f t  Depth 

Bias Voltage 

-4"X4' 

0.82 37 36 

2.3.keV 2.3 keV 52 keV 54 keV 

30/1 

4 0  ai? 

24/1 

. -25 : m a  - 8 2 0 .  ,e 

-1.7 cm - 
900 v 2200 v 900 v 2200 v 

*Counts per unit incident flux at 662 ktV. 

fFWFlH at 662 keV. 

(Evaluated at. 1.33 MeV. 
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TABLE 14 

N ~ / Q  - TOTAL ABSORPTION PEAK COUNTS - 
4" x 4" NaI(T1) DETECTORa 

=Pm 
r /cm'  -s No /(P 

Calibration Energy Detector Detector o l d  4"x4" 
Source (keV) #ED-730 #EA-785 Detectors 

.' 'Sr 514 2690 2525 3250 

l3'CS 662 2333 2238 2238 

64Mn 835 2075 2 060 2400 

2 4 ~ a  1370 1635' 168' 1900 

2asRa 1765 980C 97 oc 1150 

a o e T l  2615 892 97 0 11408 

0 With bake l i t e  sh ie ld .  

13 Inferred from r a t i o  of previous readings to HASL-170 data. 

C Based on branching r a t i o s  i n  T a b l e  4. 

S Inferred from 2 . 7 3  MeV a 4 N a  l i n e .  

.. . 

. .  .. . 
. ._ .. _ .  . . . .  
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TABLE 15 

N ~ / Q  - TOTAL ABSORPTION PEAK COUNTS PER UNIT INCIDENT FLUX - 
G e  ( L i )  DETECTORS 

Calibration 

CPm 
y / c m d - s  

Standardized 25 cc ' 60 cca 
Source E (keV) y' s/dis .  BY G e  (Li) G e  ( L i )  

I 

2 4 1 h .  

' " ~ e  
''Ice 
' " ~ e  

l e e A u  
'Na 

"Sr 
l3'CS 
64Mn 
-Y 

"Zn 
co e o  

"Na 

'='Th 

1 7 O m  

6 7 c ~  . 

II 

II 

0 

0 

59.5 
84 

133.5 
145.5 
16 5 
122.1 
411.8 
511. 0 

1274.5 
514.0 
661.6 
834.8 
898.0 

1836.1 
1115.5 
1173.2 
1332.5 
1368.5 
2754.1 
2615 

0.353 
0.033 
0.108 
0.490 
0.80 
0.856 
0.955 
1.81 
1.00 
Of993 
0.846 
1.00 
0.934 
0.994 
0.506 
0.999 
1.00 
1.0 
0.999 
0.36 

IAEA 
HASL 
HASL 
HASL 
HASL 
IAEA 
HASL 
IAEA 
IAEA 
HASL 

HASL-IAEA 
II 

HASL 
II 

*I 

HASL-IAEA 
*I 

- 
NBS 

276*5 - 
- 
- - 

423x8 
89.054.0 

2 0 . 6 t l .  0 
66.0=3.0 
49.052.0 
33. O S .  0 
30. Okl. 0 
13.250.5 

- 

- 
- - - - - 

.287k,7 
438*25 
596f12 
585510 
594S15 
565kt-12 
224f3 
17 l k 4  

67.0f2.0 
171+4 
130Et3 
100A2 

97.0k3.0 ~ 

47.551.0 
82.0k2.0 
74.4kl.O 
65.6Etl. 0 
63. 8B 
30.4k0.6 
33.lkl .O 

a These data f i t  the following function from 200 keV t o  3 MeV w i t h  
a m a x h u m  deviation of -3%: In No/q = 4.48 - 1.03 In E, w h e r e  E 
i s  in MeV. 

B Normalized 
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TABLE 16 

ANGULAR CORRECTION FACTORS (Nf/No) 

(a/o) - m3/q 

E t k e V )  0 0.206 0.625 QD Plane 

60 
122 
14 5 

>155 

134 
3 52 
609 
1120 
1765 

511 
583 
662 
750 
1464 
1765 
2615 

0.69 
0.94 
1.00 
1.0 

0.70 
0.79 
0.84 
0.91 
0. 90 

1.14 
1.12 
1.11 
1.10 
1.07 
1.04 
1.02 

Nf/No - 60 an' G e ( L i )  

0.68 0.66 0.65 
0.93 0.92 0.90 
1.00 0.99 0.97 
1.0 1.0 1.0 

qf/No - 25 c m 3  G e ( L i )  

Nf/No - 4" X 4" N a I  (TI) 

1.14 1.14 1.14 

1.11 
1.12 1.12 1.12 
1.11 1.11 
1.10 1.10 1.10 - - - 

- - - 
- - - 

Total "Energy'l - 4" x 4" NaL Nf/No = 1.11 
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TABLE 17 

PEAK AREA PER WIT WpOSvRg RATB ( N f / f )  AND PEAK AREA PER UNIT ACTIVITY 
(Nf/A) FOR J"x4" NaI(T1) DETECTORSd 

O l d  Detector6 
No. 730 No. 785 Ref. 5 

I so tope  E (keV) a / p  N f / I H  Nf/Ad N f / I B  Nf/A6 N f / I *  N f / A G  

a a s u  60-665 0 151 275 14 2 259 150 335 
1765 0 36 66 35 64 4 5  100 

aaam 583 0 64 180 6 1  17 1 6 5  213 
2615 0 59 166 58 16 5 58 190 

'OK 1464 0 3 52 63 344 62 390 80 

=='Cs 662 0.0625 967 2 .24  928 2.15 - - 
0.206 1129 4.85 1083 4.65 1375 - 
0.312 1193 5.95 1145 5.71 - - 
0.625 1281 7.90  1228 7.58 - - 
6.25 1494 13 .8  1433 13.2 - - 

aa 1555 16.5 1492 15.8 - - 
*%r-NbR C750> 0.0625 82 0 7.81 7 93 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 - - 

0 1406 57.40 1258 55.37 - - 

0 W i t h  *n bakelite shield. 

C cpm per pCi/g of i n  s i t u  s o i l  m a t e r i a l  i n c l u d i n g  mois ture  ( a / p = O )  or  
per mciAana ( a / p # O ) .  

B Equil ibr ium assumed. 
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TABLE 18 

PEAK AREA PER V M T  EXPOSURE RATE (Nf /I )  AND PEAK )LREA PER UNIT ACTIVITY 
(Nf/A) FOR & ( L i )  DETECPORS - NATURAL EMITTERS 

'OK 

OS. u 
series 

'? 'Th 

* 1464 

186 
242 
2 95 
352 
60 9 
666 
768 
934 
1120 
1238 
1378 
17 30 
1765 
2204 

12 9 
2 10 
239-41 
27 0-82 
301 
3 38 

3 2 8 4 0  
463 
510 
583 
727 
75s 
77 2 
7 95 
830-40 
860 
911 
36969 
1580 
2615 

59.8 

510 
388 ' 
3 15 
255 
14 3 
132 
114 
94.2 
78.0 
70.0 
63.3 
50.0 
49.0 
39.5 

580 
442 
388 
335 
305 
260 
265 
195 
176 
154 
122 
118 
115 
112 
108 
10 3 
97.0 
-91.0 
54.7 
32.8 

1.0 

1 .0  

1.0 

0.203 

2.52 (-3) 
5.71 (-3) 
1.60 (-2) 
3.30 (-2) 
5.18 (-2) 
1.86 (-3) 
6.43 (-3) 
4.45 ( -3)  
2.31 (-2) 
9.45 (-3 1 
8.19'(-3) 
5.60 (-3) 
2.96 (-2) 
1.07 (-2) 

1.03 ( -3)  
2.06 (-3) 
2.57 (-2) 
3.62 (-3) 
1.96 (-3) 
7.73 ( - 3 )  
1.03 ( - 2 )  
3.26 (-3) 
6.64 (-3 ) 
2.27 (-2) 
6.60 (-3) 
9.57 (-4) 
1.45 (-3 ) 
4.25 (-3) 
3.33 (-3) 
4.18 (-3) 
2.68 (-2 1 
2.17 (-2) 
4.36 (-3) 
5.92 (-2) 

. .  

12.1 

1 . 2 9  
2.22 
5 . 0 4  
8.42 
7.41 
0.25 
0.73 
0.42 
1.80 
0.66 
0 . 5 2  
0.28 
1 . 4 5  
0 .42  

0.60 
0.91 
9.97 
1 . 2 1  
0.60 
2 . 0 1  
2.73 
0.64 
1.20 
3.50 
0.81 
0.11 
0.17 
0.48 
0.36 
0.43 
2.60 
1.97 
0.24  
1.94 

3.37 

0.44 
0.73 
1.58 
2.78 
2.25 

0.21 

0.49 

- 
- 
- - - 
0.40 . - 

- 
0.71 
0.53 
0.063 

2.17 

2.35 
4.04 
9.17 
15.3 
13.5 
0.45 
1.33 
0.76 
3.28 
1.20 
0.94 
0.51 
2.64 
0.77 

1.68 
2.57 

3.42 
1.69 
5.67 
7.70 
1.79 
3.39 
3.66 
2.27 
0.32 
0.47 
1.34 
1.01 
1.21 
7.33 
5.57 
0.67 
5 . 4 8  

16.1 
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TABLE 19 

PEAK AREA PER UNIT EXPOSURE FU4TE ( N f / I )  FOR 60 cc Ge (Li) DETECTOR-FALLOUT 
L 

(a/p 1 - Cmvg 
I s o t o w  E (keV) Na /(P 0.0625 0.206 0.312 0.625 6.25 Q) Plane 

'"88 

La 

lo3Ru 

lJ 'CS 

'Zr 

"Nb 

s4Mn 

134 

14 5 

364 

428 
601 

5 37 

487 
1597 

497 

512 
622 

662 

724 
7 57 

766 

83 5 

5 96 

585 

250 

210 
14 5 

162 

180 
55 

180 

17 5 
14 0 

130 

122 
117 

114 

106 

208 

67 8 

111 

31.3 
15.1 

48.0 

8.28 
8.47 

74.9 

32.3 
18.1 

49.0 

18.9 
22.9 

39.4 

20.1 

2 67 

831 

13 5 

37.2 
17.5 

57.0 

10.1 
9.13 

90.5 

53.0 
21.4 

57.2 

22.1 
26.9 

46.6 

40.3 

2 94 

880 

146 

40.5 
18.6 

59.9 

11.0 
9.52 

95.0 

55.0 
22.4 

60.5 

23.4 
28.3 

48.8 

42.4 

337 

998 

15 9 

42.6 
19.6 

64.8 

11.5 
9.63 

103 

59.3 
23.8 

64.9 

25.1 
31.0 

53.9 

46.4 

451 

1278 

201 

51.5 
23.2 

75; 3 

13.7 
10.7 

124 

70.2 
27.7 

75.7 

29.4 
35.5 

60.5 

52.7 

47 9 

1390 

202 

54.4 
24.1 

78.7 

14.9 
11.2 

12 9 

73.3 
29. 0 

78.8 

30.1 
36.6 

62.8 

54.0 

*cpm/(CIR/h): for Kf/A multiply values by I from Table 9. 

**Equilibrium assumed. 
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Table 20 

"ENERGY" BANI) EQUATIONS FOR N a I ( T 1 )  DETECTORS 

"Enerqy" Bands 

AEl 1 . 3 2  MeV t o  1.60 MeV 
A E2 1 .62  MeV t o  1.90 MeV 
AE3 2 .48  MeV t o  2.75  MeV 

0.15 MeV t o  3 .4  MeV AETotal 

Exposure Rate muations 

K = .085 E1 I - . 0 6 0 7 - . 0 2 4  E3 
Detector k 7 3 0  Detector e785 

I 

I K = . 087  El '-.061 E2 J-. 024 E3 
U = .433  E2 '-.230 E3 
T = .297 E3 

I 

I I 

I 
U = . 4 2 1  E2 - .224 E3 
T = .292 E3 

I 

I = ET' /37.9 I = ET' /36.5 

where K, U, T, are t h e  exposure r a t e s  i n  p/h for  40K, the 
"'U ser ies ,  the 232Th ser ies ,  respectively, and I i s  the  
t o t a l  exposure rate .  El , Ea , E3', ET a re  respectively the  
t o t a l  "energy" in BeV/20 min. i n  AEl, AE2, AE3, &ETotal  (see 
t e x t )  corrected for cosmic ray exposure. 

Cosmic Ray Response - BeV/20 m i n .  

I I 

\ 

Altitude 

0' 
1000 I 
2000 I 
3000 I 
4000 '  
5000 I 
8000 

El 

0 .40  
0.42 
0.46 
0.52 
0.60 
0 .70  
1.28 

- E2 

0.35 
0.37 
0 . 4 0  
0 .45  
0 .53  
0 .63  
1.10 

- E3 ETotal - 
0.30 7.7 
0.32 8 . 2  

0.36 9.8 
0.30 11.0 
0.41 12.8 
0.94 24.7 

0.34 a. 9 

- 62 - 



TABLE 21 

OI FIELD SPECPROMETRIC kWbSUREpIENTS MADE WITH Ge(Li) DETECTORS 
AND NaI(T1) DETEClDRS 

m/h 
Detector ion 

location W e  K U T Cs Zr-h'b O t h e r  Sum Chamber 

Joliet, Ill. 
1971 

Chamahan; I l l .  
1971 

n ~ r r i e ,  Ill. 
1971 

Waterford,  bnn. 
1971 

Waterford,  Conn. 
1971 

Forked R i v e r ,  N. J. 
1971 

Fork& R i v e r ,  N. J. 
1971 

Denver, Colo. 
1055 

B i k i n i ,  A t o l l  
1967 

2.8 
2.7 

2.6 
2.4 

2.2 
2.2 

1.7 
1.7 

2.4 
2.4 

0.2 
0.2 

0.3 
0.3 

3 . 4  

0 

1.2 
1.1 

1.0 
1.1 

1.4. 
1.2 

1 .7  
1.4 

1.6 
2 . 1  

0 .8  
0.9 

0 . 5  
0.5 

2.4 

0 

. .  

2 :5 
2.4 

1.9 
1.8 

1,7 
1.8 

3.0 
3.4 

2.9 
3.1 

0.9 
0.8 

0.6 
0.5 

7.4 

0 

0.2 
0.3 

0.2 
0.2 

0.1.. 
0 .1  

0.6 
0.4 

0.7 
0.4  

0.6 
0.7 

0 . 8  
0.8 

0.3 

19.0 

0.3 
0 .2  

0.3 
0.2 

0.3 
0.2 

0.2 
0.1 

0.2 
0.1 

0.2 
0.2 

0.1 
0.1 

- 
- 

7.1  
6.7 

6 . 1  
5.7 

5..7 
5.5 

7 .2  
7.0 

7 . 0  
8.1 

2.7 
2 . 8  

2 . 3  
2.2 

13.7 

24.0 

7.8 

5 .9  

- 

7.6  

8 . 0  

2.6 

2 . 1  

13.8 

24.0 
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TABLE 22  

ROUGH COMPARISONS OP FIELD SPECTROMETRIC ESTIkKTES OF 'J7'C8 S O I L  
ACTIVIlY WlTR NEARBY "Sf SOIL SMPLE YLEAsURlXE!X  

. 

mCi/)Jn' 
F ie ld  Inferred 

S o i l  Sampling Measurement from S o i l  f i e l d  
S i t e  bate D a t e  Sample Spectrum Notes 

For t  Col l ins ,  Colo. 4/65 9/65 80 50  0, C 

S a l t  Lake c i t y ,  Utah 9/65 8/65 157 58  0, E, c 
Derby, COlO. 9/65 8/6 5 93 77 0, E ,  C 

New Orleans, La. 3/66 9/6 5 76 62  0, E,  c 
B e l t s v i l l e ,  Md. 11/65 11/65 ?5*15 109 b 

Rapid City,  S.D. 9/65 8/6 5 147 127 . 'j6JC 

Notes : 

0 The ""Ca s o i l  a c t i v i t y  was i n fe r r ed  from a radiochemical determinat ion of O0Sr by 
multiplying by 1.5. 

B The f i e l d  spectral ana lys i s  assumed a/p = 0.206 for a l l  sites, whick may be too 
l a rge  s ince  a l l  the f i e l d  spectrometr ic  values  c e  lower than the va lues  r e f e r r e e  
from t h e  samples. 

c Except f o r  ~ort Col l in s  the soi l  sampling and f i e l d  spectrometr ic  sites are n o t  
i d e n t i c a l  bu t  are i n  the neazby v i c i n i t y  of ea&. other. 

b Using measured depth d i s t r i b u t i o n  - a c t u a l  "'ICs soil analysis .  

-. . . . . . . . .  
. .  

. .  
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TABLE 23 

CONVERSION FACTORS AND OTHER DATA USEFUL 
FOR FIELD SPECTROMETRY 

1 pRfh = 65.9 MeV/g-s 

1 mrad/y = 0.130 p/h . 

1 pR/h = 7.65 Ihrad/y 

1 m C i / d  = 0.386 mCi/& 
a. 

h A *  

3.361 x lo-’ curies/g 2 3 8 ~  

1.09 x IO-’ curies/g 23 2m 

Ra a 2 6  0.988 curies/g - 
3.30 gammash(l.46 MeV)&g Potassium 

+AI 
1- = 0.45 

.. . 
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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 i t  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 o r  it could be 
extended quantitatively t o  include the measurement of the concentrations of 
radionuclides in the samples. Consider, however, the concept of bringing the 
spectrometer t o  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 t o  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 t o  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 t o  clarify the presentation. It is hoped that this 
material, though serving as an introductory course, is s f ic ien t  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 t o  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 NaI 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 NaI make 
them the detectors of choice. As with any counting system, the size of the detector 
that is needed is related t o  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 i 5 %  (IC) counting error 
for natural emitters using a one hour count time. A quick 10 minute count would 
be sufficient t o  provide lower limits of detection on the order of 100 Bq xn-2 for many 
common fission products residing a t  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 t o  
reduce counting dead t ime when when making measurements  i n  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 t o  have energy resolutions of 2 keV or 
better a t  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 emors are achieved since there is less continuum counts 
under the peak. 

Modem Ge detectors are equipped with built-in pre-amplifiers. For field work 
where battery power is used, it is important t o  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 power. 

Although measurements in the field can be performed with a Ge detector in 
almost any type cryostat-dewar configuration, performance and ease of handing is 
best achieved with a small dewar (1 to 2 liters) that can be tripod mounted with the 

detector 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 equipment. To maintain a ready-to-use capability, it is possible to  
mate small dewars t o  automatic filling apparatus in the laboratory or t o  larger 
gravity-feed storage dewars. As for orientation, a detector facing sideways (the axis 
of symmetry parallel t o  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 halvzers  

A Ge detector can be connected to  a full laboratory instmmentation package 
that is camed in a van and powered with a motor generator o r  battery bank. This 

was the norm in the early days of  field spectrometry. Today, it is f a r  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 i - 
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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 s&cient 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. 

3 

One additional component needed for practical  application of in si tu 
spectrometry is a method of spectrum storage since it is likely that many spectra 
will be collected during the course of a site investigation. 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 obtainquick (1 to 5 minute spectra), observing that a full 
absorption peak count rate does not change substantially for a nuclide under study. 
For measuring 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 a t  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 t o  examine the spectrum during collection, i t  is best t o  
position the analyzer away from the detector using cable lengths of a few meters. 
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-.. 
i As with any gamma-ray spectrometer system, the amplifier gain and analyzer 

conversion rate must be adjusted t o  provide a spectrum in the energy region of 
interest. For environmental gamma radiation, this would be from about 50 keV out 

to 2.615 MeV, normally the highest energy line seen. For a 4000 channel analyzer, 
a conversion rate of lkeV 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. 
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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 t o  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. 

.c 

The fundamental quant i t ies  used for  in si tu 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 

I can be calculated from three separately determined terms as follows: 

N r  L Nf NO 4J 
A * o  4 A 

- = - . - . -  (2.1) 

where Nf/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, No/@ is 
the full absorption peak count rate per unit fluence rate for a plane parallel beam of 
photons a t  energy, E, tha t  is normal t o  the detector face, NfMo is the correction 
factor for the detector response a t  energy, E, to  account for the fact that the fluence 
from an extended source in the environment will not be normal t o  the detector face 
but rather distributed across some range in angles and t#dA is the fluence rate a t  
energy, E, from photons arriving a t  the detector unscattered due toqa gamma 
transition for a particular isotope per unit activity of that isotope in the soil. 

n 
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The term No/+ is purely detector dependent while the term N P o  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 rD be the vector which designates the position of the detector 
relative t o  the origin 0. Moreover, let r designate the position of a differential 
volume of soil, and let ri designate the location of the air-ground interface. For a 
gamma source of energy E, the total unscattered flux is given by 

where f(r) is the source strength at  r ,  ps/p is the mass attenuation coefficient for 
soil (cm2/g> and palp 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 emuent 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. 

- 8 -  
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The distribution of naturally occumng gamma emitters can then be expressed 
as 

where S, is the soil activity per unit volume (photons/cm3-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 

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

-a 

P 
f ( z )  = S,exp(- p z )  (2 .5 )  

where ( U a )  is known as the relaxation length (cm), p is the soil density (g/cm 3 1, 
and So is the surface activity (photon/cm2-s). 

In general, one relaxation length is that thickness of shield that will attenuate 
the flux t o  l/e of its original intensity. Since we are dealing with a source term, the 

source depth parameter, d p ,  indicates the degree of self-absorbtion that will occur 
due t o  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 cm2/g. The relaxation length in this case indicates t ha t  the 
fallout has penetrated the soil t o  the extent that 63% of the activity is contained 
within the first millimeter o f  soil. This is  considered t o  be a very shallow 
distribution. Alternatively, a relaxation length of 10 cm will yield a source depth 
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7 
parameter of .0625 (crn2/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 t o  

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. 

It is convenient t o  think of the uniform and plane distributions as special cases 
of the exponential distribution. The plane distribution is obtained in the limit a+=, 
and the d o r m  distribution is the case where a=O. 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+O. In the case of a uniform distribution we are specifically referring t o  the 
natural emitters whose concentration is independent of depth, while in the case of 
fallout deposition, the flux from a uniform distribution obtained in the limit a+O 
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 

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 t o  evaluate this case is 
illustrated in Figure 2.2. The detector is positioned a t  the origin, with the air- 
ground interface located a distance h below the detector. Hence, the ideal set-up for 
an in situ measurement woulci be a large, flat open field with little o r  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 

Q D O D  

P S  -a 
exp (- pz)exp[- - p ( z - h ) o  - dodz ( 2 . 7 )  

so 

4n02 P P pa h O  

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

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

Figure 2.3 is a plot of El(x). It is important t o  note how rapidly El(x) falls off with 
X. 

For a uniform distribution we have 

p,ho) dodz (2.10) exp(- - p ( z - h ) o  - - P S  Pa 

P Pa 
(b = *,i 1. 

h l  
4 no 
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where S, is the soil activity per unit volume (photons/cm3-s). The exact solution to 
(2.10) is 

The flux from a plane source distribution can be obtained from equation 2.8 in the 
limit alp+- 

For a plane source distribution we have 

. .  

(2.12) 

F l u  computat*ms can be performed on a case by case basis, Alowever, it is 
convenient and generally sufficiently accurate t o  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 d p  a t  different energies. The distribution with respect 
to  the angle 8 can be found in Table 6 of the same report. 

Dependence of the Flux on the Parameters a lp  and P& 

We see in equation 2.8 that the flux from an exponentially distributed source 
depends the product (a/p)(p/ps). This term can be expressed as (Up,)/(Vo), which is 
just the mean-free-path (MFP) for a photon of energy E in soil per unit relaxation 
length. If(Yp,)/(l/a) L 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 (VpS)/(Ua) 

can be quite large. Since the term E,[pa/pa(l+(alp)(p/~s)(pah))J goes t o  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 dp-.  This fact is reflected in 
figure 2.4. Here we have a plot of #/So as a function of d p  for several different 
energies. Note the flatness of the graphs for d p  > 100. We note, however, that 
since typical values for cr/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 ( l /ps ) / (Ua> is nearly zero. It 
follows from equation 2.8, that in the limit a/p+O, the flux vanishes. That is, the 
flux from a deeply distributed source has diluted its concentration t o  the point that 
no photons are able t o  reach the detector without interacting with the soil. This too 

. -  
is reflected in figure 2.4. Note that the flw approaches zero as dp+O. 

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 t o  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 flw 

from various horizontal distances. For d p  = 6.25 cm2/g, roughly 40 to  50 % of the 
flux comes from horizontal distances greater than 10 meters, while for d p  = 0.0625 
(cm2/g), only about 10 t o  20% of the flux comes from distances greater than 10 

meters. The immediate implication of this fact i s  t ha t  fo r  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 fiaction 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 cm2/g), over 90% of the total flux 
comes fiom 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 lmm of soil. It must be pointed out that in the case of 
dp=6.25 cm2/g, 63% of the total  concentration lies within that first millimeter of 
soil. 

Other Factors AffectinP Flux 

Excessive 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. I 

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 fiom 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 t o  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, a t  a height of 1 meter, the mass depth of air is typically one-tenth the 
mass depth of soil, uncertainty in the flux due t o  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 t o  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 t o  correct for air density for fresh fallout at  high 
altitudes. 

. .  

. . .  



CHAPTER 3 

DETECTOR CALIBRATION 

Response at  Nonnal Incidence 

The response of the detector to  photons a t  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 t o  incident photon fluence is a complex function 
of a number of factors such as crystal size, shape, mounting, housing, and inactive 
volume regions. Es t imates  of  these parameters  can be provided by the  
manufacturer and then used as input t o  computer codes fo r  determining the 
detector efficiency as a function of energy. More commonly, experimental 
determinations of detector response a re  performed using certified calibration 
sources. One standard measure of a Ge detector performance is the efficiency a t  
1332 keV relative to a 3x3 inch NaI crystal. This measurement is performed with a 
6oCo point source positioned 25 cm from the detector face a t  normal incidence. For 
purposes of in situ gamma-ray spectrometry, a more meaningful measurement is t o  
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 t o  the effective crystal center is larger. True plane parallel 
incidence would be accomplished for  a point source a t  infinite distance. For 
practical applications, however, a source distance of 1 t o  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 t o  as the peak area, 
is computed as the s u m  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 t o  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), a t  the detector is given by the expression 

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 tha t  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 No t o  @(E) must be done a t  several different 
energies over the effective operating energy range of t he  ins t rument .  For 
environmental gamma radiation, this would be up t o  2.615 MeV, a principal gamma 
ray emitted by 208Tl in the naturally occumng 232Th series (although there may 
be applications for studying N-16 near operating reactors in which case, 7 MeV). 
The effective low end point will depend upon the t,ype of detector which would be 
about 60 keV for P-type Ge and down to 10 lieV for N-type. 

Although almost any certified gamma source can be used t o  measure the 
detector efficiency a t  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  addition, the use of the same set of sources for two different - 

detectors will reduce systematic differences in their responses. It is also effective t o  
use multiple gamma emitters such as  152Eu and 154Eu since they can provide 
m’any 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, 241Am (59.5 keV), I3?Cs (661.6 keV), 
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Once the value of No/@(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 

3 - 
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and 6oCo (1173.2 keV and 1332.5 keV) are common isotopes that.can provide data 
points a t  low, medium, and high energies, respectively. Although it has a relatively 
short half-life of 1.9 years, 228Th provides a crucial high energy point at 2.615 from 
its progeny, 208T1. 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  No/#(E) should take into account t h a t  the 
calculation of the fluence rate at the detector will depend upon the distance from 
the point source t o  average point of interaction within the crystal and the window to 
crystal distance. At low energies (<-lo0 keV), the penetration of the photons into 
the crystal is minimal and the distance t o  the front surface can be taken t o  be the 
value of r plus the manufacturer’s estimated window to  crystal distance. For high 
energies (>-l MeV), the value of r can be measured t o  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 o r  can be experimentally determined by 
plotting the inverse of the square root of the peak count rate versus the source t o  
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 a t  that energy plus the window to  crystal 

distance. An example of the results of this experimantal determination are shown i 
in Figure 3.1. I 

i 
1 

I 

The precise value of r becomes less important as the source t o  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 t o  6% for front surface as 
opposed to crystal midpoint distances. At 2 meters the difference is reduced to  3%. 



... 

expected that this simplest of approaches would fit the data to  within t3%. 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 t o  200 keV and up t o  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. 

Anaular Response I 

Although the response of a detector t o  photon flux a t  nonnal 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 a t  angles corresponding t o  a photon path through the dewar. For this 
reason, some consideration must be given t o  the crystal shape, dewar size and 
detector orientation in the field. 

I 

Due t o  the cylindrical shape of the Ge crystal, it can be assumed that there is a 

uniform response about its a i s  of rotation. This can be checked experimentally for 
a detector to insure that the mounting structure has not introduced any substantial 
asymmetrical response characteristics. For typical applications in  the field, the 
orientation of the detector should be with the axis of rotation perpendicular t o  the 
ground thus eliminating any dependence on angle of photon incidence about the 
azimuth. 

The response in  the plane perpendicular t o  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) t o  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 t o  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 a t  least 1 meter at several angles. The peak count rates 
a t  a given energy can be normalized t o  0 degree incidence and fitted t o  a smooth 
cuxve on a plot. Figures 3.3 and 3.4 show examples for two different detectors 
across the full range in angles, 0 t o  180 degrees, where 0 degrees represents normal 
incidence on the detector face. The data in Figure 3.3 are for a detector with a 
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 degrees. 

Whereas the total volume of the Ge crystal is closely related t o  the quoted 

ef'ficiency, the shape of the crystal is the fundamental controlling factor for the 
variation in response a t  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 a t  angles off normal incidence. The response for 
a detector where L is less than D would tend t o  be opposite t o  this since less surface 
area is presented to the fluence a t  sidewall incidence. The variation in response 
would be least for crystals where L = D. In general, response variations with angle 
would be most pronounced a t  lower energies where the efiiciency would be related 
to  the effective area that  intercepts the photon fluence. A t  higher energies, the 
angular response characteristics are less sensitive t o  the crystal shape since 
primary and secondary absorption occurs throughout the volume of the Ge crystal. 
To illustrate these characteristics, the responses (relative t o  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 housing. At very low energies (c 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 angular correction factor is computed as a weighted average of the 
normalized detector response as a function of angle, N(@)/N,, over the flux angular 
distribution, 

For a detector positioned in a half space source geometry, the limits o f  
integration in the above equation 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(8)/N0 and calculated values of #( 8 )  for different source energies and geometries. 

Figure 3.8 shows the results for three Merent  shape detectors for two different 
source geometries, a plane source atop the ground and a uniformly distributed 
source with depth. As explained previously, when the crystal 1engtWdiameter ratio 
is close t o  1, a more uniform angular response can be expected and this is also 
reflected in the behavior of the function N(No. Also, as expected, the angular 
response tends t o  flatten out a t  high energies, but can be vary quite a bit at low 
energies. Although the value of N p o  can be seen to vary considerably for different 

i 
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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, a t  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 eficiency for the measurement of radionuclides in soil. The dewar 
itself will substantially attenuate the photon fluence from the ground underneath 
and, in general, the detector mounting will result in a lower response a t  incident 
angles a t  the back end of the crystal. However, since the angular distribution of the 
fluence is peaked toward the  horizontal direction, t he  overall effect is not 
substantial. The data of Helfer and Miller (1988) indicate that the value of N p o  
would only be reduced by a few percent for surface source distributions for detector 
facing up as compared to  facing down. For a d o r m  source distribution in the soil, 

I 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 a t  1332 keV, the crystal L/D ratio, and the 
detector orientation in the field (facing up o r  down). These generic factors are 
estimated t o  have an uncertainty of *lo% a t  energies above 500 keV and t 15% 
between 200 and 500 keV. Due t o  the sensitivity of the response at low energies t o  
individual detector characteristics, they cannot be used below 200 keV. 

I 

I 
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CHAPTER 4 

INFERRED QUANTITIES 

Concentration in Soil 

Having determined the three separate quantities, No/$, N P o ,  and @/A, their 
product yields the desired conversion factor, NPA. For radionuclides uniformly 
distributed with depth in the soil (a lp  = 01, 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 

Another effect that may interfere with the interpretation of a spectrum is that 
of radon progeny scavenging during precipitation. In this situation the 214Pb and 
214Bi assume a surface source distribution that can considerably alter the flu and 
dose rate. For this reason (and t o  keep people and equipment dry!) it is best t o  
avoid measurements during and for about 2 to  3 hours following rain. 

I t  is possible t o  consider a fallout product as having a uniform profile if i t  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 t o  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. 

~ - )  

Deposi tiodhventory 

For radionuclides that are exponentially distributed with depth (a lp  > 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 quantity that is of most use for assessing fallout products is the 
deposition (sometimes refened t o  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 I3?Cs 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 0.2~. Obviously, this would be a flawed scheme for  investigating a 

- potential local source of contamination. Instead, consider a soil core that was taken 

down t o  30 cm. The measured concentration of an aliquot of this sample should be 
multiplied by the entire sample mass t o  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 t o  sample t o  a great enough depth t o  
collect essentially all of the deposited activity. 

In order t o  make an accurate assessment of deposited activity with in situ 
spectrometry, an estimate o r  actual measurement of a l 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 t ha t  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 a t  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 conect. Experience has shown that a 

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 d p .  This will be discussed in Chapter 6. 

more realistic assumption of alp would be on the order of 1 t o  10  cm 2 g -1 . 

In making measurements of deposition, one must be aware of the sensitivity of 
the inferred inventory t o  the value of alp. Figure 4.1 shows an example of the 
results of a calibration for a 22% efficient Ge detector. The conversion factor, Np'A, 
is plotted as a function of the source depth constant, alp, for t he  commonly 
encountered fission product 137Cs. The conversion factor is seen t o  change 
relatively little for values of d p  > 1 cm 2 1  g' (shallow source depth distribution) as 
compared to values of d p  e 1 cm 2 1  g' (deep source depth distribution). In effect, 

t he  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 a t  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 

- 25 - 



in (Beck et al, 1972) and (Beck, 1980). One can incorporate these factors directly in 
to the detector calibration using the relationship 

where Nf/I is the full absorption peak count rate per unit exposure rate for that 
nuclide. 

The factor I/A takes into account all of the gamma rays emitted in the decay of 
that nuclide. Therefore, one does not have t o  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$I, 
is less sensitive to  d p  than is NPA. This results from the fact that  as the source 
distribution in the soil gets deeper, the primary flux decreases relatively rapidly 
compared t o  the scattered component. However, this scattered component still 
contributes t o  the dose rate. To illustrate this, Figure 4.2 compares these the two 
calibration factors N f l  and Nf/A as a function of the relaxation depth, a-', where 
the soil density = 1.6 g ~ m - ~ .  This range in depth profiles extends from that a fresh 

deposit t o  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 t o  predict the dose 
rate. At  the same time, substantial enors can be made in the inventory estimate if 
the wrong depth profile is used. 

- 26 - 



I CHAPTER 5 

RADLATION SOURCES IN THE ENVIRONMENT 

Natural Emitters 

Virtually any spectrum collected over soil will reveal the presence of the three 

prim or  di a1 natural radionuclides , 238U, 232Th, and 40K. In the case of 238U, 
detection is made through the analysis of its progeny, principally, 214Pb and 214Bi. 
For 232Th, the progeny 228Ac and 208T1 a re  commonly used. As mentioned 
previously, these radionuclides are generally distributed uniformly with depth in 
the soil. As such, the the appropriate quantity t o  report is the concentration, i.e., 

the specific activity (pCi/g, Bqkg, etc.). Since these natural radionuclides are likely 
t o  contribute substantially t o  the to ta l  gamma flux, the exposure rate rate or dose 
rate in air is a useful quantity t o  report as well. As explained in the following 
section, the summation of all contributions t o  the dose rate should be made and 
compared t o  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 t o  analyze. As a standard practice, the conversion factors 
NPA and/or Nf? should be computed for these lines as they will almost always be 
used. 

One characterist ic of a n  in situ spectrum is t h a t  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 226Ra superimposed on 
this large continuum does not usually give highly precise results due t o  the 
counting error. 



CI 

One cosmogenically produced isotope that can sometimes be seen is ‘Be (478 

keV, 53 day half-life). Since it is produced in the atmosphere and deposited on the 
earth’s surface, i t  can be expected t o  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 t o  the soil surface and thus have a high value of alp. 

- 
\ 

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, 13*Cs, along with 
additional amounts of 137Cs from Chernobyl fallout. Other, less intense, and 
shorter lived isotopes from Chernobyl such as 12%b and lo6Ru can be sometimes 
seen as well. 

For common fallout products such as these and for other isotopes which one 
expects t o  encounter, i t  is useful to  determine the conversion factor NiA and plot it 
for several different values of alp. 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 t h a t  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 eEects 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 f o r  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 czn be made through selected soil sampling t o  determine the 
inventory and by measuring the fraction of the half space for each ground cover. In 
a-strict sense, 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 samples. 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 
t o  the variation in inventory so tha t  the in situ spectrum provides a reasonably 
accurate average without resorting to  far more extensive soil sampling. For more 
details on this subject, the reader is referred t o  (Miller and Helfer, 1985). 

Cosmic Radiation 

A portion of the continuum seen in a Ge spectrum is due t o  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 208Tl. Generally, 
it is a small fraction of the count rate due t o  terrestrial gamma radiation. The 
overall effect is t o  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 

ra te  will include a contribution from the cosmic component. Many survey 
instruments have some response t o  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, i t  must be remembered that the latter provides 
only the terrestrial gamma component. 
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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 t o  cosmic ray dose rate. In practice, a 
reading with a pressure meter would be the preferred method with which t o  infer 
the cosmic ray component. In place of this, a geological survey map can be used t o  
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 t o  be 
lower while during periods of a "quiet" sun it is higher. The overall uncertainty 
given both these spatial and temporal variations is estimated t o  be on the order of 
ten percent. 
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CHAPTER 6 

QUALITY ASSURANCE 

Enor 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 mcial. 

It is unlikely that errors greater than 10% would result since the source is near the 

soil surface. For more deeply distributed radionuclides, errors relating t o  
departures from the assumed source geometry and soil medium attenuation are not 
readily predictable. For this reason, it is important t o  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 NPr\’, 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 t o  as *la) 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/Q can be measured a t  two energi’es, 
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 situ applications, and particularly for deposited radionuclides that 
have weathered into the  soi l ,  one would like t o  ascertain t h e  source depth 
distribution. This can be done by taking soil samples from M e r e n t  depths. One of 
the easiest ways in which t o  do this is t o  hammer a corer (sometimes referred t o  as 
a cookie cutter) in to  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, 
t&ng care not t o  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 t o  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 trlp are 0 - 2.5 cm, 2.5 - 5 cm, 
(or a combined 0-5 cm), 5 - 10 cm, 10 -15 cm, 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  alp. A convenient method is t o  compute the total activity in the core 
(assuming it was of great enough depth t o  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/cm2), 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 l p  (cm2/g). Figures 6.1 and 6.2 show several 
examples of depth profiles that were determined in this manner. 

- 
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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 t o  the calculated ratio as a function of the depth 
parameter alp.  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 5ux 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-226Ra series, however, since the emanation of 222Rn 
from either the soil in the field or  from the sample 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 a t  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 half-life). Since 
this nuclide follows 222Rn in the decay chain, i t  cannot be expected t o  be in 
equilibrium for surface soils. In wet regions, it  i s  likely t o  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 t o  in situ measurements, it is necessary t o  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 
un i t  area a s  pointed out before. Due t o  the potential inhomogeneity in the 
horizontal distribution of fallout activity, a representative soil sample would 
generally have t o  measure several hundred cm 2 and be comprised of several cores 

from different spots. 

ComDarisons to  Total Ionization 

One of the best techniques t o  employ for quality assurance purposes is t o  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 s u m  of the dose rates for each nuclide from spectrometric determinations 
with the cosmic component added in. Agreement t o  within t5% is a sign that the 
detector calibration is good and tha t  the assumed source geometry is correct. 
Disagreement by more than 10% points t o  a calibration problem o r  a radical 
departure from the assumed source geometry. 

\ -34- 



USEFUL CONVERSION FACTORS 
Basic Units 

1 pCi/g = 2.22 d p d g  

1 pCi/g = 37 Bq/kg 

Other Factors 

1 p R 5  + 8.7 nGyh 

for a soil half-space: 

1 pci/g of238~ + progeny -+ 1.90 p ~ / h  
1 Bqkg of 238U + progeny + 0.45 nGy/h 

1 pCi/g of 232Th + progeny + 2.82 p R h  
1 Bqkg of 232Th + progeny -+ 0.66 nGyh 

1 pCVg of 40K + 0.179 pR/h 
1 Bqkg of 40K + 0.042 nGy/h 
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SUGGESTED READINGS 
Publi&tions of EML (HASL) 

Beck, H. L., J.DeCampo, and C. Gogolak 
"In situ Ge(Li) and NaI(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 toduy 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 11, CONF-720805-P1, pp. 101-134 (1972) 

A fundamenta l  review of the properties of g a m m a  radiat ion f i e lds  i n  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 E a 3 7 8  (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 pmfiles ranging from a recent deposition 
event to an aged fallout situation. 

Chieco, N. A., D. C. Bogen, and E. 0. Knutson (eds.) 
EML Procedures Manual 
USDOE Report HASL300,27th 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 
inc lude  Ge a n d  N a I  detectors ,  pressur ized  i o n i z a t i o n  c h a m b e r s ,  a n d  
thermoluminescence dosimeters. 
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Heifer, I. K., and K M. Miller 
"Calibration Factors for Ge Detectors Used for Field Spectrometry" 
Health Physics 55, 15-29 (1988) 
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 I. 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 Society, 243-251 (1985) 
The basic approach is described for  making measurements at sites with 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" 
b 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. I t  yields the incident f lux  spectrum (both 
primary and  scattered) which can then be converted to  exposure rate. No 
knowledge of the source geometry is needed. 

~ 
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I I Table 5 .1  

Energy (keV) Nuclide Pa ren t  Series Comments 

186 

239 

295 

352 

583 

609 

9 1 1  

965+969 

1120 

1 4 6 1  

17  65 

2615 

238u 

232Th 

238u 

238u 

232Th 

238u 

232Th 

232Th 

238u 

- 

238u 

232Th 

low i n t e n s i t y ,  h i g h  c o n t i n u u m ,  
cannot be r e so lved  from 235U peak a t  
185  kev 

s t r o n g  peak, c o n t r i b u t i o n  from 224Ra 
eak  a t  241  keV, i n t e r f e r e n c e  f rom 

'14Pb peak a t  242 keV 

g e n e r a l l y  c l e a n  peak, f a i r l y  s t r o n g  

g e n e r a l l y  c l ean ,  s t r o n g  peak 

g e n e r a l l y  c l e a n ,  s t r o n g  peak 

s t r o n g  peak ,  i n t e r f e r e n c e  from 6 0 5  
keV peak i f  13%s i s  p r e s e n t  

g e n e r a l l y  c l ean ,  s t r o n g  peak 

double t ,  n o t  as s t r o n g  a s  9 1 1  peak 

r e a s o n a b l y  s t r o n g ,  c o n t i n u u m  
r e l a t i v e l y  low 

c l e a n ,  s t r o n g ,  o n l y  peak f o r  t h i s  
nu c 1 ide 

reasonable  s t r o n g ,  continuum low 

c lean ,  s t r o n g ,  continuum v e r y  low 



J 

CONTRIBUTION TO TOTAL 662 keV PRIMARY FLUX AT 1 METER 

ABOVE GROUND FOR TYPICAL '37Cs SOURCE DlSTRl BUTION 
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