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A comprehensive survey of instrumentation for environ

mental monitoring is being carried out by the Lawrence Berkeley

Laboratory originally under a grant from the National Science
Foundation and now by the Office of Health and Environ",

mental·Research of the Department of Energy. Instruments being

investigated are those useful for measurements in Air Quality,

Water Quality, Radiation, and Biomedicine related to environ
mental research and monitoring. Consideration is given to

instruments and techniques presently in use and to those de

veloped for other purposes but having possible applications to

this work. The results of the survey are given as (a) descrip

tions of the physical and operating characteristics of avail

able instruments, (b) critical comparisons among instrumenta

tion methods, and (c) recommendations of promising methodology

and development of new instrumentation. Information is also

given regarding the pollutants to be monitored: their char

acteristics and forms, their sources and pathways, their effects

on the ecosystem, and the means of controlling them through

process and regulatory controls.

The survey material is compiled in seven loose-leaf

binders which can be periodically updated.

Volume Parts Category

1 1 and 1A Air Monitoring, Gases

o
9/79

1

2 and 2A

3

4

2 Air Monitoring, Particulates

Water Monitoring

Radiation Monitoring

Biomedical Monitoring
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The sections of the survey are indexed by a series of mne

monic descriptors. The caption in the upper right-hand corner of

each page provides the necessary filing information. On the first line, a
three-character descriptor indicates the category of monitoring:

Category

Air Monitoring

Water MOnitoring

Radiation Monitoring

Biomedical Monitoring

Mnemonic descriptor

AIR

H20

RAD

BIO

9/79

Here, also, a second descriptor indicates the type of parameter under

discussion. For example, alpha radiation monitoring instruments

are identified by "RAD-ALP." A list of these descriptors is given in

the contents on the right side in capitals.

On the second line, a third descriptor is used to identify the

specialized topic, type of sampling or use; for example, "AIR-SOZ, Ambient"

signifies instruments suitable for monitoring sulfur dioxide in the

ambient atmosphere.

On the third line, for instrument notes, the manufacturer or

developing laboratory is indicated as the fourth descriptor. Additional

instrument notes in this category, parameter, and use by this manufacturer,

are indicated by numerals after the manufacturer's name.

The last descriptor is the date the note was first issued. Revised

notes bear a new date. Descriptions of equipment bearing a new model

will be issued as additional notes.
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"I often say that when you can measure what you are speaking

about and express it in m.unbers you know something about it, but

when you cannot measure it, when you cannot express it in numbers,

your knowledge is of a meager and unsatisfactory kind... it may be

the beginning of knowledge, but you have scarcely, in your thoughts,

advanced to the stage of science whatever the matter may be."

Lord Kelvin, 1883

The wilderness and the parched land shall be glad; and the

desert shall rejoice, and blossom as the rose. It shall blossom

abundantly, and rejoice, even with joy and singing; .....And the

parched land shall become a pool, and the thirsty ground springs

of water; ....

Isaiah 35: 1,2,7
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It is essential to the nation's program
of environmental improvement that accurate and
efficient measurements be made of the param
eters affecting the environment in which we
live and work. In many important areas the
present state of the art of instrumentation for
environmental monitoring is inadequate. There
are many reasons for this inadequacy; more
relevant, however, is the question: Where are
we now and where do we go from here? The
Lawrence Berkeley Laboratory, under grants from
the National Science Foundation and .
the Department of Energy, is conducting a survey of
instrumentation suitable for the measurement of the
quality of our environment. The results of the sur
veyappear in four volumes which discuss monitoring
of air, water, and radiation, and treat biomedical
problems due to environmental causes.

Air Monitoring, Volume 1, primarily con
siders the chemIcal parameters known to con
tribute (or suspected of contributing) to
environmental degradation. Physical parameters,
usually recorded to establish standard condi
tions of measurement, are also included.

Water Monitoring, Volume 2, deals with
instrumentatIon suitable for fresh water and
estuarine water; coastal and off-shore
oceanic waters have been excluded from the sur
vey. Chemical and biological contaminants have
been included as well as physical parameters.

Radiation Monitoring, Volume 3, considers
ionizIng radIatIon.~scriptionof the type
of radiation present at various sources of
radiation is followed by sections containing
a discussion and the specifications for the
instrumentation used to monitor its radiation.

Biomedical Instrumentation, Volume 4,
deals wIth those parameters which affect human,
animal and plant life presently considered to
arise from environmental problems. Hospital
instrumentation is not included. Biomedical
problems arising from contamination of the air
or water are discussed here, e.g., in the
mercury section an overview describes the
sources, metabolism, food chain and genetic
effects, followed by a description of the
methods for detecting mercury in biological
samples.

A number of environmental contaminants are
well identified, others are at present only
suspect, still others are potentially insulting
to the ecological balance, and the effects of
some substances are unknown. Upon the advice
of recognized authorities, the effort expended
in compiling this survey has been distributed
in proportion to the severity of the problem.
If problems are well identified and existing
instrumentation is considered satisfactory,
presently available instruments are emphasized.
If current methods of detection are inadequate
--because, for example, of insensitivity, the
time consumed in making the measurement or the
ambiguity resulting from interfering parameters
--present methodology is surveyed and new
methods of detection and analysis are explored.
Recommendations are made for development and
exploitation of techniques that are employed
in other disciplines and appear to be appli
cable in the environmental field.

Each volume contains (a) an overview of
the basic problems, (b) comparisons among the
basic methods of sensing and detection, and
(c) instrument notes that summarize the
characteristics and evaluate the presently
available instruments and techniques. Steps
that should be taken to alleviate the prob
lems are recommended if appropriate.

Contact has been made with the staffs of
federal, state, university, regional and local
laboratories as well as with manufacturers
interested in instrumentation for environ
mental monitoring. Due to the nation-wide
concern in this field, it is obvious that not
all the experienced professionals in any given
specialty could be contacted; however, as the
survey continues, an endeavor will be made to
utilize all the experience and expertise that
comes to the attention of the group.

This survey deals predominantly with
instrumentation which is available commercially
from U. S. sources. The information is derived
from manufacturers' catalogs and specifications,
the periodic literature, and scientific and
engineering reports. Instrumentation from
outside the U. S. has been included whenever it
has been found to be widely used or merits
attention by our readers because of some
particular characteristic.

3.0-xiii
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The survey has been compiled from the
aforementioned information sources. The
limited scope of this program, however, has
not allowed the in-house evaluation of opera
ting instruments at this laboratory.

It is realized that no survey can be
exhaustive and complete. If any existing or
potentially useful instrument br technique has
been omitted, it is urged that information
about it be corrammicated to the Environmental
Instrumentation Survey Group at once.

It is important to state that the ex
plicit function of this survey is to aid in,
but not to be the sole information relied
upon in, the choice of instrumentation.
Manufacturers' information and the periodic
literature in particular must be considered by
any potential user.

9/7)9

The technical information in this survey
has been compiled from the best available
sources and is believed to be correct. The
mention of commercial products, their source
or their use in connection with material re
ported herein is not to be construed as either
an actual or implied endorsement of such
products. The opinions expressed herein
represent the opinions of the LBL Environmental
Instrumentation Group and do not necessarily
express the opinion of the National Science
Foundation, the Department of Energy or the
University of California.

Mary S. Quinby Hunt
Environmental Instrumentation Survey Group
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A. Radiation, Monitoring Programs, and
Instrumentation .

~Ian has been continuously exposed to natur
al radiation since his appearance on earth,
but has been aware of the presence of pene
trating ionizing radiation only for the last
eighty years. During this time, the use of
radiation and radioactive materials, often
man-made, has steadily increased, but a sub
stantial body of evidence has accumulated that
radiation also poses risks. For this reason,
a major effort has been made to understand
the attendant risks, to formulate standards
for limiting radiation exposures, and also
to develop means to monitor radiation and
radionuclides in the environment.

This section indicates briefly the im
portant sources of radiation, the objectives
of monitoring programs, and some basic moni
toring considerations. It also summarizes the
organization of this volume. The following
introductory sections define units (I.B),
summarize the biological effects of radiation
(I.C), discuss radiation standards and their
origin (I.D), introduce radiation detection
methods (I.E), and outline several general
analytical considerations (I.F).

1. Sources of Radiation

Man's environment now has two sources
of radiation, natural and man-made. Natural
sources are the greater contributor to human
radiation exposure (Refs. l-S). Section II.F

discusses this contribution, which averages
about 100 mrem/year per capita (Section I.B
discusses units).

The important man-made causes of radiation
exposures are the following:

• Diagnostic and therapeutic pro
cedures (x-rays, radionuclides);

• Increased exposure to natural
background due to man's activities (high
altitude flights, use of naturally radioactive
substances in construction, etc.), commonly
referred to as technologically enhanced;

• Nuclear weapons (fallout of
radionuclides from weapons testing; direct
exposure to a nuclear event);

• Nuclear fuel: mlnlng, processing,
and re-processing operations (internal radio
nuclide exposure to workers; release of gase
ous, liquid and solid radiation during proc
essing, transportation and storage);

• Nuclear reactors used for either
power or research (release of radiation during
normal operation; accidental releases);

• Particle accelerators (whole-body
external exposure);

• Industrial use of radionuclides
and x-rays for processing or quality control;

• Research instruments, such as
x-ray diffractometers and photoelectric spec
trometers.

Table 1. Summary of average arumal exposures from various man made sources.
(Reproduced from LBL-S28S, Ref. 2.)

bFrom BEIR (Ref. 4), whole body exposures.

cFrom NCRP 39 (Ref. 3) and BEIR (Ref. 4); number given is for "abdominal
dose," roughly corresponding to genetically significant dose.

Man Made Sources

Weapons test falloutb

cMedical exposures

Nuclear powerb

Miscellaneous (consumer

products, jet travel)b

Occupational (mostly medical)

exposures

TOTAL

Individual Annual
Dose

Variable

Highly variable

Highly variable

Highly variable

Average Annual
Dose

4 mrem

60 mrem

0.003 mrem

2 mrem

0.8 mrem

70 mrem

9/79 3.1.1-1
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Table 1 gives typical doses from human activ
ties; only medical procedures contribute
average doses comparable to that from natural
background radiation. In the past few decades,
substantial effort has gone into the study of
these sources to understand, isolate, control
and reduce exposure to as many of them as pos
sible. The problem of monitoring radiation
levels is different in each case, and special
techniques have been developed to achieve an
understanding of the exposure levels involved.
One aim of this survey is to gather together
these techniques, categorized both by the
radiation source and by the type of instru
ment.

First, each of the major sources is dis
cussed separately, pointing out the type of
radiation that needs to be measured. For
example, the problem of monitoring nuclear
reactor emissions is discussed in Section II.B.
Once the radiation types (e.g., alphas, betas,
x-rays, neutrons, and/or gammas) or radionu
clides (e.g., tritium, plutonium, etc.) to be
measured have been determined, the user can
refer to Division III or IV for information on
the various instruments available for the task
as discussed in Section I.A.4 on instrument
notes and discussion.

2. Objectives of Environmental Monitoring
Programs

The radioactive materials man uses must
be adequately contained for the protection of
humans and the broader biosphere. Environmental
monitoring (including that performed at the
source) indicates the effectiveness of con
trols on radioactive releases and, where an ab
normality occurs, the character of the failure
and of the release.

lAEA Safety Series No. 41, a publication of
the International Atomic Energy Agency (see
Section I.C), states the primary objectives of
environmental monitoring near installations
using radioactive materials for normal situa
tions as: (Ref. 6)

"a) Assessment of the adequacy of
controls on the release of radioactive materials
to the environment.

"b) Assessment of the actual or poten
tial exposure to man to radiation or to radio
active materials present in his environment or,
as a minimum, the estimation of the probable
upper limits of such exposure.

"c) Demonstration of compliance with
the applicable regulations, environmental
standards, and other operational limits.

"d) The possible detection of any
long-term changes or trends in the environment
resulting from the operation of the installa
tions."

Benefits received from such environmental
surveys may include:

"a) An increase in knowledge con
cerning the correlation of levels of discharge
and the environmental effect, thus improving
the basis for future predictions and for the
estimation of maximum or other levels that might
arise in an emergency.

"b) The provision of data that may
be used to provide the public with adequate in
formation on environmental surveillance.

"c) The maintenance of a capability
that will go at least some way to provide a
means of dealing with a foreseeable emergency
situation.

"d) The provision of data related to
the behavior of elements in the environment,
including the ecological, hydrological, geo
chemical, and meteorological aspects of such
behavior. "

The objectives of a survey under emergency
situations differ from those for normal moni
toring. The primary objectives of emergency
surveys are:

"a) The rapid compilation of informa
tion, on a timely basis, on the magnitude and
location of the possible hazards to the public
for the purpose of defining the type and extent
of any necessary countermeasures or other
emergency procedures.

"b) The assessment of any hazard from
inhalation or external radiation to serve as
a basis for the planning of immediate counter
measures.

"c) The rapid determination of the
possible contamination of food-stuffs, including
milk and drinking water, as a basis for de
cisions on rejection or continued use.

"d) The provision of data necessary
to assess the radiation doses actually received
by members of the public, taking into account
any countermeasures that have been applied.

"e) The provision of timely informa
tion for the public regarding the emergency
situation.

"f) The collection of scientific
information on the results of the emergency
and on the behavior of the released radioactive
material in the environment. Such information
may be useful in checking the adequacy of the
monitoring and accident mitigation systems and
to determine whether any changes are required
in the routine monitoring programs."

The most prominent example of a broad
environmental monitoring program is that

9/79 3.1.1-2
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established initially to measure fallout from
nuclear weapons testing (Ref. 9). As a direct
outgrowth of a program initiated by the U. S.
Naval Research Laboratory in 1954, the DOE
Environmental Measurements Laboratory (EML)
[formerly the Health and Safety Laboratory
(HASL)] since January 1963 has been conducting
the Surface Air Sampling Program. The primary
objective of this Department of Energy (DOE)
program is to study the spatial and temporal
distribution of specific natural and man-made
radionuclides, and of trace metals in the
surface air. The raw data are s1.illlIIlarized
quarterly in Environmental Quarterly published
by EML. The Department of Energy also publishes
the environmental monitoring reports from its
contractors (Ref. 11). The U.S. Environmental
Protection Agency (EPA) operates the Fnviron
mental Radiation Ambient Monitoring Systems
(PRAMS) through its Office of Radiation
Programs (Ref. 10). This is a surveillance
program for measuring levels of radioactivity
in air, air particulates, deposition, surface
and drinking water, and milk in the United
States and its territories. A tabulation of
all raw data from each sampling network is
reported quarterly in Environmental Radiation
Data by the Eastern Environmental Radiation
Facility• Other federal agencies conduct
smaller and more specific programs in the
radiation areas of concern to them (e.g.,
monitoring of mines by ~the Mine Health and
Safety Administration). Moreover, agencies of
many states conduct broad surveys of radiation
and radionuclide levels, often with efforts
concentrated around identifiable sources of
radioactivity.

Such sources are discussed in Division
II. However, we note that, in connection with
commercial nuclear power operations, the EPA
has issued an "Environmental Radioactivity
Surveillance Guide" (Ref. 7) on surveillance
outside light-water-cooled nuclear power plants.
In addition, the U.S. Energy Research and
Develop~ent Administration (ERDA), now part of
the U.S. Department of Energy (DOE), issued a
guide (Ref. 8) for environmental surveillance
at its facilities. Comparable guides have been
formulated by various entities for the specific
sources of radiation and radioactivity, as
indicated in the sections on these sources.
In addition to "environmental monitoring", we
discuss monitoring atXhe source. In any sur
veillance program the measurements required are
usually low-level determinations which depend
on reliable techniques of data gathering and
analysis, supported by parallel theoretical
computation (Ref. 12).

3. Radiation Measurements and Dose
Assessment

Monitoring at a source or in the envir
onment can have two basically different, but
closely related, goals: either to characterize
the radionuclide or radiation distribution, or

RAD
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to characterize the resulting burdens or doses
to which tissue would be exposed. The precise
distinctions are suggested to some extent by
the definitions given in Section I.B ("Units
of Radiation and Radioactivity") and I.F
("General Analytical Considerations "). The
fundamental purpose of a radiation protection
program is to limit radiation doses, but the
monitoring employed to indicate the effec
tiveness of this program may focus on the use,
production, or emission of radioactivity, on
the radiation fields resulting from these ma
terials, or on the doses from this radiation.

As a practical matter, a distinction is
often made on the basis of the exposure mode.
Bodily tissue may be exposed to radiation from
either external radioactivity, i.e., outside
the body, or from internal sources, inside the
body. The instrumentation used to determine
radiation fields and absorbed doses depends on
the mode of exposure.

In the case of external radiation, there
are two generally accepted approaches:

• An area may be monitored to de
termine radionuclide activity concentrations
or alternatively, to characterize the radia
tion field in terms of spatial distribution,
particle flux, energy and angular properties,
and intensities.

• The dose of radiation received
by an individual can be determined by personnel
dosimetry. The aim is either to determine the
integrated dose-equivalent (see Section I.B)
received over a period of time (e.g., the use
of film badges), or alternatively, to determine
the instantaneous rate at which the individual
is receiving radiation, and other indications
such as type and quality of the radiation to
which the individual is exposed. These aims
differ since in one case a post-hoc measure
ment is made of exposure already recieved,
while in the other case the information is
used as a measure of exposure in the present
or immediate future.

In the case of internal radiation exposure,
the determination o~dose-equivalent can take
either or both of the following approaches:

• Analysis of the radioisotope
concentration in water, foodstuffs, or res
pirable air can be compared to maximum per
missible concentration OMPC) levels; and

• Whole-body counting, specific
organ activity determinations (for example,
thyroid activity after ingestion of radioio
dine) or excrement analyzers may be used for a
post-hoc measurement of exposure levels.

It is the intention of this instrumenta
tion survey to deal with each of the various
methods of measuring radiation levels, namely

9/79 3.1.1-3
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measurement of radionuclide distributions or
radiation fields, personnel dosimetry, radio
isotope analyses of air, food, water, and
whole-body or specific-organ activity analysis.
An introduction to basic radiation detection
methods is given in Section I.E. The ultimate
purpose, in any event, is dose assessment.

4. Organization of Instrument Notes and
Discussion

In Divisions III and IV, we present
information on instruments that are commercially
available for radiation monitoring. Each sec
tion contains both instrument notes, giving
specifications of individual instruments, and
discussion, giving background on the monitoring
problem of interest.

Instrument notes have been grouped
according to the radiation type being measured
(Division III) and by radionuclide of interest
(Division IV) to facilitate selecting the best
instrument for the task. If an instrument
performs more than one function, that fact is
pointed out in the comparison or remarks sec
tion. The obvious comparisons of power, size,
weight, cost, etc., can easily be made by the
reader in the light of his particular applica
tion. In the discussions preceding the instru
ment notes, we concentrate on comparing the
basic principles of operation of the different
classes of instruments, and evaluating the ade
quacy (or inadequacy) of available instrumenta
tion. If appropriate, recommendations for
possible improvements, research and develop
ment, or conception of new instrumentation and
techniques are provided.

At the beginning of the instrument notes
for Division III and IV, green sheets are in
cluded, which tabulate all the available instru
mentation listed in the notes, compiled
according to function or type of instruments.
These green sheets also list some of the more
important parameters for each device. These

RAD
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green sheets can be a useful starting point
for persons interested in an instrument to per
form a specific operation. Mter finding the
instrument the reader needs, he may then look
up according to the key mneumonics the specific
detailed note on that instrument.

Each instrument within a section will be
identified by its primary application or
"class". Light-weight, portable, hand-held,
rugged, field-survey monitors designed for
use by semi-skilled personnel are to be dis
tinguished from heavy, sophisticated calibra
tion instruments for use by highly trained
scientists.

Each instrument note also contains a brief
description of the "Principle of Operation".
A general discussion of the various detection
methods has been provided in Section I.E. In
the specific instrumentation sections a general
familiarity with the physical, chemical, and
engineering concepts which form the basis for
their operation is assumed, and with the basic
analytical chemistry techniques which underly
the separation methods for specific radio
isotopes. These considerations are discussed
whenever they are relevant to the performance
of an instrument in actual monitoring situa
tions. For more detailed discussions of these
items, the interested reader is refered to the
extensive bibliographies which accompany the
various sections.

5. Acknowledgments

For this section we particularly
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Radiation protection requires the develop
ment of quantitative concepts and their applica
tion to a complex biophysical process. In the
initial period of radiation research,much con
fusion existed about the correct ways of quanti
fying radiological doses. Today, an accepted
set of units exists: the various quantities
are defined by the International Commission on
Radiation Units (ICRU) in its Report 19,
"Radiation Quantities and Units"(Ref.l).Because
radiation and its interaction with matter is
at the microscopic level a random process,
certain radiation quantities can only be ade
quately described in statistical terms. This
mode of description is analyzed in some detail
in the above report and in subsequent
reports (Refs. 2, 3).

1. Absorbed Dose - The Rad

Units of Radiation and Radioactivity 3. Rad - Roentgen Relationship

The roentgen is only defined for photons
(x-rays· and gammas), and in fact is not used
widely except below about 3 MeV. On the other
hand, the rad, which measures energy absorbed
in tissue, is applicable to all kinds of radia
tion. The question arises: When tissue is
exposed to one roentgen, how much energy is
absorbed? Measurements in various tissues
(see Fig. 1) indicate that in the I-MeV region
one roentgen deposits 85-95 ergs/g in fatty or
muscular tissue and about 75 ergs/g in bone.
This is so close to 100 ergs/g, corresponding
to 1 rad, that an exposure to 1 roentgen has
often incorrectly been considered equivalent
to an absorbed dose of 1 rad. Figure 1, taken
from Cember (Ref. 4), indicates how signifi
cant the error becomes when bone, for example,
is exposed to x-rays in the range of 10-50
keV.

RAD
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The basic concept in radiation dosimetry
is the absorption of energy in living tissue.
The basic unit of absorbed dose is called the
"rad" (radiation-absorbed-dose) defined by the
ICRUh as:

1 rad = 100 ergs of absorbed energy per
gram of tissue (0.01 Joules per
kilogram of tissue).

2. Exposure - The Roentgen

In the early days a need was felt for
quantifying the effect of X- and gamma-radia
tion on tissue. However, various tissues ab
sorb such radiation at different rates, so the
convention arose of defining x-ray fields by
the amount of ionization produced in a unit
mass of standard air. Exposure is now defined
by the ICRU as:

the quotient of L'>Q by L'>m where
L'>Q is the absolute value of the total
charge of the ions of either sign pro
duced in the air when all the electrons
(negatrons and positrons) liberated by
photons in a volume of air having the
mass L'>m are completely stopped in air.

500
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~
J:il300

[J
o
f-<
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~
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~
f-< 120
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f-< 100

8. 85

~ 75

~ 60

~ 50

.0 I-..........I"'-.l-....._I-.....~_~.....~_~~
0.01 0.02 0.05 0.1

Gamma energy, MeV

Fig. 1. Energy absorption per roentgen for
various tissues, (from H. Cember, Ref. 4,
with permission by Pergamon Press © 1969).

o

The unit of exposure is the roentgen (R)
defined as:

1 R = 2.58xlO- 4 coulombs per kilogram of air.

Using the facts that the average energy
required to produce one ion pair in air is
~34 eV (5.5xlO-ll ergs), and that each charge
in the pair is 1.6xlO-19 coulomb, one finds that
that:

1 R = 87.6 ergs per gram of air.

4. Activity - The Curie

A useful quantity in many contexts,
including the specifications of radionuclide
concentrations, is "activity". The activity
of a. quantity of material is defined as the
number of spontaneous nuclear transformations
occurring in this quantity per unit time. The
unit of activity is the curie (Ci) , where

1 Ci = 3.7xlOlO transformations per
second.

*Sometimes the reference numbers will appear as
superscripts.
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Table 1. Relationship Between Quality Factor
and Linear Energy Transfer (from ICRU, Ref.
5, with permission by International Commis
sion on Radiation Units and Measurements
© 1971).

()

o

Q

1

2

5

10

20

3.5 (and less)

7.0
23

53

175 (and above)

LET
keV per micron

in water

purposes of assessing the Relative Biological
Effectiveness (REE) of various radiations, a
reference has been chosen as the effectiveness
of 200 keV x-rays for creating the observed
effect. For dose-deposition purposes, each
different type of radiation is assigned a
quality factor (Q**) based upon the REE. The
relation of LET to Q is shown in Table 1,
from Ref. 1. Table 2, based on Ref. 6, shows
a summary of Q numbers of various typical
radiations. More detailed numbers are avail
able which treat the energy-dependence of the
Q for different particles. The Q as a func
tion of neutron energy is shown in Table 3,
taken from Ref. 5 (NCRP Report No. 39.)

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

K = dE+/dm.

The unit of kerma is the
rad (1 rad = 10+2 erg/g).

Energy loss (in the form of ionizations)
does not occur directly from the passage of
neutral particles through matter. However,
neutral particles can ~roduce local ionization
through indirect means (such as e+/e- pair
production from high-energy y-rays, or nuclear
recoil from neutron collisions). The concept
used to quantify neutral-particle effects in
matter is the kerma. The following definition
comes from ICRU Report 19:

5. Neutral Particles: The Kerma

In some contexts, the specific activity
(i.e., activity per unit mass) is also useful.
Thus, one gram of Cesium-134 (half-life = 2.06
years) has fifteen times the decay rate of one
gram of Cesium-137 (half-life = 30.2 years).
Cesium-134's specific activity is 15 times
greater.

The kerma, K, is the quotient
dE+v by dm where dE+v is the
sum of the initial kinetic
energies of all the charged
particles liberated by in
directly ionizing particles
in a volume element of the
specified material (erg/cm3)
and dm is the mass of the
matter in that volume element
(g/cm3)

Table 2. Quality Factor Values for Various
Radiations (adapted from ICRU, Ref. 6).

7. Dose Equivalent - The Rem

Since the biological effectiveness of
a given absorbed dose depends on the factors
above, the absorbed dose is insufficient by
itself to predict either the severity or the

As defined, the incident neutral particles
can impinge upon the mass of interest from all
directions. The definition also includes
within dE+v the energy of all charged particles
(such as Auger electrons) produced in secondary
processes within the volume element. The kerma
requires a specification of the type of matter
being irradiated, and for example one may speak
of "the kerma rate of 100 keV x-rays in fatty
tissue".

6. Relative Biological Effectiveness (REE)
and Quality Factor (Q)

The absorption of a given amount of
energy in a given mass of tissue (ergs/g) is
not the only criterion for determining the
dose-effectiveness of a given radiation field.
As discussed in Section I.C, damage generally
increases as the rate of linear energy transfer
(LET) increases. This is generally attributed
to the fact that as energy deposition becomes
more and more dense and more localized, the
.probability of local damage increases. For

*See Section I.E. for more details.
**Previously recommended abbreviation was QF,

now it is Q. (Refs. 1, 2).

Radiation

Gamma-rays
X-rays

Beta-rays and electrons

Neutrons
Protons

Alpha particles

Heavy ions

Q

1

1

1

10

10
20

20

o
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Neutron Energy, MeV Q

-8 (thermal) 22.5xlO

lxlO- 7 2

lxlO-6 2

lxlO- 5 2

lxlO- 4 2

lxlO-3 2

lxlO- 2 2.5

lxlO- l 7.5

5xlO- l 11

1 11

2.5 9

5 8

C) 7 7

10 6.5

14 7.5

20 8

40 7

60 5.5

lxl02 4

2xl02 3.5

3xl02 3.5

4xl02 3.5

Table 3. Quality Factor Values for Various
Neutron Energies (from NCRP, Ref. 5, with
permission by National Council on Radiation
Protection and Measurements © 1971).

probability of the deleterious effects on
health resulting from irradiation under un
specified conditions. In current radiation
protection procedures, an indication of the
effect upon a given organ is inferred by
weighting the absorbed dose in that organ by
certain modifying factors. This quantity
correlates better with the more important
deleterious effects of exposure to radiation
particularly with the delayed stochastic effects
(those for which the probability of an effect
occurring, rather than its severity is re=---

8. Acknowledgments

The rem is applicable to all types of radi
ation and for both external and internal expo
sures. It is crucial to recognize, however,
that to determine rem EraParly requires a
knowledge of the absor e ose (ergs/g), the
composition of the radiation, and its energy
distribution. .

garded as a function of dose, without thres
hold.) The permissible levels for radiation
protection are stated in terms of dose equiv
alent.

The most frequently used unit of dose
equivalent is the "rem" equal to 100 ergjg;
thus, H is in rem if D is expressed in rads.
However, the Standard International unit of
dose equivalent is the Sievertt (Sv);
1 Sv = 1 J/kg (= 100 rem).
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However, it should be noted that: a) dose
e~livalent is limited to radiation protection
applications and may be used when H is in the
region of, or below, the applicable maximum
permissible dose equivalent (it should not be
used for high level accidental exposures);
b) the dependence of Qupon LET is specified
by the International Commission on Radiological
Protection6 and shown in Table 1; c) in the
usual case where D is delivered by particles
having a range of LET values, the dose equiva
lent is the total dose weighted by an average
quality factor, H = DQN.

(Two new terms introduced by ICRU Report
No. 19, Absorbed Dose Index and Dose Equivalent
Index, are not germane to our discussion.)

*The dose equivalent (H ) is the product
D'xQ-xN atthe point of interest in tissue, where
D is the absorbed dose, Q is the quality
factor and N is the product of any other
modifying factors (now assigned a value of 1
by the ICRP)-.

For this section we particularly
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Robert J. Budnitz, Nuclear Regulatory
Commission

Robert Graven, Argonne National
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George Morton, Lawrence Berkeley
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Vincent Panesko, Rockwell Hanford
Operations, Richland, Washington

*Formerly designated DE.
t However we will use rem throughout this text.
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As discussed in Section I.B, the concept
that has arisen to measure ionizing radiation
is absorbed dose (D), the energy deposited per
unit mass, measured in rads. However, experi
ments have shown that one rad of absorbed dose
does not always produce the same biological
effect in all tissues. The concept of Relative
Biological Effectiveness has been introduced to
express the relative amounts of different radi
ation that produce the same amount of biologi
cal damage ! __ CUsually x-radiation near 200 keV
is used as the reference for specifying RBE).
The radiation protection guides take RBE into
account by establishing a Quality Factor (Q)
that multiplies absorbed dose to yield dose
equivalent (H). Considerable evidence indicates
the importance of the instantaneous ionization
of a charged particle per unit length of matter
traversed, which is termed linear energy trans
fer (LET) (Ref. 9). Biological effects are

*Sometimes reference numbers appear as superscripts.

Species Variance: Plants have usually
shown a greater resistance to radiation dam-

. age than mannnal life, although there are ex
ceptions (such as pine trees) (Ref. 12).
Moreover, different animal species show dif
ferent sensitivities, causing difficulty in
designing experiments and interpreting the
results. However, at least for common ex
perimental animals (mice, dogs, pigs), a
consistent method of scaling the experimental
results to man has been agreed upon (Ref. 13).

1. Physical and Biological Consideration

2. Radiation Disease Effects

Individual Variance: Radiosensitivities
have also been found, in some cases, to depend
on sex [e.g., in mice (Ref. 14)], age (esp.,
young children vs. adults), and other popu
lation subgroups (Ref. 15).

When a charged particle or other ionizing
radiation passes through matter, energy is lost
by the particle along its path, primarily by
knocking electrons from atoms and molecules,
causing ion pairs. The energy loss per distance
travelled is called the linear energy transfer
(LET), usually expressed in kiloelectronvolts
(keV) per micron (~m). Since tissue is mostly
water, water is the relevant medium for com
paring the LET of different radiation. Densely
ionizing particles have large LET values. The
value of the LET depends not only on the par
ticle but on its energy, as illustrated in
Table 2. It is found that, in general, the
relative biological effectiveness increases
as LET increases. This was illustrated in
Table 1 of Section I.B, in which the Quality
Factor (Q) increased with LET. For furDler
information on LET and biological effects the
reader should be aware that the ~CRP is cur
rently studying this problem and may com-
ment on it in the near future (Ref. 11).

The dependence of RBE on the time distri
bution of absorbed dose (the dose rate) has
been demonstrated in a number of experiments
and will be discussed after summarizing the
health effects of radiation. Before going on,
it is useful to note that considerations such
as RBE and, more generally, radiosensitivity
depend on both species and individuals:

also found to'depend on the rate at which
the absorbed dose is delivered.

As radiation passes through tissue,
ionization and the resulting formation of free
radicals occurs very quickly, ±.-e., within
microseconds. Subsequent chemical reactions
then occ~r within a few seconds and may result
in an early dealth of the cell, the prevention
or delay of cell division, or a permanent modi
fication which is passed on to daughter cells.
The symptoms resulting from biological effects
of radiation exposure manifest themselves in
times from tens of minutes to tens of years de-

Biological Effects of Ionizing RadiationC.

The only radiation effects discussed here
are those in man, and related animal and cellu
lar studies. The view of regulatory agencies,
including the ICRUP (Ref. 4) and NCRP, is that
effects on forests, (Ref. 5), birdlife,
(Ref. 6) and other parts of the biosphere
(Ref. 7,8) are adequately controlled when
man is given proper protection.

As a basis for setting limits on radiation
exposures, quantitative concepts have been de
veloped, as noted in Section I.B, for expressing
radiation doses and their effects on living
organisms. This section will discuss some of
the biological factors that have affected the
guideline setting process. Two standing com
mittees review the biological effects of
ionizing radiation, the United Nations
Scientific Committee on Effects of Atomic Radi
ation (UNSCEAR) and the National Academy of
Sciences/National Research Council Advisory
Committee on Biological Effects of Ionizing
Radiation (BEIR). The discussion of this sec
tion is based on reports of these committees,*
as well as reports of the International Com
mission on Radiological Protection (ICRP) and
the National Council on Radiation Protection
and Measurements (NCRP). Additional informa
tion is developed through activities of the
International Atomic Energy Agency and the
World Health Organization (Ref. 3).

Ionizing radiation carries enough energy
to ionize atoms and such ionization (or excita
tion) can damage cells. This radiation may
arise from nuclear decay (e.g., alpha, beta,
gamma or neutrons) or certain atomic processes
(X-rays) occurring in radioactive materials,
high voltage devices, accelerators, and re
actors. Table 1 summarizes some important
characteristics of radiation types.

o
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Table 1. Basic Types of Radiation and Its Instrumentation
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neutron activation products. Contin
uous distribution of energies from
zero to characteristic maximum values.
More penetrating than a-particles
(for energies> 0.1 MeV). Mass - (1/1850)1.
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0 Table 2. Ionizing Particles of Radiobiological
~"- Interest (from D. J. Rees, Health Physics,

First edition, 1967. Courtesy of Charles
C. Thomas, Publisher, Springfield, Illinois.)

Particle Charge Energy (MeV) LET (keV/lJ)

Electron -1 0.001 12.3
0.010 2.30
0.100 0.42
1.00 0.25
200 k Vp x-rays 0.4-36
Cobalt 60 -rays 0.2-2

Proton +1 Small 92
2 16
5 8
10 4

Alpha +2 Small 260
5 95

pending on the particular type of cell damage.

These effects may be divided into two
classes (Ref. 16) somatic and genetic. The
somatic effects arise from damage to the or
dinary cells of the body and affect only the
irradiated person. The genetic effects, on

the other hand, are due to damage to cells in
the reproductive organs, the gonads, so that
the damage may be passed on to the person's
children and even to later generations.

(a) Somatic Effects

i. .The Acute Radia.tion
Syndrome. The characteristic group of symptoms
shown by a person whose whole body, or a major
portion of it, is exposed to a large dose of
radiation in a short time is called the acute
radiation syndrome. These symptoms have been
studied in animal experiments and, more im
portantly, in cases of radiation administered
to persons in hospitals, in the atomic bomb
survivors at Hiroshima and Nagasaki, and in
persons exposed accidentally to large doses
of radiation. The effects of an exposure
large enough to cause an acute radiation syn
drome in an individual varies considerably from
person to person. The general features of each
exposure are listed in Table 3. As the ex
posure increases, the severity of the effects
increases; a single dose of 600 rem to the
whole body is likely to result in death.

When large doses of radiation are received
in a relatively short time, the first symptoms
observed are due to depletion of those cells

Taole 3. Probable Effects of Acute Whole-Body Radiation Doses
(from Nuciear Reactor Engineering, by S. Glasstoneand
A. Sesonske ©1963 by Litton Educational Publishing, Inc.
Reprinted by permission of D. Van Nostrand Company.)

o
9/79

Acute
dose
(rem)

0 to 25

25 to 100

100 to 200

200 to 600

600 to 1000

Probable Clinical Effect

No observable effects.

Slight blood changes but no other observable effects.

Vomiting in 5 to 50 percent within 3 hrs with fatigue and
loss of appetite. Moderate blood changes. Except for the
blood-forming system, recovery will occur in all cases within
a few weeks.

For doses of 300 rem and more, all exposed individuals will
exhibit vomiting within 2 hrs or less. Severe blood changes,
accompanied by hemorrhage and infection. Loss of hair after
2 weeks for doses over 300 rem. Recovery in 20 to 100
percent within 1 month to a year.

Vomiting within 1 hr, severe blood changes, hemorrhage,
infection, and loss of hair. From 80 to 100 percent of
exposed individuals will succumb within 2 months; those
who survive will be convalescent over a long period.

3.1.3-3



Only a small percentage of individuals
would survive an acute whole-body dose of
1000 rads. Doses up to several thousand rad
cause death within one or two weeks. Larger

which have a short life span. The mOst im
portant of these are the white blood cells
(lymphocytes and gramilocytes) and the cells
lining the intestines. Following an acute
exposure to radiation the lymphocyte count
will fall rapidly. If the animal (or man)
is going to survive, the count will rise again
after a few days, although full recovery may
take several months. As seen in Table 3, the
symptoms observed in an overexposed person de
pend quite particularly on the magnitude of
the dose received. Table 4 lists the symptoms
observed at various times after an exposure to
a large whole-body dose of radiation (400-600
rem).
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doses result in death within days. In addi
tion to affecting the gastrointestinal tract,
very high doses damage the central nervous
system, and an exposed individual can be almost
immediately incapacitated. Death can be caused
by circulatory or respiratory failure.

11. Delayed Somatic Effects.
The delayed effects of radiation may be due to
either a single acute overexposure or chronic
low-level over-exposure. The latent period be
tween exposure and appearance of a symptom can
be months, years, or decades. Table 5 sum
marizes some of the long-term effects of radi
ation. Since these effects occur with normal
spontaneous incidence in populations, it is
often impossible to ascribe to radiation the
occurrence of a symptom in a particular ex
posed individual. Delayed somatic effects
due to radiation in a population appear to

o

Table 4. Symptoms Observed at Various Times After Exposure to a
Dose of 400-600 rems (from Martin and Harbison, Ref. 28,
with permission by Chapman and Hall, Ltd., © 1972).

Time after
exposure

0-48 hours

2 days to
2-3 weeks

2-3 weeks to
6-8 weeks

6-8 weeks to
several months

Symptoms observed

Loss of appetite., nausea, vomiting, fatigue
and prostration

The above symptoms disappear and the patient
appears quite well

Purpura and haemorrhage, diahorrea, loss of
hair (epilation), fever and severe lathargy.
It is during this period that fatalities occur

This is the recovery stage during which
surviving patients begin to show a general
improvement and the severe symptoms tend to
disappear

Table 5. Some Long-Term Effects of Radiation (from
Martin and Harbison, Ref. 28, with permission
by Chapman and Hall, Ltd., © 1972).

9/79

Effect Mean Latent Evidenceperiod

Leukaemia 8-10 years Atomic bomb casualties
Medical X-ray treatment

Bone cancer 15 years Radium luminous dial
painters

Thyroid cancer 15-30 years Atomic bomb casualties
Medical treatment

Lung cancer 10-20 years Mine workers

Life shortening Experiments with mice

Cataract fo~ation 5-10 years Atomic bomb casualties

3.1.3-4
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300

200

600

The production of radiation-induced lens
opacities and cataracts has been demonstrated.
Acute exposure to radiation appears to be more
serious than protracted exposure in producing
cataracts, which may appear several years after
the exposure. The x-ray dose required to pro
duce clinically significant cataracts is prob
ably at least 400 rad. Fast neutrons are much
more effective. Neutron RBE values for cata
ract production in excess of 10 have been
reported.

The irradiation of pregnant women can
have adverse effects, some of which are mani
fested in subsequent years by the child. In
addition to abnormally high still-birth and
infant mortality rates among Japanese sur
vivors pregnant at the time of the atomic
bombings, there appears to be an above-normal
amount of mental retardation in the offspring.
Small children who are exposed also appear to
lag somewhat behind their contemporaries in
overall physical development. These effects
are noticeable only among survivors who re
ceived doses of at least several hundred rad.

Studies of irradiated animals show a
shortening of the life span not attributable to
any specific cause. Experiments with mice
indicate that a life shortening of 1 or 2%
occurs as a result of acute radiation doses of
about 100 rad.

Doses of a few thousand rad have been
given with beta rays to the skin of the body
without affecting deeper-lying organs. In
many cases a chronic abnormal condition of
radiodermatitis developed over a period of
years after exposure. The skin became thin
and susceptible to ulceration and the forma
tion of cancer.

(b). Genetic Effects. The genetic
effects of radiatlon result from damage to the
reproductive cells. These genetic changes
are of different kinds: 2a a) gene mutation,
i.e., alteration in the function of individual
genes; b) chromosome aberrations, resulting
from breakage and reorganization of the chrom
osome; and c) changes in the number of chromo
somes. Most of these mutations are lethal
and resul~ in miscarriage or still birth.
Some of these changes result in offspring
suffering abnormalities which may range from
mildly detrimental to severely disabling .
or lethal disorders. It should be noted that
gene mutations occur spontaneously; The rate
in a population can also be increased by ele
vated temperatures, ultra-violet light, and
certain chemical agents. It can in fact be
said that no biological effect is specifically
peculiar to radiation, other chemicals and
toxic substances can cause some of these
effects. No single substance, however, causes
all the effects that radiation does.

Uo~, ~ ;0 whO'" off«1
hypothesisff~:iO~een demonstrated

A):LThreshOld hypothesis
100 ;' /6

":_J~Normal level of incidence

Radiation carcinogenesis in man is the
most important effect produced in the in
dividual by low doses. It is at present im
possible to determine from animal data the
frequency at which the· induction of malignancies
by radiation carcinogenesis occurs in man.
UNSCEAR (Ref. 21) has examined the frequency
with which such changes are induced in differ
ent tissues. The review presented in UNSCEAR
77 is of estimates of the induction'for malig
nancies derived from studies of human popula
tions in which the whole body or individual
organs have been irradiated; it updates the
information presented in the 1972 report by
UNSCEAR.

Fig. 1. Incidence of radiation-induced
leukemia in humans. Curve A illustrates
a linear hypothesis for the effect of
low doses; Curve B represents a thres
hold-type hypothesis (from Hurst and
Turner, Ref. 9, with permission by John
Wiley &Sons Publishers © 1970).

O~_-l-_-l-_--'-_...l-_-'-_-'- _
o 100 200 300. 400 500 600

Absorbed dose (rads)

occur statistically; an individual in that
population is presumably placed at a higher
risk of injUry.

Figure 1 shows schematically the corre
lation between high radiation doses and the
probability per year of the occurrence of
leukemia. The peak incidence of the disease
among the survivors at Hiroshima and Nagasaki
after the bombings in 1945 occurred during the
period 1950 to 1952, an abnormally high in
cidence continuing beyond this time. Further
studies of these exposed populations showed
evidence of an increased incidence of other
types of cancer.

An example of disease produced in humans,
as a result of radiation exposure internally
over a long period of time, is the bone can
cers in the radium dial painters. Like leu
kemia, such effects have also been demonstrated
in laboratory experiments with animals.

500

Probability
per year 40<1
( x 106 )

o
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For purposes of discussion it is useful
to introduce the so-called "doubling dose"
for mutation rates. This is the lifetime
dose that will double the spontaneous rate.
Estimates (Ref. 2) of this value range from
15 r to 150 r per lifetime. For purposes of
radiation protection, the NCRP has accepted a
value of 10 r and has recommended that the
genetically significant dose be kept below this
value.

Since there is a natural incidence of
genetic disorders in man, the risk to the pop
ulation is estimated in terms of an increase
in incidence. For low dose or chronic irradia
tion, the expected increase will be about 1 per
cent per rad (Ref. 2a) of added average dose to
individuals during their lifetime. For these
genetic hazards, their potential increase due
to radiation does not mean that there is any
present danger to an individual or his immedi
ate descendants if he has received a doubling
dose of radiation. It is the possible accumu
lation of harmful genes in the general popula
tion and their transmission to future gener
ations which is the keystone of concern from
a long term point of view of geneticists.

3. Threshold and Dose Response

At the present it is not known whether
there exists a threshold or certain minimum
absorbed dose below which no biological damage
occurs. Although the effects just described
are demonstrable with large amounts of radi
ation, doses can be made so low that it is
virtually impossible to measure any effects,
even with very large study populations.
Figure 1 as an example, shows how the proba
bility per year (incidence) of leukemia in
man varies with radiation dose. Studies of
Japanese survivors from the atomic bombs at
Hiroshima and Nagasaki and of patients re
ceiving therapeutic x-ray treatments indicate
that the solid curve describes the relation
ship between dose and incidence when the dose
is several hundred rad or greater. Below
about 100 rad, too few cases of leukemia occur
in the populations studied to demonstrate
clearly an increased incidence due to radiation.

lent. A contrary hypothesis is that the body
can repair damage done by small amounts of
radiation. According to this hypothesis, the
body tolerates low doses, and a certain thres
hold dose is required before the probability
of leukemia or other effects is increased above
its normal value. This threshold hypothesis
is illustrated-by the dashed curve B in Fig. 1.
Experimentally differentiating between a linear
or a threshold response for any biological
effect is complicated by the fact that radia
tion-induced effects occur with a natural in
cidence.

On the other hand, curves with shapes
other than those of A and B have also been
postulated for connecting the high dose region,
in which data are statistically significant,
to the region of low dose. The linear extrap
olation may even underestimate the risk at low
doses, particularly for high LET radiation
(Ref. 17),

The EPA has commissioned a new report by
the Advisory Committee on the Biological
Effects of Ionizing Radiations of the National
Academy of Science and National Research
Council in order to look at the linear, no
threshold, dose-effect curve in light of evi
dence within the past few years (Ref. 18).
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-e 800o
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Dose rate (r-ads/hour)

o

Interpreting studies on biological effects
of radiation is further complicated by a dose
rate dependence that has been demonstrated,
both for early and latent effects. The data in
Fig. 2 (from Ref. 19) show the variation with

At doses of 10 rad or 1 rad, based on the
observed incidence at high doses, the size of
an exposed population needed to show a signif
icant statistical increase would be enormous,
and therefore experiments with an animal popu
lationare not usually feasible. One assump
tion frequently made is that the approximately
linear solid curve at high doses should be ex
trapolated linearly to zero dose, as shown by .
the dashed Curve A in Fig. 1. According to th1.s
hypothesis, any amount of radiation, no matter

_how small, increases the probability of leu
kemia (or other effects) above the normal value
by an amount proportional to the dose equiva-

Fig. 2. The effect of Dose Rate. The varia
tion with Dose Rate of the LD-50 (the
total absorbed dose required to produce
50% lethality) in 30 days in a population
of mice (from Thompson and Fortel1atte,
Ref. 19, with permission by American
Roentgen Ray Society © 1953).

o
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A study by R. O. McClellan, et a1. (Ref.
2l)of the Inhalation Toxicology Research
Institute investigating the influence of varia
tions in dose rate on the biological effects
of inhaled beta-emitting radionuclides on
beagle dogs found that higher initial dose
rate exposures were more effective than low
dose-rate exposures on aper-rad basis in
producing early effects.

That decreasing the dose rate decreases
the RBE is well accepted for Q = 1 radiation
((3 and y radiation). An exception seems to
be the case of tritium (3H, tl/2 = 12.5 yr,
Fma.x = 0.018 MeV) where in cases of chronic
exposures at low dose rates its RBE increased
to _1.5 (Ref. 22). However, that a given dose
can be less effective when delivered at once
than when administered at intervals is con
sidered the exception rather than the rule.
Some scientists feel that high-LET radiation
exhibit this type of increasing RBE (Ref. 23).
The response of an organism appears to depend
in a complicated way on many factors. A num
ber of theories of damage and recovery have
been proposed to account for observed dose
rate effects. For instance, the Keller-Rossi
"dual-action" theory (Ref. 24) predicts an
increased RBE for neutrons at low dose rates,
which seems to be the case (Ref. 25).

Another area where there is difficulty in
designing experiments and interpolating the
results is in the study of effects in cell
cultures. The difficulty arises because some
studies are done in isolation from the cells
in their normal environment where they are a
component in a complex biological system.
In fact, interpreting outcomes of cellular
effects often requires presumption of a repair
mechanism in order to make predictions fit
experimental results.
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dose rate of the LD-50 (the total absorbed
dose required to produce 50 per cent letality
in 30 days) in a population of mice. At rates
below about 250 rad/hour, the LD-50 is larger
(abou~1600radwhenthe rate is 6 rad/hr).
Genetic' studies with mice and fruit flies have
shown 'that fewer mutations per rad occur when
the dose rate is low than when it is high.
Figure 3 (from Ref. 20) shows experimental data
for the mouse. Whether or not there is a thres
hold below which Iittle or no effect occurs
remains to be determined.

Fig. 3. Dose curves for specific locus
mutations in the mouse. Solid points
(90% confidence) represent results from
acute x-rays (80-90 R/min); open points
are chronic gamma doses (10-90 R/week).
Lower 1000 R point represents a single
exposure; top one, successive exposures
of 600 and 400 R, 15 weeks apart (from
Russell et al., Ref. 20, with permission
by Taylor and Francis, Ltd. © 1960).
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Robert Budnitz, Nuclear Regulatory
Connnission

Robert Graven, Argonne National
Laboratory

George Morton, Lawrence Berkeley
Laboratory

Vincent Panesko, Rockwell Hanford
Operations, Richland, Washington
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D. Radiation Protection Philosophy Criteria,
Guides and Standards

This section reviews the development of
radiation protection philosopy and presents the
standards that have been promulgated or ad
vised by the appropriate authorities. Fuller
discussions can be found in the pertinent pub
lications of the National Council on Radiation
Protection and Measurements (NCRP) or Interna
tional Commission on Radiological Protection*
(ICRP). Several standard texts also provide
relevant discussions; cf. Taylor, (Refs. 1, 2)
G1asstone (Ref. 3) Mprgan (Ref. 4) and Cember
(Ref. 5). This discussion stresses standards
aimed at the general population and individual
members of the population. However, when
necessary, occupational standards will be
presented.

1. Development of Radiation Protection
Criteria

After radiation was discovered by
Becquerel and began to be used, it was
quickly realized that there were definite bio
logical effects. One of the earliest effects
was Edison's and his assistants' complaint of
a smarting of the eyes after doing an experi
ment with a cathode ray tube. However this
recognition extended only to negative effects
at high doses. Low dose effects were not
recognized until the middle of this century.
Early medical use resulted in some unfortunate
overdoses leading sometimes to iJrnnediate re
sults and thus the discovery of definite
drastic biological endpoints. However, up
until 1928, there was no large scale effort in
radiation protection activities; most of the
responsibilities fell to the societies and
organizations of active radiologists.

The initial concerns of protection were
focused primarily on radiologists . to prevent
gross biological effects from external radia
tion. As a result, shielding was the primary
method recommended to cut down exposures.
Fortunately, X-rays were found to be stopped
more effectively by lead than any other common
metal, resulting in its gaining early accept
ance for radiation protection purposes. Due
to this observation, along with the absence of
any knowledge of radiation dosimetry, all the
early protection recommendations were based
on shielding factors rather than limiting dose.

During the 1920's, experience began to be
gained concerning the effects of a bone-seeking
a-emitter, 226Ra. Radium dial painters would
use their lips and tongues to keep a sharp tip
on their brushes, thus ingesting radium. Over
the years they have been studied, and it has
*1 . d dThese organizations and a~y others Intro uce
will be discussed in detail at the end of this
section.

been learned that a bone-seeking a-emitter can
cause bone cancer, with a latent period of
about 15 years. Through determining the body
burdens of 226Ra, a rough dose-effect curve
began to take shape.

It was largely these " occupational" ex
periences at high dose levels in radiologists
and radium dial painters that led to an aware
ness of the danger of high doses of radiation.
However this experience was not put on a quan
titative basis, such as has been done today,*
because no measure of radiation exposure had
been agreed upon. It was not until the 1930's
that the roentgen was adopted as a measure of
exposure. . (An early attempt to quantify radia
tion dose was done in terms of how much radia
tion it took to cause reddening of the skin,
which clearly exhibited a threshold.) In
1934, the ICRP adopted a recommendation speci 7
fying a tolerance dose expressed in roentgen,
thereby replacing shielding as the sole pro
tection concept. The first standards put
forth by the ICRP after its establishment in
1928, were only intended for use with X-rays,
since it wasn't certain the effects for y-rays
and a-particles were related to those of X
rays. Prior to about 1930 radiation protec
tion developed haphazardly, but after that
the creation of the International Commission
on Radiation Units and Measurement (ICRU) ,
ICRP, and NCRP, national and international
supervision helped it develop more smoothly.

The experiences of the radium dial
painters has shown that radiation could also
pose an internal hazard. As the scope of the
radiation hazard began to be realized, atten
tion also shifted from simply protecting
people who worked with radiation, to con
sidering the safety of a patient. Except
for scientific research (of which
there certainly was not as much as there
is today), the primary users of radiation up
to about World War II were medical workers.
This situation changed rapidly in the 1940's
and 1950's. Even so, until the late 1950's
radiation protection philosophy was aimed at
prevention of the iJrnnediate acute effects of
radiation exposure. Only slowly were the
latent effects of radiation recognized, largely
because of follow-up studies of the Hiroshima
Nagasaki survivors.

With the development of fission, and its
attendant uses in weapons and for electricity
production, it was recognized that in addition
to exposures of large numbers of workers,
many memBers of the general public might run
the risk of exposures to fallout and the efflu
ents from a nuclear fuel cycle. At the advent
of the atomic age, it became obvious that,
with such widespread use, the public needed

*See for examples BIER 72 (Ref. 24) UNSCEAR 77
(Ref. 12). --
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Table 1. Evolving Radiation Standards
Recommended by the NCRP

gree of risk at any level of exposure. As
the understanding of the radiation hazard grew,
the acceptable levels grew smaller, as can·be
seen by looking at how radiation protection
standards evolved numerically over the years
(see Table 1).

Up until 1971, the NCRP explicity reviewed
only the basic principles underlying the recom
mendations for external sources of ionizing
radiation. The release of NCRP Report No. 39
(Ref. 6) rectified that apparent anomaly. That
report and others will be quoted to review the
general criteria under which the advisory and
regulatory agencies operate.

o

O}
---/

0.1 R/d (or 0.5 R/wk) (=25 R/yr)

0.3 rem/wk (=15 rem/yr)

0.1 rem/wk (= 5 rem/yr)

5 rem/yr

"Radiation protection recommendations
must set a pattern as scientific as possible,
but in practice partially empirical; ideally,
the rational use of radiation should conform
to levels of safety to users and the public
which are at least as stringent as those
achieved for the other powerful agents. It is
important to avoid unnecessary rigidity in any
protection recommendations so that the advan
tages of new knowledge can be exploited quickly
and easily. This basic posture must be supple
mented by somewhat detailed guidelines for con
trol in numerous specific applications; these
guidelines may change frequently in the light
of practical experience, availability of im
proved measuring methods and the complexity of
competing applications involving radiation.
Bodies promulgating recommendations must main
tain cognizance of advances in the under
standing of radiation effects so that the basic
criteria may become better founded in scienti
fic principles and less dependent on value
judgements, whenever possible" (Ref. 6).

"The NCRP position is centered on the
principle that the "lowest practicable" radia
tion level is the fundamental basis for estab
lishing radiation standards, and on the assump
tion that the most important radiation health
hazards do not have a dose threshold. On this
basis, the setting of radiation protection
standards requires consideration of compensa
tory trade-offs between currently assumed
hazards and benefits (Ref. 7). A basic assump
tion of conventional benefit-cost analysis is
that human welfare (which this procedure seeks
to maximize) may be measured in monetary or ma
terialistic terms. This assumption has funda
mental problems in that it cannot handle the

1934
1949

1957

Present

2. Current Radiation Protection Philosophy

One of the significant features of
existing philosophy is the recognition of the
fact that radiation protection criteria depend
not only upon purely biomedical and physical
considerations, but also upon value judg
ments (Ref. 2). These criteria presently in
clude the concept that there may be some de-

protection from ionizing radiation. It also
became evident, that since internal radiation
could cause cancet and long-lived radioactivity
was becoming widely dispersed in waterways
and the environment, the largest mode of ex
posure for the public was internal. In the
late 1950's limiting internal exposures was
considered by regulatory bodies. Concentra
tion standards to be met in water and air were
derived from the maximum permissible body
burden calculated from a consideration of the
particular internal dosimetry of certain
radionuclides. Additional departures in the
1950's were: the introduction of a benefit
cost consideration, although not numerical;
and the formal dropping of the assumption
that the biological effects of radiation have
a definite threshold, largely on the evidence
that there did not seem to be any threshold
for genetic damage.

Presently the primary standards for radi
ation protection are given in terms of limiting
radiation dose to the whole body, or particular
body organs, from all sources of radiation
other than natural background and medical ex
posures. There seems to be a shift towards
including medical exposures as a part of those
sources of radiation tb be limited. (See
(Refs. 8, 9). Further derivations yield in
turn the limits of annual intake that will
keep organ and body burdens within these limits
even after a lifetime of intake. If only
single modes of exposure are considered, the
maximum permissible concentrations in air and
drinking water can be derived. Whenever there
is more than one activity present, the MPC's
must be altered appropriately.

lVhen radioactive materials are released
to environment, there may be a variety of
pathways potentially leading to the radiation
exposure of man. All of the ways that may
contribute significantly to radiation exposure
should be considered in estimating potential
radiation doses. (See Section I.F.7 for a
discussion of critical pathway analysis.) In
determining the total detriment to mankind from
a particular release of radioactive mater
ials, one should be concerned with the total
dose from that source to all persons both now
and in the future. In this case the radio
nuclides may retain a potential for radiation
exposure far into the future. A concept
gaining increasing favor is to place the re
striction on the "dose commitment" from the
release rather than on the dose rate.

9/79 3.1.4-2



INSTR.~M~.i\llTA:-diIO~j ~)

FOR ENVIRONMENTAL

MONITORING

RAD
Guides
Page 3

o

o

situations in which the risks and benefits do
not accrue to the same people. The BEIR Com
mittee has examined the problem of evaluation
of the total benefits derived from exposure to
ionizing radiations for comparison with the
total risks. The reader is referred to their
recently completed report (Ref. 8) for a more
detailed consideration of the myriad factors
involved in health be~efit-cost analyses.

"The NCRP continues to hold the view
that risk estimates for radiogenic cancers at
low doses and low dose rates derived on the
basis of linear (proportional) extrapolation
from the rising portions of the dose-incidence
curves at high doses and high dose rates ...
cannot be expected to provide realistic esti
mates of the actual risks from low-level, low
LET radiations, and have such a high probabil
ity of overestimating the actual risk as to be
of only marginal value if any, for purposes of
realistic risk-benefit evaluation (Ref. 7).

"Numerical radiation protection guides or
dose limits for the exposure of radiation
workers or the general public are provided
only as upper limits; all exposure should be
kept to a practicable minimum "(Ref. 7,21).

The NCRP and the ICRP both base their
recommendations on a system of dose limita
tions, the basic features of which are as
follows (Ref. 9):

"(a) No practice shall be adopted unless
the introduction produces a positive net
benefit.

" (b) All 3xposure shall be kept as low
as reasonably achievable, economic and social
factors taken into account; and

"(c) the dose equivalent shall not ex
ceed the limits recommended for the appropri
ate circumstances by the Commission".

Two additional conservative positions
are at the basis of the recommendations of the
ICRP and NCRP Ref. 2).

"(a) All low doses delivered to an
organ are completely additive, no matter at
what rate they are delivered or what intervals
there may be in delivery.

" (b) There is no biological recovery of
radiation effect from low doses".

If indeed the conservative assumptions
concerning radiation effects are true, then
the root of the problem in setting radiation
protection standards is what level of damage
and deaths is acceptable and to whom.

3. Radiation Protection Organizations,
Recommendations, Guides, and Standards

We will introduce the organizations in
this section and then present their recom-
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mendations, if appropriate, gIvIng an explana
tion of where and how they are applicable.
Since international bodies are influential in
setting guidance for the national bodies, we
will first discuss the former.

INTERNATIONAL AGENCIES. The International
Commission on Radiological Protection (ICRP)
was established in 1928, as the International
X-ray and Radium Protecti:m Comittee, by the
Second International Congress of Radiology. It
assumed the present name and organizational
form in 1950 in order to cover more effectively
the rapidly eA~anding field of radiation pro
tection. The ICRP has continued its close re
lationship with succeeding Congresses of Radio
logy, and it has also been looked to as the
appropriate body to give general guidance on
the more widespread use of radiation sources
caused by the rapid developments in the field
of nuclear energy. The ICRP maintains its
traditional contact with medical radiology and
the medical profession generally, and it also
recognizes a responsibility to other profes
sional groups and an obligation to provide
guidance within the field of radiation pro
tection as a whole. The policy adopted by
the ICRP in preparing its recommendations is
to consider the fundamental principles upon
which appropriate radiation protection mea
sures can be based while leaving to the various
national protection bodies the responsibility
of formulating the specific advice, codes of
practice, or regulations that are best suited
to the needs of their individual countries.

The ICRP has an official relationship with
the World Health Organization and the Inter
national Atomic Energy Agency. Close working
relationships are maintained with the United
Nations Scientific Committee on the Effects of
Atomic Radiation, The International Labour
Office, the United Nations Environment Program,
the Nuclear Energy Agency, and the European
Economic Community by sending observers to
meetings organized by these bodies. In addi
tion, the above bodies are invited to send
representativies to the ICRP's meetings with
its committees.

As the purpose of the ICRP is not to
promulgate dose limits per se, but only to
suggest recommendations which can be used by
various bodies who then promulgate dose limits
or standards, their recommendations are not
best represented in a set tabular format (Ref.
10). The current ICRP recommendations are
presented in Appendix A by excerpting appro
priate parts from ICRP Publication 26 (Ref.9).
Basically, their recommendations are to the
effect that individual members of the public
should not be exposed to a dose that entails
a risk greater than that arising from 0.5 rem
uniform irradiation of the whole body, even
when individual organs are irradiated.

The International Commission on Radio
logical Units and Measurements (ICRU) is the

3.1.4-3
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.international advisory body which, since its
inception in 1925, has primarily concerned
itself with the development of acceptable
recommendations regarding:

"(1) Quantities and units of radiation
and radioactivity,

"(2) Procedures suitable for the mea
surement and application of these quantities
in clinical radiology and radiobiology,

"(3) Physical data needed in the appli
cation of these procedures, the use of which
tends to assure uniformity in reporting"
(Ref. 11).

In addition, the ICRU considers and makes
such recommendations for the radiation pro
tection field. It does this aspect in close
cooperation with the ICRP. The ICRU collects
and evaluates the latest data and information
pertinent to the problems of radiation dosim
etry and measurement and recommends the most
acceptable values and techniques for current
use. In its operating policy, "The ICRU feels
it is the responsibility of national organiza
tions to introduce their own detailed technical
procedures for the development and maintenance
of standards. However, it urges all countries
adhere as closely as possible to the intern
nationally recommended basic concepts of radia
tion quantities and units."

The ICRU maintains close relationships
with other organizations in much the same
fashion as the ICRP. They have formal working
arrangements with WHO, IAEA, UNSCEAR. In
formal connections exist with many more organ
izations, such as the International Organiza
tion for Standardization.

The United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR) ,
since the 1950's, regularly reviews the sci
entific literature concerning biological
effects of ionizing radiation and trends in
the radiation exposure pathways (i.e., natural
radiation background, nuclear fuel cycle,
medical radiation, occupational and patient,
etc.) These reviews have in the past caused
some restructuring of the current ideas
affecting radiation protection guidance. An
example is the recognition that carcinogenesis
is the main danger for low doses (Ref. 12).
This reverses the previous view that the genetic
component of damage should be the overriding
concern in the setting of dose limits for the
general population. These reviews contribute
to ICRP development of radiation protection
recommendations by providing estimates of the
frequency of health effects.

The International Atomic Energy Agency
(IAEA) was organized in 1956 to "accelerate
and enlarge the contribution of atomic energy
to peace, health, and prosperity throughout
the world." Its membership is composed of
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approximately 105 member states of the United
Nations. It was "empowered to provide for the
application of standards of safety for pro
tection against radiation to'its own opera~

tions an9- to operations making use of assistance
prOVided by it or with which it is otherwise
directly associated. To this end, authorities
receiving such assistance are required to ob
serve relevant health and safety measures pre
scribed by the Agency" (Ref. 13). The recom
mendations of the lAEA rely heavily on the
basic recommendations of the ICRP and ICRU,
and are set forth in manuals and codes on
health and safety published in the Safety
Series or Technical Report Series. These manu
als serve as basic reference documents for the
preparation of national health and safety docu
ments covering the use of radionuclides.

Some work of the lAEA is done in collabora
tion with other U.N. Agencies. For instance,
with the International Labor Organization the
IAEA has issued general safety guidance for the
mining and milling of radioactive ores (See
Section II.E). In addition, in collaboration
with the World Health Organization, the lAEA
has issued guidance on handling of radionu
clides, environmental monitoring, and other
topics. The lAEA with the Food and Agricul
tural Organization monitors radiation contam
ination of food, and with the World Meteoro
logical Organization monitors isotopes in pre
cipitation.

Other international organizations -also
address'nuclear issues. Some of these are
Euratom, Inter-American Nuclear Energy Agency,
and the Organization f9r Economic Cooperation
and Development's Nuclear Energy Agency. An
international professional organization that
sponsors pertinent symposia is the Inter
national Radiation Protection Association.

NATIONAL AGENCIES: The National Council
on Radiation Protection and Measurements
(NCRP) provides for the United States the same
sort of general guidance and recommendations
that the ICRP and ICRU provide at an inter
national level. The NCRP started in 1928 as
an informal unit of the National Bureau of
Standards (NBS) to provide a focus for the
U. S. to give input to the ICRU and later,
ICRP. It was chartered in 1964 by Congress as
a non-profit corporation to:

"1. Collect, analyze, develop, and dis
seminate in the public interest information
and recommendations about (a) protection
against radiation and (b) radiation measure
ments, quantities, and units, particularly
those concerned with radiation protection;

"2. Provide a means by which organiza
tions concerned with scientific and related
aspects of radiation protection and of radia
tion quantities, units, and measurements may
cooperate for effective ultilizationo! thei!

o

o

o
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combined resources, and to stimulate the work
of such organizations;

"3. Develop basic concepts about radiation
quantities, units, and measurements, about the
application of the concepts, and about radia
tion protection.

"4. Cooperate with the International Com
mission on Radiological Protection, the Environ
mental Protection Agency, Nuclear Regulatory
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Commission, International Commission on Radia
tion Units and Measurements, and other national
and international organizations, governmental
and private, concerned with radiation quanti
ties, units, and measurements and radiation
protection" Ref. 6). Like ICRP and ICRU, the
NCRP maintains working relationships with many
national and international organizations.

The current recommendations of the NCRP
are presented in Table 2. It is to be empha-

Table 2. Dose-limiting recommendations of NCRP (from NCRP, Ref. 6,
with permission by National Council on Radiation Protection
and Measurements © 1971).

,/--),
I,i

\,"----'"

o
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Maximum Permissible Dose Equivalent for
Occupational Exposure

Combined whole body occupational
exposure

Prospective annual limit -

Retrospective annual limit -

Long term accumulation to age
N years -

Skin 
'Hands 
Forearms
Other organs, tissues and

organ systems -

Fertile women (with respect
to fetus) -

Dose Limits for the Public, or Occasionally
Exposed Individuals

Individual or Occasional -

Students -

Population Dose Limits
Genetic -
Somatic -

Emergency Dose Limits - Life Saving
Individual (older than 45 years

if possible) -

Hands and Forearms -

Emergency Dose Limits - Less Urgent
Individual -
Hands and Forearms -

Family of Radioactive Patients
Individual (under age 45) -

Individual (over age 45) 

Individual (over age 45) -

3.1.4-5

5 rerns in anyone year

10-15 rerns in anyone year

(N - 18) x 5 rems

15 rems in anyone year
75 rems in anyone year (25/qtr)
30 rerns in anyone year (IO/qtr)
15 rerns in anyone year (5/qtr)

0.5 rem in gestation period

0.5 rem in anyone year

0.1 rem in anyone year

0.17 rem average per year
0.17 rem average per year

100 rems

200 rems, additional (300 rems,
total)

25 rerns
100 rems, total

O. 5 rem in anyone year

5 rems in anyone year
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sized that these are designed to serve as
reasonable guidance and are not to be adopted
verbatim by the agencies.

The U. S. Environmental Protection A~ency

(EPA) is one of the pnmary regulatory bo les
in the United States concerned with radiation
protection. The authority of the Federal Radia
tion Council (FRC)to provide guidance for use
by Federal agencies in developing radiation
standards was transferred to the EPA with its
fonnation on December 2, 1970 by Executive Re
organization Plan No.3.

Under this authority, the EPA provides
generally applicable guidance in the fonn of
recommendations similar to those developed by
the NCRP (Table 2), as well as guidance on max
imum permissible concentrations. The EPA, in
addition.-fonnulates "protective action guides"
applicable to accidental releases of radio
activity. The EPA is also required to establish
radiological standards for the protection of
the general environment through a transfer of
authority from the Atomic Energy Commission.
"Standards mean limits on radiation exposure of
levels, or concentrations or quantities of
radioactive materials in the general environ
ment outside the boundaries of locations under
the control of persons possessing or using radio
active material" (Ref. 14). The EPA recently
promulgated standards (Ref. 15) to limit radia
tion doses to the general public and quantities
of long-lived radioactive materials in the
general environment attributable to planned
releases from operations contributing to the
nuclear generation of electrical power from the
uranium fuel cycle. These standards apply to
nuclear power plants and to most other opera
tions within the fuel cycle, but exclude mining,
transportation and waste management. The
standards limit: (1) the annual dose
equivalent to the whole body or any internal
organ, except the thyroid, to 25 millirems,
and the annual dose equivalent to the thyroid,
to 75 millirems; and (2) the quantities of
85Kr, 1291, and plutonium and other alpha
emitting transuranic elements with half-lives
greater than one year released to the environ
ment per gigawatt-year of electrical power pro
duced by the entire fuel cycle to 50,000 curies,
5 millicuries, and 0.5 millicuries, respec
tively. The rule is reproduced from the Code
of Federal Regulations in Appendix D of Section
II.B. These standards were proposed to achieve
two main objectives: (1) assure protection of
members of the public against radiation doses
resulting from fuel cycle operations, and
(2) to limit the environmental burden of long
lived radioactivity that may accumulate as a
result of the production of electrical energy,
so as to limit their long-tenn impact on both
current and future generations. For detailed
discussion of the data base and judgements
upon which these standards are based, the
reader is referred to the final environmental
statement (Ref. 15).

The EPA has issued propo;;ed guidaJ).ce
(Ref. 22) on dose limits for individuals ex
posed to transuranium elements from presently
existing cases of environmental contamination
or from future unplanned release. The recom
mendations states that:

"1. The annual alpha radiation dose rate
to members of the critical segment of the ex
posed population as the result of exposure to
transuranium elements in the general environ
ment should not exceed either:

a. 1 millirad per year to the pul
monary lung, or

b. 3 millirad per year to the
bone ••• "

In addition, the EPA's jurisdiction in
cludes the environmental radiation protection
activities of the Department of Health, Educa
tion, and Welfare covered under the Public
Health Service Act, except those functions
kept by the Bureau of Radiological Health
(discussed later). In carrying out these func
tions, the EPA on July 9, 1976 promulgated
Interim Primary Regulations for Radioactivity
in Drinking Water (Ref. 16). These regulations
replace the Public Health Service Drinking
Water Standards of 1962. These regulations set
forth maximum contaminant levels for 226Ra,
228Ra, and gross a-particle radioactivity as
follows (Ref. 17):

(1) Combined 226Ra and 228Ra limited to
5 pCi/l in community water systems. ~2) Gross
alpha particle activity (including 22 Ra, but
excluding radon and uranium) limited to
15 pCi/l. In addition, maximum contaminant
levels for S-particle and photon radioactiv
ity from man-made radionuclides in community
water systems were set as the following:

-the average annual concentration of
S-particle and photon activity from man-made
radionuclides in drinking water shall not pro
duce an annual dose equivalent to the total
body or any internal organ greater than 4
millirem/year (0.004 rem/year).

• Except for the radionuclides [3H and
90Sr ] , the concentration of man-made radio
nuclides causing 4 millirem total body or
organ dose equivalents shall be calculated on
the basis of a 2 liter per day drinking water
intake using the 168 hour data listed in Maxi
mum Pennissible Body Burdens and Maximum Per
missible Concentrations of Radionuclides in
Air or Water for Occupational Exposure:
NBS Handbook 69 as amended August 1963, U. S.
Department of Commerce. If two or more
radionuclides are present, the sum of their
annual dose equivalent to the total body or
to any organ shall not exceed 4 millirem/year"
(Ref. 16). For 3H and 90Sr , the limits are
20,000 pCi/liter and 8 pCi/liter, respectively.

o

o
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As these standards are of environmental
importance ,parts of National Interim Primary
Drinking Water Regulations (Ref. 16) which
provide further clarification and application
of these standards are reproduced in Appendix
B following this section.

The U. S. Nuclear Regulatory Commission
(NRC), fonned by the Energy ReorganlZation Act
of 1974, is broadly speaking, the regulatory
part of the old Atomic Energy Commission (ABC).
The NRC is responsible for the licensing and
regulatory functions relating to commercial
nuclear facilities and implements radiation
protection standards by defining specific re
quirements in the licenses of individual plants
and also by enforcing them. As its other major
responsibility the NRC regulates the following:

(a) "Source material", meaning uranium or
thorium, or ores with above a certain'concen
tration of either or both

(b) "by-product material" meaning any
radioactive material (except below) yielded
in, or made radioactive by, producing or using
special nuclear material

(c) "Special nuclear material" meaning
plutonium, uranium-233, uranium enriched in
the isotope 233 or 235, any material enriched
by the foregoing, and other material designated
by the NRC."

Much of the regulation of these materials
is actually carried out by the states rather
than by the NRC itself. About half the states
are "Agreement" states that meet certain fed
eral stipulations in this regulatory function.
The role of the NRC with respect to nuclear
power reactors is presented in Section II.B.

The NRC is responsible for occupational
standards for workers involved in an NRC
licensed activity. These standards are given
in Title 10, Parts 19 and 20 of the Code of
Federal Regulations and limit each worker to
a quarterly dose of 3 rem and an annual dose
of 5 rem: to the whole body. The NRC is cur
rently considering amendments (Ref. 23) to
remove a provision which allows certain workers
in licensed commercial nuclear activities to
receive a radiation dose of an much as 12
rem in one year.

The U.S. Department of Enerro: (DOE) super
seded the Energy Research and Development
Administration in October 1977. As the agency
designated to take over the ABC's research
and development functions, DOE is responsible
for the great bulk of research on the bio
medical, environmental, physical, and safety
aspects of nuclear and other kinds of energy.
It is also responsible for radiation health
and safety and environmental protection at
DOE owned facilities, such as the National
Laboratories. It has statutory power over
radiation guidelines in its own areas of con
cern, namely: the National Laboratories, DOE
licensees and contractors, and the weapons
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testing program. The publications in DOE's
Technical Infonnation Center provide valuable
reference materials for radiation protection
as a whole, and they are referenced where
appropriate. The DOE Environmental Measurement
Laboratory (EML) [fonnerly Health and Safety
Laboratory (HASL)] perfonns routine measure
ments of radiation contamination in food, air,
water and fallout. These data are published
in environmental quarterlies (Ref. 18). EML
also publishes a procedures manual (Ref. 19)
for radioactivity measurements.

The Food and Drug Administrations I s (FDA)
Bureau of Radiological Health (BRH) of the U.S.
Department of Health, Education, and Welfare
(HEW) has many general public health responsi
bilities associated with radiation protec-
tion (Ref. 20). It conducts an electronic
product radiation control program, including
the development and administration of per
fonnance standards. As the agency primarily
responsible for radiation used in the healing
arts, the Bureau develops criteria, recom
mendations, and standards relative to radiation
use and exposure, as well as developing tech
niques, procedures and users' qualifications, in
order to reduce unnecessary exposure. BRH
also provides advice to the Bureau of Foods
and the Bureau of Drugs on the control of
radioactive materials and radiation in food
and drugs. Other functions include research,
technical assistance and training in occupa
tional radiation exposure, research on health
effects of radiation exposure, and participa
tion in the development of model codes and
recommendations.

The Mining Safety and Health Adminstra
tion lMSHAJ orthe Department of Labor regu
lates occupational exposures in the mining
industry. They are also responsible for de
veloping and enforcing safety and health
standards for mineral extraction operations.
Their role is discussed in Section II.E. on
mining and milling.

The U. S. Department of Transportation
(DOT) regulates the transportatIon of all
hazardous materials, including radioactive ma
terials. DOT regulates both shippers and
carriers who are engaged in interstate commerce,
and prescribes packaging, marking, labelling,
loading, and storage regulations.

Several other federal government agencies
serve specialized functions in providing
services or data useful to the aforementioned
agencies. For instance, the Soil Conservation
Service, part of the Department of Agriculture,
monitors soil for radionuclides. The Occupa
tional Safety and Health Administration, part
of the Department of Labor, develops and en
forces health and safety standards for those
occupationally radiation-exposed groups not
covered by other federal agencies. The
National Bureau of Standards, part of the De-
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partment of Commerce, serves a very important
role in providing a basis for national measure
ment systems by providing standards for radio
activity and standard reference materials for

1 •an3 ....yS1.s.

STATE AGENCIES. Under the constitution
the ultimate'responsibility in the United
States for most aspects of health protection 
including radiological health - is vested in
the states. Many states accept this responsi
bility by protecting their citizens through
basic public health law and by specific laws
concerning specialized fields, e.g., radio
logical health and occupational health. In
order to standardize the radiation control
regulations in the states, the Councils of
State Governments assisted by the ABC and
BRH initially published in 1962 the first
"Suggested State Regulations for Control of
Radiation." In 1964, 1966, 1970, and 1974,
the suggested regulations were revised and
updated. Naturally occurring isotopes (radi
um, thorium, etc.) or machine-produced (e.g.
accelerator) isotopes are under the direct
control of states. To facilitate material
assistance and cooperation between the states
and various agencies of the federal government,
a National Conference of Radiation Control
Program Directors was established in 1968. One
of the purposes of the Conference is to collect
and make accessible to all radiation control
program directors in official administrative
positions such information and data as might
be of assistance to them in the proper fulfil
ment of their duties.

In 1959, Section 274 of the Atomic Energy
Act was enacted to spell out a State role in
radiation activities and to provide a statu
tory basis under which the Federal Government
could relinquish to the States portions of
its regulatory authority. The mechanism to
transfer some of NRC's authority to a State
is an agreement between the Governor of the
State and the NRC. The programs of "Agreement"
States are routL~ely reviewed by the NRC to
assure that they are effective. States may
take advantage of NRC assistance through NRC's
Office ,of State Programs.

RAD
Guides
Page 8

Working cooperatively with various pro
fessional societies, many states are also in
volved with educational programs on radiation
protection, providing activities such as special
seminars, pamphlets, books, and lectures in
schools of radiologic technology. Several
states have minimum standards for the training
and education of radiologic technologists.

LOCAL AGENCIES have a definite contribu
tion to make in radiation protection, particu
larly through emergency preparedness activities
for any radiation facilities within their juris
diction.

NONGOVERNMENTAL ORGANIZATIONS. In addi
tion to the previously discussed bodies there
are organizations which are not governmental
providing useful criteria for another aspect of
radiation protection and that is the measure
ment of ionizing radiation and/or exposure. Of
course, the NCRP, ICRU, and the lAEA also ad
dress this area of concern in some of their
reports. The American National Standards
Institute (ANSI), alone or in collaboration
with the Institute for Electrical and Elec
tronic Engineers (IEEE), provides standards
to be followed voluntarily. The American
Society for Testing Materials (ASTM) published
a set of reference methods for measuring radia
tion in various media.

Other organizations that provide a variety
of information on radiation protection matters
are professional organizations, such as the
American Chemical Society, Health Physics
Society, IEEE Nuclear Science, American Physical
Society, and the American Nuclear Society.

4. Acknowledgments

For this section we particularly
acknowledge the generous advice and review of:

Robert Budnitz, Nuclear Regulatory
Commission

Robert Graven, Argonne National
Laboratory

George Morton, Lawrence Berkeley
Laboratory

Vincent Panesko, Rockwell Hanford
Operations, Richland, Washington

o

o

o
9/79

3.1.4-8



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

',)

RA.D
Guides
Page 9

1. Lauriston S. Taylor, Radiation Protection Standards ,CRC Press , Cleveland, Ohio (1971). (Will
be publishing a book Organizations for Radiation Protection during 1979).

8. Advisory Committee on the Biological Effects of Ionizing Radiation "Considerations of Health
Benefit-Cost Analysis for Activities Involving Ionizing Radiation Exposure and Alternative,"
BEIR II Report, Assembly of Life Sciences and National Research Council of National Academy
of Sciences, EPA-520j4-77-003, .Environmental Protection Agency, Office of Radiation Program,
Criteria and Standards Division, Washington, D. C. (1977).

o

2.

3.

4.

5.

6.

7.

REFERENCES

L. S. Taylor, "The Origin and Significance of Radiation Dose Limits for the Population,"
WASH-1336, U. S. Atomic Energy Commission, Division of Biomedical and Environmental Research,
Washington, D. C. (1973).

S. Glasstone, Sourcebook on Atomic Ener~, Third edition, D. Van Nostrand Company, Inc.,
Princeton, New Jersey (1967). Publishe Under auspices of the Division of Technical Informa
tion United States Atomic Energy Commission.

K. Z. Morgan and J. E. Turner, Principles of Radiation Protection, Robert Kreiger Publishing
Co. (1973).

H. Cember, Introduction to Health Physics, Pergamon Press, Maxwell House, Fairview Park,
Elmsford, New York 10523 (1969). Volume 105 of International Series of Monographs in
Nuclear Energy. '

National Council on Radiation Protection and Measurements, "Basic Radiation Protection
Criteria," NCRP. Report No. 39, NCRP, 7910 Woodmont Avenue, Washington, D. C., 20014 (1971).

National Council on Radiation Protection and Measurements, "Review of the Current State of
Radiation Protection Philosophy," NCRP Report No. 43, NCRP, 7910 Woodmont Avenue, Washington,
D. C., (1975).

o

9. International Commission on Radiological Protection, "Recommendations of the International
Commission on Radiological Protection," ICRP Publication 26, Annals of the ICRP, Volume 1,
No.3 (1977).

10. Private communication with Charles B. Meinhold (Argonne National Laboratory) and Roy C.
Thompson (Battelle Pacific Northwest Laboratory) (January 1979).

11. International Commission on Radiation Units and Measurements, "Conceptual Basis for the
Determination of Dose Equivalent,". ICRU Report 25, ICRU, 7910 Woodmont Ave., Washington,
D. C., 20014 (1976).

12. United Nations Scientific Committee on the Effects of Atomic Radiation, Sources and Effects
of Ionizing Radiation, United Nations, New York (1977).

13. International Atomic Energy Agency and World Health Organization, "Safe Handling of
Radionuclides," 1973 edition Code of Practice, IAEA Safety Series No.1, lAEA, Vienna
(March 1973).

14. Environmental Protection Agency, "Radiation Protection Activities 1976," EPA-520j4-77-005,
Office of Radiation Protection Programs, Washington, D. C. 20460 (August 1977).

15. Environmental Protection Agency, 40 CPR 190, "Environmental Radiation Protection Require
ments for Normal Operations of Activities in the Uranium Fuel Cycle," Final Environmental
Statement, 2 Volumes, EPA-520j4-76-0l6, Office of Radiation Programs, Washington, D. C.
20460 (November 1976), single copies are available from the Director, Criteria and Standards
Division (AW-460),EPA/ORP, 401 MStreet.

16. Environmental Protection Agency "National Interim Primary Drinking Water Regulations,"
EPA-570j9-76-003, Office of Water Supply (WH-55), 401 MStreet, Washington, D. C. 20460
(1976). .

9/79 3.1.4-9



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD
Guides·
Page 10

()
l7a. 40 CRF 141.15 Maximum contaminant levels for radium-226, radium-228, and gross a particle

radioactivity in cOITrrmmity water systems.

b. 40 CRF 141.16 Maximtmt contaminant levels for S particle and photon radioactivity from man-made
radionuclides in community water systems.

18. For recent examples see Department of Energy, Environmental Measurements Laboratory Environ
mental Quarterly, EML-334, prepared by E. P. Hardy, September through December 1, 1977,
376 Hudson Street, New York, N.Y. 10014 (January 1, 1978).

19. J. H. Harley, editor, HASL Procedures Manual, 1972 edition, HASL-300, Environmental Measure
ments Laboratory, 376 Hudson Street, New York, N.Y. 10014 (revisions supplied annually).

20. Bureau of Radiological Health Progress in Radiation Protection 1975, HEW Publication (FDA)
77-8015, General review document. '

21. International Commission on Radiological Protection, "Recommendations Commission Recommendations
that Doses be Kept as Low as Readily Achievable," ICRP Publication 22, Pergamon Press, New York
(1973) •

22a. Environmental Protection Agency, "Proposed Guidance on Dose Limits for Persons Exposed to
Transuranium Elements in the General Environment," SlUl1JIIary Report EPA 520/4-77-016, Office
of Radiation Programs, Criteria and Standards Division, Washington, D. C. 20460 (September
1977).

b. Environmental Protection Agency, "Response to Comments on Proposed Guidance on Dose Limits
for Persons Exposed to Transuranium Elements in the General Environment" EPA-520/4-78-0l0,
Office of Radiation Programs, Criteria and Standards Division, Washington, D. C. 20460
(October 1978).

23. Nuclear Regulatory Commission, "NRC Proposes Changes to Occupational Radiation Dose Standards",
Office of Public Affairs, Washington, D. C. 20555, News Release No. 79-35, Volume 5, Number 8
(week ending February 20, 1979).

o
24.

9/79 3.1.4-10

o



APPENDIX A
Recommendations of the ICRP (from ICRP, Ret 9,

with permission by Pergamon Press @1977).

where, WT is a weighting factor representing
the proportion of the stochastic risk resulting
from tissue (T) to the total risk, when the
whole body is irradiated uniformly, HT is the
annual dose equivalent in tissue (T), HWb,L is
the recommended annual dose-equivalent
limit for uniform irradiation of the whole
body, namely50mSv(5 rem).

(105) The values of WT recommended by th~

Commission are shown below:

intended to constrain any exposure that fulfils
the limitation of stochastic effects (see
paragraphs 104-110).

(104) For stochastic effects the Commis
sion's recommended dose limitation is based
on the principle that the risk should be equal
whether the whole body is irradiated uniform
ly or whether there is non-uniform irradiation.
This condition will be met if

LqwTHT 5, Hwb.L>

The value of WT for the remaining tissues
requires further clarification. For the reasons
stated inparagraphs58 and59theCommission
recommends that a value of WT = 0.06 is
applicable to each of the five organs or tissues
of the remainder receiving the highest dose
equivalents, and that the exposure of all other
remaining tissues can be neglected. (When the
gastro-intestinal tract is irradiated, the
stomach, small intestine, upper large intestine
and lower large intestine are treated as four
separateorgans.)

(106) It is recognized that the risk associated
withagiven exposure will vary with theageand
sex of the individual exposed. However, the

f)
"-'

o
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(101) The Commission's dose-equivalent
limits are primarily intended to ensure
adequate prote~tioneven for the most highly
exposed individuals. In many occupations
workers who are exposed near the dose
equivalent limits are unlikely to receive such
doses each year of their occupational life and
it would be their expected lifetime dose
equivalent that would indicate their total
individual risk. In this sense they are
comparable with individuals who are exposed
randomly to higher risks in "safe" occupa
tions. Exposures consistently near the limits
would be comparable with a situationwhere a
higher-than-average risk has been identified
for certain individuals in non-radiation indus
tries.

(102) However, if the exposure of workers
in any particular occupation were to be
planned so that a large fraction of workers
received dose equivalents which approached
the annual limit, the average exposure could
rise substantially above one-tenth of the limit.
There would thus be a corresponding rise in
the average risk, even though the annual dose
equivalent limit was not exceeded by any
individual worker. Long-continued exposure
ofa considerable proportion of the workers at
or near the dose-equivalent limits would only
be acceptable if a careful cost-benefit analysis
had shown that the higher resultant risk
would bejustified.

Recommendeddose-equivalent limits. (l03)
The Commission's recommendations are
intended to prevent non-stochastic effects
and to limit the occurrence of stochastic
effects to an acceptable level. The Commis
sion believes that non-stochastic effects will
be prevented by applying a dose-equivalent
limit of 0.5 Sv (50 rem) in a year to all tissues
except the lens, for which the Commission
recommends a limit of 0.3 Sv (30 rem) in a
year. These limits apply irrespective of
whether the tissues are exposed singly or
together with other organs, and they are

3.1. 4-Al

/•

Tissue

-Gonads
Breast
Red bone marrow
Lung
Thyroid
Bone surfaces
Remainder
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WT

0.25
0.15
0.12
0.12
0.03
0.03
,0.30



where, Ii I is the annual dose-equivalent index,
Hwb , L is the annual dose-equivalent limit,

HI /.__ +"._J < I
H i-J / -

wb,L j,t.

values of wTgiven in paragraph 105 are recom
mended as appropriate for the protection of
any worker, regardless of these sources of
variabili ty (seealso paragraph38).

(107) The values of WT presented in para
graph 105 are intended as guidance for those
concerned with calculating secondary and
derived limits (see section F). In particular,
they are used by ICRP Committee 2 in calcu
lating values of annual limits of intake (ALI)
for radionuclides, which take account of the
dose equivalent in each tissue. In practical
situations, however, it will usually suffice to
use the two secondary limits that are applic
able to external and internal exposure,
namely, the limit to the dose-equivalent index
HI (see paragraph 108) and ALI (see para
graph 109).

(108) With external exposures to penetrat
ing radiation, on those occasions when infor
mation is lacking concerning the actual
distribution of dose equivalent in the body, it
is possible to assess the maximum value of
dose equivalent that would occur in a 30 cm
sphere (the deep dose-equivalent index, HI)· .
The limitation of the dose-equivalent index to
an annual value of 50 mSv would afford a
level of protection that would be at least as
good as that provided by the method recom
mended in paragraph 104.

(109) With internal exposure resulting from
the intake of radionuclides protection can be
based on annual limits of intake (ALI). These
are calculated by ICRP Committee 2, from
knowledge of the various organ committed
dose equivalents per unit intake, by applica
tion of the principles discussed in paragraphs
104 and 105; such exposures are also subject
to the limits for non-stochastic effects given
in paragraph 103.
. (110) When external and internal exposures

are received together, the Commission's
recommended dose limitation for stochastic
effects will not be exceeded if:

o

o.
'---
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Plannedspecial exposures. (1 J.3) Situations
may occur infrequently during normal
operations when it may be necessary to permit
a few workers to receive dose equivalents in
excess of the recommended limits. In such
circumstances external exposures or intakes
of radioactive material may be permitted
provided the dose-equivalent commitment
does not exceed twice the relevant annual limit
in any single event, and, in a lifetime, five
times this limit. The Commission wishes to
emphasize that external exposures or intakes
of this magnitude are only justified when
alternative techniques, which do not involve
such exposure of workers, are either
unavailable or impracticable (see also
paragraph 171).

(114) Planned special exposures should not
be permitted if the worker has previously
received abnormal exposures resulting in dose
equivalents in excess of five times the relevant
annual limit. Planned special exposmes
should not be permitted for women of repro
ductive capacity. Dose equivalents resulting

/j is the annual intake of radionuclide J, Ij ,/. is
the annual limit of intake for radionuclide j.

(111) Although the Commission no longer
proposes separate annual dose-equivalent

limits for individual tissues and organs i rradi
ated singly, the implied values of such limits
may be obtained, if required, by dividing the
dose-equivalent limit HWb,L (50 mSv in a year)
by the relevant value of WT. Such values would
be subject to the limits, based on non
stochastic effects, given in paragraph 103.

(112) It should be recognized that the limits
have been derived for application in average
situations, for all adult ages and for both sexes
and without regard to individual circum
stances which might enhance the risk. The
Commission believes that, for example, any
variation in risk with age will not influence the
total risk from a lifetime exposure unless the
exposure is limited to a special group. Addi
tional precautions and dose limitations may be
necessary, however, to limit the irradiation of
an embryo or foetus in the case ofoccupational
exposure of pregnant women (see paragraphs
115and 116).
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*hllernational Commission on Radiation Units and Measurements, The Conceptual Basis for Ih~' Determination
of Dose Equivalent, ICHU RI![Jorl 25. International Commission on Radiation lJnils and Measuremenh,
WashinglOn, 1976.
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from planned special exposures should be
recorded with those from usual exposures,
but any excess over the limits recommended in
paragraphs 103 et seq. should not by itself
constitute a -reason for excluding a worker
from his usual' occupation. (Accidental and
emergency exposuresare discussed in section
G).

Occupationalexposure ofpregnant women.
(116) It is likely that any pregnancy of more
than 2 months' duration would have been
recognized by the woman herself or by a
physician. For reasons described in paragraph
65, the Commission recommends that, when
pregnancy has been diagnosed, arrangements
should be made to ensure that the woman can
continue to work only in Working Condition
B, specified in paragraph 161.

Occupational exposure ofwomen ofrepro
ductive capacity. (115) When women of
reproductive capacity are occupationally

-exposed under the limits recommended in
paragraph 108, and when this exposure is
received at an approximately regular rate, it is
unlikely that any embryo could receive more
than 5 mSv during the first 2 months of
pregnancy. Having regard to the
circumstances in which such exposures could
occur, the Commission believes that this
procedure will provide appropriate protec
tion during the essential period of organo
genesis.
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ation of risks that an individual can modify to
only a small degree and which, like radiation
safety, may be regulated by national ordin
ance. An example of such risks is that of using
public transport. From a review of available
information related to risks regularly accepted
in everyday life, it can be concluded that the
level of acceptability for fatal risks to the
general public is an order of magnitude lower
than for occupational risks. On this basis, a
risk in the range of 10-6 to 10-5 per year would
be likely to be acceptable to any individual
member of the public.

(119) The assumption of a total risk of the
order of IO-~ Sv- I (see paragraph 60) would
imply the restriction of the lifetime dose to the
individual member of the public to a value
that would correspond to 1 mSv per year of
life-long whole body exposure. For the
reasons given in the following paragraphs, the
Commission's recommended whole body
dose-equivalent limit of 5 mSv (0.5 rem) in a
year, as applied to critical groups, has been
found to provide this degree of safety and the
Commission recommends its continued use
under the conditions specified in paragraphs
120-128.

(120) The application of an annual dose
equivalent limit of 5 mSv to individual
members of the public is likely to result in
average dose equivalents of less than 0.5 mSv,
provided that the practices exposing the
public are few and cause little exposure
outside the critical groups (see paragraph 85).
When applying the dose-equivalent limit for
members of the public, consideration must be
given to the possibility that some individuals
may belong to more than one critical group.
In fact, due to the maximizing assumptions
usually made in selecting critical groups, the
doses actually received by the most highly
exposed individuals will in most cases be
considerably lower than the doses postulated
for the critical group.

(121) The actual value of the average dose
depends upon both the result of the optimiza
tion process of a large number of justified
practices causing radiation exposures and the
value selected to limit the individual doses. If
at some time in the future the combined
exposure resulting from optimized exposures
resulted in average dose equivalents higher
than 1 mSv in a year, the situation might still
be justifiable, even though the average risk

i ..)
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Dose-equivalent limits for individual mem
bers ofthepublic. (117) Radiation risks are a
very minor fraction of the total number of
environmental hazards to which members of
the public are exposed. It seems reasonable
therefore to consider the magnitude of radia
tion risks to the general public in the light of
the public acceptance of other risks of every
day life. This acceptance (when related to
risks that could not be reduced or avoided
entirely) is motivated by the benefits that
would not otherwise be received, by an assess
ment of the social cost of achieving a possible
reduction of risk, or by an implicit judgment
that the risk is negligible.

(l18) The acceptable level of risk for
stochastic phenomena for members of the
general public may be infured from consider-

o

o
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for members of the public would be higher
than the range 10-6 to 10-5 per year.

(122) In some cases optimization, which
could be the overriding protection criterion,
will necessitate a more realistic selection of the
critical group, because to overestimate the
risk would introduce a bias which would
invalidate the optimization. In these cases, the
dose-equivalent limit to individual members
of the public, referred to in paragraph 120,
would still adequately restrict the average
dose equivalent, but the few individuals
exposed to the dose-equivalent limit could run
a risk in the range of 10-5 to 10-4 per year. This
annual risk would then be one order of
magnitude higher than the risk range quoted
in paragraph 118. Since exposures at the dose
equivalent limit are not likely to be repeated
over many years, however, an adequate
restriction of the life-time dose is still likely to
be achieved. In any rare cases where the doses
to a few individuals were actually found to be
received at high rates over prolonged periods,
it would be prudent to take measures to restrict

their life-time dose as implied in paragraph
119.

(123) In such cases, where optimization is
the deciding protection criterion and where
critical groups are selected on the basis of
realistic assumptions, it would be appropriate
to use as a boundary condition of any single
optimization process an individual dose limit
ation such as indicated in paragraph 122.

Even the few individuals who would actually
receive doses of this magnitude over a long
period of time would not be subject to risks
appreciably above the level that is generally
considered acceptable (see paragraph 118).

(124) In most applications, however,
administrative planning is based on opera
tional limits derived from very crude cost
effectiveness considerations of protective
measures and quite conservative estimates of
the resulting doses in critical groups. For such
planning it is usually quite appropriate to
assess the doses in the critical group in relation
to the dose-equivalent limit of 5 mSv in a year,
and the Commission has found no reason to
recommend a change in this practice. The
main reason for this decision is that the Com
mission's system of dose limitation, with the
dose-equivalent limit of 5 mSv in a year, is
found to provide the necessary degree of

9/79
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safety, under the boundary conditions stated
in paragraphs 120-123, and that a change in
the upper limit would not be of the same
importance from the radiation protection
point of view as the rigorous application of
the principle of keeping all doses as low as is
reasonably achievable.

(125) For non-homogeneous exposures
with organ doses H r, the limitation condition
is LrwrHr5 H wb•L , where Hwb,L is the dose
equivalent limit for uniform irradiation of the
whole body for a member of the public. Due
to different age distributions when members
of the publicare irradiated, the risks will not
be quite the same as for occupational
exposures. The relative risks, however, will
differ but little and the Commission has not
found the differences significant enough to
recommend a separate set of weighting
factors, different from the values of wrgiven
in paragraph 105 (see also paragraph 60).

(126) In order to prevent anyone organ or
tissue from receiving a total dose which could
contribute significantly to the induction of
non-stochastic effects, an overriding annual
dose-equivalent limit of 50 mSv should apply.
This limit is considerably lower than the
corresponding limits recommended for pre
vention of non-stochastic effects after occu
pational exposure. The intention is to ensure
that the longer exposure period and the
practical difficulties in controlling the total
exposure from all sources will not result in
threshold doses for non-stochastic effects
being reached. The weighting procedure
recommended in paragraph 125 will generally
provide the necessary limitation also for non
stochasticeffects, but the special limitation is
needed for the skin and the lens of the eye.

(127) In the calculation of the dose equiva
lent incurred by members of the public from
intake of radionuclides, account must be
taken of differences in organ size or metabolic
characteristics of children. Data on such
differences may be found in the report of the
task group on Reference Man (lCRP
Publication 23).

(128) As with workers (see paragraph 102)
an increase in the average dose to members of
the public could result from any large increase
in the number of sources of exposure, even
though each satisfactorily met the criteria of
justification and optimization (see para-

o
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graphs 68-76) and caused no exposures above
the recommended limits. National and
regional authorities should therefore keep
under surveillance the separate contributions
from all practices to the average exposure of
the whole population so as to ensure that no
single source or practice contributes an
unjustified amount to the total exposure, and
that no individual receives undue exposure as
a result of membership 9f a number of critical
groups.

Exposure ofpopulations
(129) In its previous recommendations the

Commission suggested a genetic dose limit,
although it expressed reservations about
proposing generally applicable dose limits for
populations. It has become increasingly clear
that the previously suggested level is not likely
to be reached, and it is very improbable that
responsible authorities would permit the
average dose equivalent in a population to
reach values that are more than small frac
tions of the former genetic dose limit of 5 rem
in 30 years. Therefore, continuance of the
former genetic dose limit could be regarded as
suggesting the acceptability of a higher
population exposure than is either necessary
or probable, and a higher risk than is justified
by any present or easily envisaged future
development. Furthermore, knowledge
gained over the past two decades indicates
that genetic effects, while important, are
unlikely to be of overriding importance, and
would need to be related to the sum of all
other effects.

(130) In these recommendations, therefore,
the Commission does not propose dose limits
for populations. Instead it wishes to empha
size that each man-made contribution to
population exposure has to be justified by its
benefits, and that limits for individual
members of the public refer to the total dose
equivalent received from all sources (except as
already noted). The limit for irradiation of a
whole population is thus clearly seen as the
total reached by a summation of minimum
necessary contributions, and not as a permis
sible total apparently available for apportion
ment. Consideration of the principles
enunciated in paragraphs 117-125, together
with the Commission's system of dose limita
tion, is likely to ensure that the average dose
equivalent to the population will not exceed
0.5 mSv per year.

9/79 3.1. 4-A5

(131) In any cost-benefit assessment of a
given practice (see paragraphs 60 and 68-76)
the specification of the collective dose
equivalent is a relatively straightforward pro
cedure if the dose equivalent is limited to the
populatIOn that shares the benefit of the
source. If the exposure will involve other
populations (or groups, etc.) the total collect
ive dose equivalent should be kept below that
which would have applied had the cost
benefit assessment been confined to the
population that receives the benefit.

(132) For the purposes envisaged in para
graph 128 it would be useful to develop long
term forecasts of the trend of the various con
tributions to the total collective dose equiva
lent delivered from various sources of
exposure. This would facilitate discussions of
the appropriate national and international
arrangements in regard to justification for
particular contributions to population
exposures. Contributions that are not
primarily controllable nationally, or on an
agreed regional basis, call for international
agreement on levels of exposure or collective
dose equivalents from various sources. In
order to achieve these objectives, such
authorities may find it appropriate to apply
collective dose-equivalent limits for various
practices or sources ofexposure.

Accidentsandemergencies

(133) Under conditions in which accidental
exposures occur, questions arise as to what
remedial actions may be available to limit the
subsequent dose. In such cases, the hazard or
social cost involved in any remedial measure
must be"justified by the reduction of risk that
will result. Because of the great variability of
the circumstances in which remedial action
might be considered, it is not possible for the
Commission to recommend "intervention
levels" that would be appropriate for all
occasions. However, with certain types of
accident that are to some extent foreseeable it
may be possible to gauge, by an analysis of the
costs of the accident and of remedial action,
levels below which it would not be appropriate
to take action.

(134) The decision to InItiate remedial
action will have to take account of the partic
ular circumstances that prevail. In general it
will be appropriate to institute countermeas
ures only when their social cost and risk will be
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less than those resulting from further
exposure. Nevertheless, at the operational
level (at a reactor establishment, for example)
those responsible for the health and safety of
workers, and of individuals outside the estab
lishment, will need to have an emergency
plan, inCluding dose levels at which various
countermeasures would have to be con
sidered. The setting of such levels for particu
lar circumstances is considered to be the
responsibility of the national authorities. (See
also section G.)

(135) It has been indicated in paragraph 81
that the Commission's dose-equivalent limits
are agreed values, established so as to make it
possible to plan and design operations
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involving foreseen but acceptable radiation
exposures. These limits are intended to apply
only to those conditions where the source of
exposure is under control, and relate to
average workers without taking any account
ofage or child expectancy. The Commission's
recommended limits are set at a level which is
thought to be associated with a low degree of
risk; thus, unless a limit were to be exceeded
by a considerable amount, the risk would still
be sufficiently low as not to warrant such
countermeasures as would themselves involve
significant risks or undue cost. It is therefore
clear that it is not obligatory to take remedial
action if a dose-equivalent limit has been or
might be exceeded (see section G).

o

o



LJ ,j oj

APPENDIX B
Drinking Water Standards

(Ref, 16)

RAD
Guides
Appendix B
Page 1

Seetion 141.15 Maximum contaminant levels for radium.226,
radium.228, and grOM alpha particle radioactivity in com
munity water systems.

The following are the maximum contaminant levels for rafiium-226,
radium-228, and gross alpha particle radioactivity:

(a) Combined radium-226 and radium-228-5 pCijl.
(b) Gross alpha particle activity (including radium-226 but excluding

radon and uranium)-15 pCij1.

Section 141.16 Maximum contaminant levels for beta particle
and photon radioactivity from man-made radionuclides in
community water systems

(a) The average annual concentration of beta particle and photon radio
activity from man-made radionuclides in drinking water shall not produce
an annual dose equivalent to the total body or any internal organ greater
than 4 millirem/year.

(b) Except for the radionuclides listed in Table A, the concentration of
man-made radionuclides causing 4 mrem total body or organ dose equiv-

alents shall be calculated on the basis of a 2 liter per day drinking water

intake using the 168 hour data listed in "Maximum Permissible Body Bur

dens and Maximum Permissible Concentration of Radionuclidesin Air or

Water for Occupational Exposure," NBS Handbook 69 as amended A~gust

1963, U.S. Department of Commerce. If two or more radionuclides are

present, the sum of their annual dose equivalent to the total body or to any

organ shall not exceed 4 millirem/year.

TABLE A.-Average annual concentrations assumed to produce a total body or organ
dose 0/ 4 mrem/yr

Radionuclide Critical organ pCi
per liter

Tritium Total body ..
Strontium·90 Bone marrow ..

20,000
8

o
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Seetion 141.25 Analytical Methods for Radioactivity.

(a) The methods specified in lnteri"" Radiochemical Methodology' for
Drinking Water, Environmental Monitoring and Support Laboratory, EPA
600/4.75.008, USEPA, Cincinnati, Ohio 45268, or those listed below, are
to be u,sed to determine compliance with § § 141.15 and 141.16 (radio
activity) except in cases where alternative methods have been approved in
accordance with § 141.27. .

(1) Gross Alpha and Beta-Method 302 "Gross Alpha and Beta Radio
activity in Water" Standard Methods for the Examination of Water and
Wastewater, 13th Edition, American Public Health Association, New York,

N.Y., 1971.
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(2) Total Radium-Method 304 "Radium in Water by Precipitation"
Ibid.

(3) Radium-226-Method 305 "Radium-226 by Radon in Water" Ibid.
(4) Strontium-89, 9D-Method 303 "Total Strontium and Strontium·90

in Water" Ibid.
(5) Tritium-Method 306 "Tritium in Water" Ibid.
(6) Cesium-134--ASTM D-2459 "Gamma Spectrometry in Water," 1975

Annual Book of ASTM Standards, Water and Atmospheric Analysis, Part 31,
American Society for Testing and Materials, Philadelphia, PA. (1975).

(7) Uranium=--ASTM D·2907 "Microquantities of Uranium in Water
by Fluorometry," Ibid.

(b) When the identification and measurement of radionuclides other
than those listed in paragraph (a) is required, the following references are
to be used, except in cases where alternative methods have been approved
in accordance with § '141.27.

(1) Procedures for Radiochemical Analysis of Nuclear Reactor Aqueous
Solutions, H. L. Krieger and S. Gold, EPA·R4-73-014. USEPA, Cincinnati,
Ohio, May 1973. .

(2) HASL Procedure Manual, Edited by John H. Harley. HASL 300,
ERDA Health and Safety Laboratory, New York, N.Y., 1973.

(c) For the purpose of monitoring radioactivity concentrations in drink·
ing water, the required sensitivity of the radioanalysis is defined in terms of
a detection limit. The detection limit shall be that concentration which can
be counted with a precision of plus or minus 100 percent at the 95 percent
confidence level (1.96a where a is the standard deviation of the net count·
ing rate of the sample) .

(1) To determine compliance with § 141.15(a) the detection limit shall
not exceed 1 pCi/1. To determine compliance with § 141.15 (b) the detection
limits shall not exceed 3 ·pCi/l.

(2) To determine compliance with § 141.16 the detection limits shall not
exceed the concentrations listed in Table B.
TABLE B.-DETECTION LIMITS FOR MAN'MADE BETA PARTICLE AND. PHOTON EMITTERS

Radionuclide Detection limit

Tritium 1,000 pCi/1.
Strontium-89 10 pCi/I.
Strontium·90 :................................................. 2 pCi/l.
Iodine·I31 1 pCi/1.
Cesium-I34 10 pCVI.
Cross beta 4 pCi/l.
Other radionuclides 1110 of the applicable

limit.

(d) To judge compliance with the maximum contaminant levels listed in
sections 141.15 and 141.16, averages of data shall be used and shall be

rounded to the same number of significant figures as the maximum contam·
inant level for the substance in question.
Section 141.26 Monitoring Frequency for Radioactivity in Com·

munity water systems.
(a) Monitoring requirements for gross alpha particle activity, radium·

226 and radium-228.
(1) Initial sampling to determine compliance with § 141.15 shall begin

within two years of the effective date of these regulations and the analysis
shall be completed within three years of the effective date of these regula.
tions. Compliance shall be based on the analysis of an annual composite of
four consecutive quarterly samples or the average of the analyses of four
samples obtained at quarterly intervals.

(i) A gross alpha particle activity measurement may be substituted for
the required radium-226 and radium-228 analysis Provided, That the
measured gross alpha particle activity does not exceed 5 pCi/1 at a con·
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fidence level, of 95 percent (1.65(j where (j is the standard deviation of the
net counting rate of the sample). In localities where radium-228 may be
present in drinking water, it is recommended that the State require radium
226 and/or radium-228 analyses when the gross alpha particle activity ex
ceeds 2 pCi/1.

(ii) When the gross alpha particle activity exceeds 5 pCi/I, the same or
an equivalent sample shall be analyzed for radium-226. If the concentration
of radium·226 exceeds 3 pCi/1 the same or an equivalent sample shall be
analyzed for radium-228.

(2) For the initial analysis required by paragraph (a) (1), data ac·
quired within one year prior to the effective date of this part may be sub·
stituted at the discretion of the State.

(3) Suppliers of water shall monitor at least once every four years fol
lowing the procedure required by paragraph (a) (1). At the discretion of
the State, when an annual record taken in conformance with paragraph (a)
(1) has established that the average annual concentration is less than half
the maximum contaminant levels established by ~ 141.15, analysis of a
single sample may be substituted for the quarterly sampling procedure re
quired by paragraph (a) (l).

(i) More frequent monitoring shall be conducted when ordered by the
State in the vicinity of mining or other operations which may contribute
alpha particle radioactivity to either surface or ground water sources of
drinking water.

(ii) A supplier of water shall monitor in conformance with paragraph
(a) (l) within one year of the introduction ofa new water source for a
community water system. More frequent monitoring shall be conducted
when ordered by the State in the event of possible' contamination or when
changes in the distribution system or treatment processing occur which may
increase the concentration of radioactivity in finished water.

(iii) A community water system using two or more sources having dif
ferent concentrations of radioactivity shall monitor source water, in addi
tion to water from a free-flowing tap, when ordered by the State.

(iv) Monitoring for compliance with § 141.15 after the initial period
need not include radium-228 except when required by the State, Provided,
That the average annual c~ncentration of radium-228 has been assayed at
least once using the quarterly sampling pro(;edure required by paragraph
(a) (1).

(v) Suppliers of water shall conduct annual monitoring of any com
munity water system in which the radium-226 concentration exceeds 3 pCi/I,
when ordered by the State.

(4) If the average annual maximum contaminant level for gross alpha
particle activity or total radium as set forth in ~ 141.15 is exceeded, the
supplier of a community water system shall give notice to the State pursuant
to § 141.31 and notify the public as required by § 141.32. Monitoring at
quarterly intervals shall be continued until the annual average concentra
tion no longer exceeds the maximum contaminant level or until a monitoring
schedule as a condition to a variance, exemption or enforcement action shall
become effective.

(b) Monitoring requirements for man-made radioactivity in community
water systems.

(1) Within two years of the effective date of this part, systems using sur
face water sources and serving more than 100,000 persons and such other
community water systems as are designated by the State shall be monitored
for compliance with ~ 141.16 by analysis of a composite of four consecutive
quarterly samples or analysis of four quarterly samples. Compliance with
§ 141.16 may be assumed without further analysis if the average annual
concentration of gross beta particle activity is less than 50 pCijl and if the
average annual concentrations of tritium and strontium-90 are less than
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those listed in Table A, Provided, That if both radionuclides are present the
sum of their annual dose equivalents to bone marrow shaH not exceed 4
millirem/year.

(i) If the gross beta particle activity exceeds 50 pO/I, an analysis of the
sample must be performed to identify the major radioactive constituents
present and the appropriate organ and total body doses shall be calculated
to determine compliance with § 141.16.

(ii) Suppliers of water shall conduct additional monitoring, as ordered
.by the State, to determine the concentrati~n of man-made radioactivity in
principal watersheds designated by the State.

(iii) At the discretion of the State, supplies of water utilizing only
ground waters may be required to monitor for man-made radioactivity.

(2) For the initial analysis required by paragraph (b) (l) data acquired
within one year prior to the effective date of this part may be substituted at
the discretion of the State.

(3) After the initial analysis required by paragraph (b) (1) suppliers
of water shall monitor at least every four years following the procedure
given in paragraph (b) (1).

(4) Within two years of the effective date of these regulations the sup
plier of any community water system designated by the State as utilizing
waters contaminated by effluents from nuclear facilities shall initiate quar
terly monitoring for gross beta particle and iodine-131 radioactivity and an
nual monitoring for strontium-90 and tritium.

(i) Quarterly monitoring for gross beta particle activity shall be based on
the analysis of monthly samples or the analysis of a composite of three
monthly samples. The former is recommended. If the gross beta particle ac
tivity in a sample exceeds 15 pCijl, the same or an equivalent sample shall
be analyzed for strontium-89 and cesium-134. If the gross beta particle ac
tivity exceeds 50 pO/I, an analysis of the sample must be performed to
identify the major radioactive constituents present and the appropriate
organ and total body doses shall be calculated to determine compliance with
§ 141.16.

(ii) For iodine-131, a composite of five consecutive daily samples shall
be analyzed once each quarter. As ordered by the State, more frequent mon
itoring shall be conducted when iodine-131 is identified in the finished
water.

(iii) Annual monitoring for strontium-90 and tritium shall be conducted
by means of the analysis of a composite of four consecutive quarterly samples
or analysis of four quarterly samples. The latter procedure is recommended.

(iv) The State may allow the substitution of environmental surveillance
data taken in conjunction with a nuclear facility for direct monitoring of
man-made radioactivity by the supplier of water where the State determines
such data is applicable to a particular community water system.

(5) If the average annual maximum contaminant level for man-made
radioactivity set forth in § 141.16 is exceeded, the operator of a community
water system shall give notice to the State pursuant to § 141.31 and to the

. public as required by § 141.32. Monitoring at monthly:intervals shall be
continued until the concentration no longer exceeds the maximum contam
inant level or until a monitoring schedule as a condition to a variance, ex
emption or enforcement action shaH become effective.

Section 141.27 Alternative analytical techniques.
With the written permission of the State, concurred in by the Administra

tor of the U.S. Environmental Protection Agency, an alternative analytical
technique may be employed. An alternative technique shall be acceptable
only if it is substantially equivalent to the prescribed test in both precisiC!n
and accuracy as it relates to the determination of compliance with any max
imum contaminant level. The use of the alternative analytical technique shall
not decrease the frequency of monitoring required by this part.
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Section 141.28 Approved laboratories.
For the purpose of determining compliance with § 141.21 through

§ 141.27, samples may be considered only if they have been analyzed by a
laboratory approved by the State except that measurements for turbidity and
free chlorine residual may be performed by. any person acceptable to the
State.

Section 141.29 Monitoring of consecutive public water systems.
When a public water system supplies water to one or more other public

water systems, the State may modify the monitoring requirements imposed
by this part to the extent that the interconnection of the systems justifies
treating them as a single system for monitoring purposes. Any modified
monitoring shall be conducted pursuant to a schedule specified by the State
and concurred in by the Administrator of the U.S. Environmental Pro
tection Agency.

Impact of Maximum Contaminant Levels for Man-made Radionuclides

Though man-made radioactivity in public water systems is sometimes a
mailer of concern it is important to recognize that unlike the case for ra
dium, current ambient concentrations are less than the proposed limits be
cause of regulatory concern for these radionuclides. Drinking water is not
a major pathway for exposure from nuclear power plants. The Agency has
reviewed all the Envionmental Impact Statements for power reactors cur
rently available. Based on the design of these reactors the estimated total
body doses due to drinking water served by public water systems from
these facilities range from 0.00001 to 0.3 millirem per year with 90'/0 of the
expected doses less than 0.04 millirem per year. The average total body dose
is 0.3 millirem per year. Thyroid doses are somewhat larger, ranging from
0.0003 to 0.8 millirem per year, with an average annual dose of 0.08
millirem per year.

Data on ambient levels in public water systems indicate that almost all
of the radioactivity in the aquatic environment is due to residual radioactiv
ity from nuclear weapons testing. The historical trend of radioactivity in
the Great Lakes and in other waterways shows this source of radioactivity
is diminishing (9).

The maximum contaminant level for man-made radionuclides is expressed
in terms of the annual dose rate (millirem per year) from continuous in
gestion. Specifying maximum contaminant levels in terms of radioactivity
concentration (pCi per liter) was considered but rejected in view of the
short length of time such limits would be appropriate, since presently avail
able dose conversion factors for ingested radioactivity are obsolescent and
the ICRP is developing new dose models. When appropriate models for
doses due' to environmental contamination become available, the Agency
will revise the Interim Regulations to permit the use of newer data. Tile con
centratio~s yielding 4 millirem annually, given in Appendix IV, are based on

NBS Handbook 69 as required by the Interim Regulations, 41 FR 133, p.
28402, July 9, 1976.

Monitoring for Radioactivity in 'Community Water Systems
The Agency has developed monitoring requirements for radioactivity with

two ends in view. Information must be available to the supplier so he can
control the quality of the water he serves. However, the cost of the monitor
ing should not result in an undue economic burden in terms of other finan
cial requirements for safe operation of the system. To an extent these are
conflicting requirements since more information can always be purchased
for more money. The Agency has tried to limit the monitoring to that which
is essential for determining compliance with maximum contaminant limits
-under· most conditions. As State capability for effective monitoring is aug-
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mented, States are encouraged to introduce more rigorous monitoring of
particular supplies because of local knowledge of their potential for radio
contamination. In addition Federal monitoring requirements for radioactiv
ity are limited to community water systems as defined in Section141.2 of the
Interim Regulations. Since the proposed limits are based on lifetime ex
posure, any radiation risk to transient populations is minimal.

In general, the Interim Regulations call for quarterly sampling. In the
case of naturally occurring radioactivity it is often thought that a single
sample can be used to determine the average annual concentrations. This is
not the case for some ground water sources where the annual discharge cycle
of the aquifers has a pronounced effect on radium concentration. In such
cases, a single yearly grab sample could show a low concentration, re'sult
ing in the acceptance of water containing more than a maximum con
taminant level. Conversely, an abnormally high level could lead to the insti
tution of expensive control measures where the annual average concentra
tion is really acceptable. Although sampling at monthly intervals might be
advisable in certain locations and situations (and should be required by the
State where necessary) the Agency believes quarterly sampling will be suf·
ficient to determine the average annual concentration in most cases. Where
the average annual concentration has been shown to be less than one-half
the relevant maximum contaminant level, a yearly sampling procedure is
permitted br the regulations.

In order to reduce monitoring costs, the Interim Regulations allow com
posited samples to be radioassayed, usually at yearly intervals. In such cases
care must be taken to prevent the loss of activity by means of absorption on
container walls. Acidification with I milliliter of 16N HNOs per liter of
sample is a method suggested in "Interim Radiochemical Methodology for
Drinking Water" (0). In the case of iodine-131, hydrochloric rather than
nitric acid should be used for acidification and sodium bisulfite should be
added to the sample. In some cases State laboratoroies may prefer to count
quarterly samples rather than keep track of quarterly aliquots. If so, the
estimated costs given below will be exceeded. The increased cost is not large,
however, and quarterly measurements are recommended, particularly for the
monitoring of gross beta activity.

It should be noted that from the definition of "maximum contaminant
level" in the Interim Regulations, section 141.2(c), samples should be col
lected from free flowing outlets, not at the source of supply water. Since in
some cases, several sources may contribute water to the systerp, samples
should be taken at representative points within the system so as to truly re
flect the maximum concentration of radioactivity received by users. In cases
where more than one source is utilized, suppliers shall monitor source water,
in addition to water from a free flowing tap, when ordered by the State.

Although monitoring a typical community water system is relatively inex·
pensive, less than five dollars per year, the total national cost of monitoring
for radium-226, radium·228, and gross alpha particle activity is not trivial
because of the large number of supplies involved, 40,000. In order to min
imize cost, the Agency is proposing that a water supplier initially obtain a
relatively low cost analysis of gross alpha particle activity. In most cases
this test will indicate that no significant activity is present and additonal
tests will not be required. However, when the gross alpha measurement indio
cates the alpha particle activity may exceed 5 pCi per liter, a further test for
radium-226 is required.

Although not in the same decay chain, radium-228 sometimes accom
panies radium-226. Only rarely, however, does the radium·228 concentra
tion exceed that of radium-226. Therefore, a radium-228 analysis, which is
relatively expensive, is only required when the radium.226 concentration ex·
ceeds 3 pCi per liter. In localities where radium-228 may be present in
drinking water, it is recommended that the State require radium-226 and/or
radium-228 analyses when the gross alpha particle activity exceeds 2 pCi/1.
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The Interim Regulations require sampling and measurement at quarterly
intervals where the limits are exceeded so that the water supplier can follow
the variation of radium concentration through the yearly cycle and thereby
institute remedial measures, such as addItional dilution or treatment, during
periods when concentrations are unusually high. Monitoring at quarterly in·
tervals shall be continued until the annual average concentration no longer
exceeds the maximum contaminant level or until a monitoring schedule as
a condition to a variance, exemption or enforcement action shall become
effective. .

Dosimetric Calculations for Man.Made Radioactivity

A. Calculations Based on NBS Handbook 69

The dose rate from radioactivity in drinking water is calculated on the
basis of a 2 liter daily· intake. Except for tritium and strontium.90, see be·
low, the concentrations of man·made radionuclides causing 4 millirem per
year have been calculated using. the. data in NBS Handbook 69 (1) and
are tabulated in Table IV·2A and IV·2B. The dose models used in preparing
Handbook 69 are outlined in reference 2. Maximum Contaminant Levels are
defined in terms of the annual dose equivalent to the total body or any in·
ternal organ. Handbook 69 lists the critical organ for each. radionuclide.
Often the total body is listed as the critical organ. The 168 hour maximum
permissible concentrations for ingestion in Handbook 69 are not calculated
on the basis of the same annual dose to each critical organ as in the Interim
Regulations, rather different organ doses· are permitted by occupational ra·
diation protection limits (ORL), Table IV.1.
TABLE IV·I. Occupational Radiation Limits

(ORL)
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Critical Organ

Total body
Gonads
Thyroid
Bone
Other Organs

ORL (rems)

5
5

30
29.1 (a)

15

(a) Based on the alpha energy deposited in bone by 0.1 ItCi of radium·226.

The maximum permissible concentrations for a 168 hour week, MPC, in
Handbook 69, assume ingestion at 2.2 liters per day and are in units of !-LCi
per cc. The various numerical factors can be combined to find C4, the con·
centration causing 4 mrem per year from 2 liters daily ingestion of drink·
ing water as follows:

4.4 X 106 x MPC ..... pCi per liter

ORL

o
9/79

Critical organs are identified by boldface type in Handbook 69 so that an

appropriate ORL can be selected from Table IV-I.

To illustrate, a sample calculation, taken from page 24 of Handbook 69

is given:

·The recent ICRP publication #23, "Report of the Task Group on Reference Man,"
(3) gives the total daily water intake as 3 liters, 1.95 liters by fluid intake, the bal·
ance by food and food oxidation. Almost all of the fluid intake is from tap water and
water based drinks (Page 360).
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Radionuclide
Beryllium.7 MPC (168 hours) = 0.02 uCi/cm3

Listed critical organ GI (LLI) gastrointestional tract
(lower large intestine)

C
4
=4.4 X 106 x 0.02 pCi15 -1- =5867 pCi/1

=6000pCi/1
Rounding is appropriate since the values in Handbook 69 are given to one
significant figure.

Calculation of the dose resulting from the ingestion of drinking water
containing a known mixture of radionucIides is straightforward. Let A,
B, ..• be the concentrations, in pCi per liter, of isotopes a, b, ... in the
water and let C4A (X) be the average annual concentrations of isotope A
yielding 4 millirem per year to organ X, C4B (X) the same quantity for B,
etc. The total annual dose to organ X in one year is, then

()

B + ... ] x 4 millirem

9/79

Therefore, the 4 millirem limit is not exceeded if

[C4A~X) + C48 ~X) + ... ] L 1.0

It should be noted that although limits for the various radionuclides may
be based on different critical organs, the resultant dose is additive with
respect to a specific organ when the total body is the designated critical
organ for one of the radionuclides. For example, consider drinking water
which has on an annual basis a strontium-90 concentration of 4 pCi/1 and
a tritium concentration of 15,000 pCi/I. The annual dose to bone marrow
from the strontium-90 is 2 mrem. The total body dose from the tritium is
3 mrem annually. Even though the annual concentration of each contaminant
alone is permissible, the total dose to bone marrow is 5 mrem annually and
therefore the MCL is exceeded. Tabular values for C4 for photon and beta
emitters are listed in Table IV-2A and IV-2B below.

B. The Dose from Tritium and Strontium-90 in Drinking Water
For the majority of radionuclides, the models given in Handbook 69 to

estimate doses to occupationally exposed workers are also appropriate for
environmental contaminants. They are not, however, appropriate for all
man-made radionuclides, particularly tritium and strontium-90. Concen
trations yieldIng 4 millirem annually for these radionuclides are given in
Table A of the Interim Regulations and listed in Table IV-2A.

Some radionuclides are isotopes of elements which are incorporated into
organic molecules within the body so that the single exponential excretion
models assumed in the development of Handbook 69 underestimate the

dose. An example is tritium where two or three exponentials may be needed
to describe the dose-time relationship of ingested tritium (4). Some in·
vestigators have estimated that following chronic ingestion organically
bound tritium may increase the dose by a factor of 1.4 to 1.5 over that
predicted by Handbook 69 (5). Such estimates are too high because or
ganically bound tritium irradiates the total body mass, and not just the
mass of body water, as assumed iIT the model used in Handbook 69 (2).

Consideration of the daily intake of hydrogen and water shows that the
tritium concentration (specific activity) in any organ is no greater than
120% of the tritium concentration in body water. The concentration of
tritium in body water following chronic ingestion is T/3 where T is daily
intake of tritium in pCi and the total water intake, including that in food,
is 3 liters per day (3). Water content by weight of any organ does not
exceed 80'percent (4). Therefore, equilibrium concentration of tritium in
any organ due to its water content, can not exceed 0.8 T/3 = .267 T pCi/kg.
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Because of organically bound hydrogen an organ's hydrogen (and
tritium) content is greater than that due to water alone. The daily hydrogen
intake is .35. kg per day (3) and, since no organ contains more than 11
percent hydrogen by weight (4), the maximum tritium concentration in
any organ following chronic ingestion is .11 T/.35 = .314 T pCi/kg. The
specific activity of tritium in any organ due to bound and unbound hy.
drogen exceeds that due to its water content alone by the ratio .314/.267 =

1.18. Therefore, the dose to any organ due to organically bound tritium
exceeds the dose to body water, given in Handbook 69, by no more than
about twenty percent.

The Agency is aware that the ICRP is developing new tritium dose
models more suitable for environmental sources of tritium exposure than
the model used in Handbook 69. Until these models are published and rec
ommended by the Agency, the maximum contaminant level for tritium is
calculated on the basis of 80 percent of the value calculated using NBS
Handbook 69.* For tritium in drinking water: .

C4 = 0.8 x 4.4 x 106 x .0.~3 = 21,120 pCi/1

=20,000 pCi/1

The maximum contaminant level for strontium-90 in the Interim Regula
tions is based on the dose model used by. the Federal Radiation Council
(FRC) to predict the dose to bone marrow (6). According to the FRC
model a continuous daily intake of 200 pCi per day of strontium-90 will
result in a body burden of 50 pCi per gram of calcium in bone. The annual
dose rate to bone marrow from this body burden would be 50 mrem per
year (7). Therefore, continuous ingestion of 16 pCi per day would result
in 4 mrem per year, the limit for man-made radionuclides in drinking water.
For two liters ingestion of water per day:

C - 16 pCi - 8 C'/l4.---2- - pi

C. Concentrations yielding an Annual Dose oj 4 Millirem
Tables IV-2A and IV-2B give C4 the annual average concentratIOns for

man-made radionuclides which are assumed to yield an annual dose of 4
millirem to the indicated organ. Table IV-2A comprises those nuclides
having half·lives greater than one day. Table IV-2B contains shorter half
life radionuclides not expected to appear in drinking water supplies. In
gestion at a rate of 2.0 liters per day is assumed. The values shown were
calculated from the Maximum Permissible Concentrations listed in Hand
book 69 (1) as outlined above.

TABLE IV-2A. Annual Average Concentrations Yielding 4 Millirem per Year lor a Two
Liter Daily Intake

(Half·life greater than 24 hours)

-n.h. In accordance with current guidance to Federal agencies, a quality factor of
1.7. as.jn Handbook 69, is used in this calculation.o

Radionuclide

Tritium
4Be7

6C14

l1Na22

IOp32

16535

17C136

20Ca40

20Ca47

21Sc46

21Sc47

Critical Organ

Total Body
GI (LLI)
Fat
Total Body
Bone
Testis
Total Body
Bone
Bone
GI (LLI)
GI (LLI)

C.
(pCi/l)

20,000
6,000
2,000

400
30

500
700

10
80

1,000
300

9/79
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21Sc48 GI (LLI) 80
23V48 GI (LLI) 90
24Cr51 GI (LLI) 6,000
25Mn52 GI (LLI) 90
25Mn54 GI (LLI) 300
26Fe65 Spleen 2,000
26Fe6O GI (LLI) 200
27C067 GI (LLI) 1,000
27C058 GI (LLI) 9,000
27C060 GI (LLI) 100
28Nj59 Bone 300
28Ni63 Bone 50
30Zn65 Liver 300
32Ge71 GI (LLI) 6,000
33As73 GI (LLI) 1,000
33As74 GI (LLI) 100
33As76 GI (LLI) 60
33As77 GI (LLI) 200

34Se75 Kidney 900
35Br82 GI (LLI) 100
37Rb8G Total Body 600
37Rb87 Pancreas 300
38Sr85 GI (SI) 21,000
38Sr8!! Bone 20
38Sr89 Bone Marrow (FRC) 80
38Sr9O Bone Marrow (FRC) 8
30YOO GI (LLI) 60
30yn GI (LLI) 90

40Zr93 GI (LLI) 2,000

40Zr95 GI (LLI) 200

41Nb03m GI (LLI) 1,000
41Nbo5 GI(LLI) 300 f)42Mo09 Kidney 600
43Tc06 GULLI) 300 "'--~
43Tc07n, G!(LLI) 1,000

43TcOT GULLI) 6,000
43TcU9 GI(LLI) 900
44Ru07 GI(LLI) 1,000
44Ru103 GULLI) 200

44Ru106 GULLI) 30
45Rh105 GULLI) 300
46Pd103 GI(LLI) 900
46Pd1OO GI(LLI) 300
47Agl05 GULLI) 300
47Ag110m GI(LLI) 90
47Agl11 GJ(LLI) 100
48Cd109 GULLI) 600
48Cd115m GULLI) 90
48Cd115 GULLI) 90
491n115 GULLI) 300
50Sn113 GI(LLI) 300
50Sn125 GULLI) 60
51Sb122 GI(LLI) 90
51Sb124 GI(LLI) 60
51Sb125 GI(LLI) 300

52Te125m Kidney 600
62Te127m Kidney 200
52Te127 GULLI) 900

52Te120m GI(LLI) 90
52Te129 GI(S) 2,000

52Te131m GI(LLI) 200
52Te132 GULLI) 90
531126 Thyroid 3
531129 Thyroid 1
531131 Thyroid 3

55C8131 Total Body 20,000
55C8134 GI(S) 20,000

055C8135 Total Body 900
55Cs136 Total Body 800

3.1.4-BIO
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65CS137

56Ba131

56Ba140

57La140

58Ce141

58Ce143

56Pr143

6IPm140

62Sm151

62Sm153

U3Eul52

63Eu154

63Ellt55

64Gd153

S5Th160

6SDyl66

67H0166

68EriSO

60Tm170

SOTmt71

70Yh175

71Lu177

72Hfl81

73Ta182

aWl81

74Wl85

7aRe183

75Re186

75Rel87

760s185

7"Os101
760s103

771r190

77Irl02

78Ptl91

7SPt 193m

78Pt lO3

78Pt107

79Au1ns

7!JAu10S

81Tl204

82Pb203

R'1Bi206

83Bi207

!I\Pa2'13

Radionuclide

Up8

14Si31

17C138

19K42

25Mn56

27Co58m

28Ni65

29Cu64

30Zn6um

30Zn69

'11(;a72

38Sr85m

38Sr91

38Sr02

30Y91m

30Y02
30y93

Total Body
GI(LLl)

GI(L1I)
GI(LLO
Gl(L1I)
GI(LLO
GI(L1I)
GI(L11)
Gl(L1I)
GI(LLO
GI(1.1I)
GI(L11)
Gl (LLO
GI(L1I)
GI (L1I)
GI(L1I)
GI(LLO
GI(L1I)
GI(L1I)
GI(LLO
GI(L1I)
GI(L11)
G[(LLl)
GI(L1I)
GI(L1I)
GI(L1I)
GI(L1I)
GI(LLO
G[(L1I)
GI(LLO
GI(LLO
GI(L1I)
GI(L1I)
GI(L1I)
(;I(L1I)
(;1(1.11)
Kidney
(;I(LLO
GI(L1I)
GI(L1I)
GI(L11)
G[(L1I)
GI(LLl)
(;[(L1I)
GI(L11)

TABLE IV - 2B
Annual Average Concentrations Yielding 4 Millirem

per Year for a Two Liter Daily Intake

(Half-life less than 24 h(lUrs)

Critical Organ

GI(SI)
(;I(S)
GI(S)
GI(S)
GI(L1I)
GI(L11)
GI(L11)
GI(L11)
GI(L11)
"(;I(S)
(;I(LLl)
Total Body
(;I(L1I)
(;1(U11)
G[(SI)
GI(ULl)
GI (1.11)

3.1. 4-Bll

200
600

90
60

300
100
100
100

1,000
200
60

200
600
600
100
100

90
300
100

1,000
300
300
200
100

1,000
300

2,000
300

9,000
200
600
200
600
100
300

3,000
3,000

300
600
100
300

1,000
100
200
300

C;
(pCi/l)

2,000
3,000
1,000

900
300
300
300
900
200

6,000
100
900
200
200

9,000
200
90



40Zr07
UNb07
43Tc96ln

43TcUOm

HRh105
45~h103m

40In113m
40In1Hm

49In115m
53J132
531133

53Jl34
53J135
55Cs134m

50PrH2
60NdH9
63Eu152
64Gd159
66Dy165
68Erl71

74W187
75Re188
760S191m
77Ir194
78Pt107m
81tl202

GI (LLl)
GllULl)
Gl(LLl)
GI (ULl)
GI(ULl)
Gl(S)
GI(ULl)
Gl(LLl)
GI(ULl)
Thyroid
Thyroid
Thyroid
Thyroid
Total Body
Gl(LLl)
Gl(LLl)
GI(LLl)
Gl(LLl)
GI<LLl)
GI<ULl)
GI<LLl)
GI(LLl)
GULLI)
GHLLIl
GI<ULI)
GI<LLl)
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60
3,000

30,000
20,000

300
30,000
3,000

60
1,000

90
10

100
30
80
90

900
200
200

1,000
300
200
200

9,000
90

3,000
300

()
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E. BASIC RADIATION DETECTION METHODS

1. . Types of Ionizing Radiation

Radiation types are briefly reviewed in
this section, leaving discussion of their ori
gin or of the structure of matter to standard
texts such as those of Evans (Ref. 1), Harvey
(Ref. 2), Segre (Ref. 3), and Marmier and
Sheldon (Ref. 4).

a. Particulate

i. Alpha (a) particles are
helium nuclei (~He++) principally emitted by
heavy radionuc1J.des such as naturally occuring
uranium and thorium and their daughters. The
kinetic energy of the alpha particles generally
lies between 2-7 MeV and they are typically
emitted with discrete energies characteristic
of the radionuclide.

11. Beta (8) particles are
high energy electrons or positrons created and
emitted by certain radionuclides. Beta
particles are emitted with a continuous
spectrum (e.g., see Fig. 1) and tables of 8
energies commonly list the maximum energy of
emission that is characteristic of the partic
ular radionuclide. For many purposes; the
approximation of a mean:,energy equal to one
third of the maximum energy is satisfactory.

111. Neutrons (n) are uncharged
particles that - together with protons - are
the major constituents of nuclei. They have
no Coulomb interaction with atomic electrons or
nuclear protons.

(1) Thermal neutrons have the
same average kinetic energy (and therefore the
same temperature) as atoms in the surrounding
matter. At room temperature, this corresponds
to a Maxwellian distribution with an average
kinetic energy of 0.025 eV.

(2) Intermediate neutrons are
often taken to be those with energy from 0.5 eV
to 10 keV. Neutrons having energies less than
100 eV are sometimes referred to as slow neu
trons.

(3) Fast neutrons are generally
defined as those having energies between 10 keV
and 10 MeV.

(4) Relativistic neutrons have
energies greater than about 10 MeV, so that the
mass equivalent of the kinetic energy becomes
a significant fraction of the total mass-energy
of the neutrons, and relativistic corrections
should be applied in analyses of neutron inter
actions.

b. Electromagnetic. Both X- and
gamma (y) rays are electromagnetic radiation of
very short wavelength, making them no different

than visible light except they are constituted
of photons of much higher energy. Gannna rays
are emitted with discrete energies charac
teristic of the radionuclide. X-ray emission
is of two types, characteristic radiation (dis
crete energies) and continuous spectra (such
as bremsstrahlung). Characteristic X-rays are
emitted because of transitions between energy
levels of the inner electrons in an atom, while
y-rays are produced by transitions from higher
to lower energy states within the same nucleus
(as opposed to a and 8 decay, which yield a
different radionuclide upon decay).

2. Interactions of Ionizing Radiation with
Matter

Radiation can cause ionization either
directly or indirectly.

a. Directly Ionizing Radiations.
These include all charged particles of suffi
cient energy to produce ionization in matter.
This includes a-particles, heavier ions, and
8-particles. Such particles lose energy by
interaction with the orbital electrons or nu
clei of atoms in the materials they traverse.
These collisions may be either elastic
(Rutherford scattering) or inelastic. Any or.
all of the possible collision processes may
take place, reducing the energy and altering
the direction of the particles. (Nuclear re
actions and strong interactions require the
particle to overcome the nuclear Coulomb bar
rier, usually tens of MeV, and will be-ignored
because the energies of the principal radio
activities with which we are concerned are
much lower.) Since atoms are bigger than nu
clei, collision with the electrons are far more
probable. Orbital electrons in atoms or mole
cules may be excited by these collisions with
the emission of electromagnetic radiation from
subsequent return to ground state. Alterna
tively the atom may be ionized, resulting in
the creation of an ion pair. In air an average
of 34 eV is expended in the creation of each
ion pair. If the charged particle is much
heavier than the electron, its direction will
not be appreciably altered by any interaction
and will travel through matter in almost
straight lines. The electrons that are lib
erated (sometimes called delta rays) may have
sufficient kinetic energy to induce further
ionization or excitation in atoms along their
paths.

Since heavy charged particles move in al
most straight lines and lose energy in a large
number of small steps (allowing fluctuations
in energy loss to "average out"), they have
definite ranges. The range of such a particle
is a function of its initial energy, its masS
and charge, and of the properties of the
stopping medium. The particle t s energy loss
per unit path length is given in classical
terms as (Refs. 1-4):

~/79
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H3
Avg./hnergy 5·7keV

C11
Avg.p energy 389·3 keY

C14
Avg.penergy 49'3 keY

o

Spectrum No: 1

Energy keV 156
% Emission 100
Type .of (3
emISSIOn
Type of 0
transition

1 Ref.' Llderer.C.M.•, 11
, Tabl.. of lsolopes 6m Ed.

1
970
100
~+

o

t

Spectrum No: 1
Energy keV 18'6
%EmissiOll 100
Ty~e .of ~-
emIssIon
Type of
transition

t
ReI.: Lederlr.C.M. or ,I
Tables of lsolopes 6th Ed.

N13 o 15 Na 22
Avg. f3 energy 487 keY Avg. f3 energy 719·9 keY Avg.f3 energy 214·7 keY

Spectrum No: 1 Spectrum No: 1 Spectrum No: 1
Energy keY 1190 100 Energy keY 1700 100 Energy key 545
% Emission 100 % Emission 100 80 100
Type of (3l- ~+ p+emission
Type of % 1%

transition 0 0 0

t
0

Particle energy, MeY Particle energy, MeV Particle energy, MeY r-
\ )
-_/

Na 24 P32 S 35
Avg.{3 energy 552·9 keY Avg.,Benergy 692'9 keY Avg.{3 energy 48·6 keY

100
Spectrum No: 1 2 Spectrum No: 1 Spectrum No: 1

2801391 100 Energy keY 1708 Energy keY 167

0'04100 % Emission 100 % Emission 100

trp- Type of
~-

Type of p-
% emission emission

0 0 Type of 0 Type of 0
transition transition

Ref.: Lederer. C.M. II .1
20 ReI.: NRC 59·6·100 20 Tables of Isotopes 61h Ed.

t t t
0 0·40 0·80 1·20 0 0

Particle energy, MeY

CI 36 AR41 K 43
Avg. f3 energy 321· 3 keY Avg.f3 ener9Y 295-3 keY

Spectrum No: 1 Spectrum No: 1 2 Spectrum No: 1 2 3 4
Energy keY 714 2490 1200 Energy keV 18,0,240820460
% Emission 100 0-78 99

1·33·5 87Type of % Emission 8
~- p- p- Type of% 60 emission rrp-(3-
2'

% % emission

40 0 Type of
40 transition 0 0 0 0

20 RII.: Ltderor.C.M. ., .,
T.bIes of loot,. 61h Ed. 20 Rei.: Lederer.C.M. II "

Tablt!s of Isolopes 6dl EeL

0 0 0

0 ;:

Fig. 1. The beta ray spectrum and average beta energy of selected isotopes.
(Reprinted with permission from Ref. 16, © 1972, Pergamon Press, Ltd.)
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This equation can be represented in the
following approximate form

dE Mz 2
-dxO'.E·

where z = charge of particle

v = velocity of particle

m = mass of electron

N = nwnber atoms/cm3 in stopping mediwn

Z = atomic nwnber of stopping mediwn

I = average energy required for ioniza
tion.

dE
-dx

2
R.n Zmv

I

are not straight lines, their range is not well
defined. (Another source of energy loss in a
stopping mediwn is emitted bremsstrahlung, but
since it is only important at high energies,
we do not treat it.)

Because S-decay yields a continuous energy
spectrwn, even when the maximwn energy is high,
the spectrwn will contain low-energy electrons
that a thin absorber can stop. Thus a thin ab
sorber can cause a reduction in the measurement
by electron flux. For monoenergetic heavy par
ticles, a reduction does not occur until the ab
sorber thickness approaches the range of the
particles.

As a positron slows, it may interact with
an electron in an annihilation wherein their
total mass energy is converted to electromag
netic radiation.

Where E = energy of moving particles
M = mass of moving particles.

Thus the rate of energy loss increases as
the particle slows down, so that the density
of ionization along the path increases. How
ever, when its velocity is very low, the parti
cle can capture an electron from the stopping
mediwn. It may lose the electron later, but
the average value of z will decrease causing
-dE/dx to decrease, and the ionization becomes
less dense. Figure 2, which is called a Bragg
curve, shows the density of ionization along
the path of an 0'. particle moving in air.

b. Indirectly Ionizing Radiation.
This includes some types of electromagnetic
radiations and neutrons. These radiations in
teract with matter by giving rise to secondary
radiation which is ionizing. Indirect ionizing
radiations lose energy by interaction with elec
trons, or atomic nuclei, and the charged par
ticles resulting collide in turn with the or
bital electrons or nuclei.

i. Electromagnetic Radiation.
There are three main processes of importance
in the interaction of photons with matter: the
photoelectric effect, the Compton effect, and
pair production.

Fig. 2. Bragg curve of specific ionization by
alpha particles in air at standard temper
ature and pressure (from H. Cember, Ref.
17, with permission by Pergamon Press,
Ltd. © 1969).

Although electrons induce ionization and
excitation in stopping media in the same way
as heavy charged particles, an electron can
lose up to half its energy in a single en
counter, and may also suffer considerable de
flection. Therefore, because energy is lost
in a random process and the paths of electrons

6.lpha particle energy, MeV

The most important energy loss mechanism
for low-energy photons in the range of hundreds
of electron volts is the photoelectric effect .
In this process, the low energy photon inter
acts with a bound electron in an orbital shell
of the atom and disappears by the transfer of
its entire energy to the electron, which is
then ejected from the atom as a photoelectron.
This photoelectron then produces most of the
ion pairs formed. The photon energy must be
greater than the binding energy of the elec
tron in order for the photoelectric effect to
occur. The cross section for this process de
creases with increasing photon energy until at
high energy it no longer plays a significant
role. However, the cross section increases
with increasing atomic nwnber (Z) of the ab
sorber. Very roughly, the photoelectric ab
sorption follows the equation:

. Z5
Probability of photoelectric absorptlon 0'. E7/ 2

Therefore, it is most important for the ab
sorption of low energy y-rays in heavy ele
ments. While the photon energy must be higher
than the binding energy, the process is most
likely to occur when the photon energy is only
slightly higher than the binding energy. The
most likely electron to be removed is the
most tightly bound one in the atom, I.e. the
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K electron, provided the photon energy is suf
ficient to remove it from its orbit.

Figure 3 illustrates how these three
processes interact throughout a large range of
photon energies.

In the Compton effect, the incident photon
undergoes an elastlc collision with a free or
loosely bound electron, thereby giving up en
ergy. The probability of this process depends
on the ntmlber of electrons present in the ma
terial. It is the dominant absorption process
for intermediate energy y-rays: 1-5 MeV for
lead, 0.1 - 15 MeV for altmlinum. The Compton
cross section decreases monotonically with in
creasing photon energy.

Pair production occurs for photon en
ergies exceeding 1.02 MeV. Then the photon
may interact with the Coulomb field of the nu
cleus or, less frequently, with that of an
electron to produce a positron-electron pair
(the inverse of positron-electron annihilation).
The energy of the photon in excess of 1.02 MeV
appears as the kinetic energy of the two par
ticles created. The cross section varies
approximately as Z2 and increases with photon
energy to become the predominant mode of
interaction at about 10 MeV for elements of
high atomic ntmlber (Z) (e.g., lead) and at
much higher energies for low Z elements (e.g.
altmlintml) •

o

o

C)

• Particle emission: The
neutron interacts with a nucleus, causing the
emission of particles such as protons. neu
trons, or a's. Since outgoing charged par
ticles must overcome the Coulomb barrier, this
type of reaction is most probable for light
nuclei (with a small Coulomb barrier) and fast
neutrons (with a large amount of energy).

ii. Neutrons. Neutrons in
teract with matter in quite different processes
from that of other ionizing radiation, in each
case reacting directly with nuclei:

• Elastic scattering: The
neutron shares its initial kinetic energy with
the nucleus, which recoils without being ex
cited. The smaller the mass of the nucleus,
the larger the fraction of kinetic energy
given to it.

• Inelastic scattering: The
neutron collides with a nucleus which is left
in an excited state, and the neutron emerges
with a reduced energy.

• Capture: The neutron is
captured by a nucleus, forming a compound nu
cleus that is usually excited and emits y
rays with typiclllly a total energy of about
6-18 MeV.

• Fission: The compound nu
cleus that is formed with the incoming neutron
splits into two lighter nuclei (fission frag
ments) with the emission of, on the average,
about two neutrons. Fission in 235U, 239pu,
and 233U may even be induced with thermal
neutrons. It may be induced in a larger
group of heavy nuclides by fast neutrons.

3. Basic Detection Methods

The detection of ionizing radiation may
depend on: 1) the collection of the ions
formed; 2) the amplification of ionization
to give a more detectable pulse; 3) the
fluorescence of a phosphor that has absorbed
radiation; 4) a chemical reaction that
is radiation induced; or, more rarely,
5) the measurement of the heat produced by
the absorption of radiation. We shall re
strict our discussion primarily to the first
three because most commercial instTtmlents for
environmental and source monitoring are based
upon them. The ionizing radiation field to
be detected and measured may be characterized
by four parameters: radiation type, its en
ergy, flux or rate of arrival, and time/spatial
distribution. Usually the type of radiation
to be detected is known and determines the
type of instTtmlent required. The following
discussion is based on generic instTtmlent
types. For more detailed information, the
reader is referred to Divisions III and IV and
to the extensive literature on radiation de
tectors (Refs. 5-9, and 12-15.)

10' ENERGY (MeV) 10'10'

3. Linear absorption coefficients (in
cm- l ) versus gamma-ray energy for silicon,
germanitml, and soditml iodide (from
Capellani and Restelli, Ref. 18, with
permission by The Institute of Physics
© 1968).
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Meter

NEe
Q = 34 eV

XBL 796 -1726

The principal advantage of this instrument
is that the exposure or absorbed dose can be
calculated directly from the instrument reading
prOVided the design is optimized and there is
rudimentary knowledge of the spectrum of the
radiation to which the chamber is exposed.
Equally, since the roentgen is the unit of ex
posure and is defined in terms of the release
of total electric charge resulting from the
irradiation of a unit volume of air at STP,
the ion chamber method is the most direct
method of measuring exposure in these units.
A simple ionization chamber is presented in
Fig. 5. The electrons would be collected on
the upper electrode. For practical sized ion
chambers the collection time is on the order
of microseconds. For filling the chamber,
almost any gas is suitable, so long as it can
be ionized.

As a whole, gas-filled counters are not
inherently very sensitive to x-rays and
y-rays without special design; the probability
that an energetic photon will produce an elec
tron within the volume of the counter is very
low. The thickness of the detector entrance
wall can cut off a-particles and any but high
energy S-particles. Sometimes in order to
discriminate between S and y-radiation, a very
thin entrance window is additionally provided.
When the thick window is in place, only photons
can reach the sensitive detector volume.

(i) Ionization Chamber. Since
many of the principles involved in the ioniza
tion chamber are applicable to other detectors,
we will discuss the ion chamber in some detail.

Radiation

As a particle passes throught the chamber,
ion pairs, consisting of positive and negative
charges of size e, are formed. Each pair cor
responds to a loss in particle energy of approx
imately 34 eV. If particles pass through ,the
chamber at a rate N, each losing total energy
E, then (positive or negative) charge is formed
at the rate

Fig. 5. Simple ionization chamber .

XBL 796-1728
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a. Gas-Filled Detectors. Gas
filled detectors are based upon one or both
of the first two processes mentioned above.
A voltage is placed across two physically
separated electrodes, and the region between
them is filled with an easily ionized gas.
Ions formed therein are collected by the elec
trodes and read as a current or an electronic
pulse, depending upon the associated elec
tronics. The mnnber of ions initially formed
(by the interaction processes mentioned pre
viously) is generally proportional to the en
ergy of the radiation.

The three common gas-filled detectors are
referred to as the ionization chamber, pro
portional counter, and Geiger-MUller (GM)
tubes. Their difference can be explained with
the aid of Fig. 4. At voltages below Region I
there is competition between the loss of ion
pairs by recombination and their collection on
the electrodes. With an increasing electric
field the drift velocity of the ions increases,
decreasing the time for recombination, thereby
causing the fraction of ion pairs collected to
become larger. In Region I (saturation region
or ionization chamber region) the recombination
loss is negligible and the charge collected is
directly related to the number of ion pairs
formed. In Region II, the collected charge is
increased by a factor through the phenomenon
of gas multiplication: electrons released in
the primary ionization are accelerated suf
ficiently to produce additional ionization
adding to the collected charge! At the onset
of Region II, the multiplication factor for
a given voltage is independent of the intial
.ionization, allowing preservation of the pro
portionality of charge collected. This is
known as the proportional region. In Region
III, the charge collected is independent of the
ionization initiating it. This is the G-M
region.

Fig. 4. Ideal response versus voltage.
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very small current may produce an easily mea
surable voltage pulse. The pulse is amplified,
and is finally recorded by an electric counting
circuit.

Fig. 6. Ionization chamber and circuit for
detection of individual particles.

a::

~
!a

~

a
~ A
~ O~----lo"3------

TIME AFTER ARRIVAL OF PARTICLE
(microseconds)

The electrodes of an ionization chamber
behave as a parallel plate capacitor of ca
pacity C.The charge collected in the short
time following the passage of particle leaks
away through resistance R with a time constant
(decay time) equal to the product RC. (If R
is in ohms, C is in farads, RC will be units
of seconds.) If RC were sufficiently large,
the voltage signal across R would have the
time variation shown in Fig. 7. The fast rise
at A is due to the collection of the fast
moving electrons, the slower rise at B to the
collection of slow moving positive ions, and
the slow exponential fall is just the time
constant of the circuit, RC.

Fig. 7. Signal from ionization chamber with
RC » 10- 3 second (from Ref. 2, Bernard G.
Harvey, Introduction to Nuclear Physics
and Chemistry, 2nd edition, © 1969, pg.334.
Reprinted by permission of Prentice Hall,
Inc., Englewood Cliffs, New Jersey.)
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for N in particles per second, E in MeV,
and e in Coulombs. If the strength of the
electric field i~ sufficient, it is possible
to collect all of the electrons and positive
ions so that a current (J) flows in the cir
cuit equal to Q/2. Usually a few hundred volts
is sufficient to collect all of the charge.

An annneter used to measure the current,
as shown in Fig. 5, will not count the arrival
of each group of electrons corresponding to
the instantaneous arrival of particles, be
cause an annneters response is usually too slow.
Instead it is calibrated to respond to the
effect of many particles by giving a reading
that is proportional to the number of particles
arriving per second, and to the average energy
loss in the gas.

The roentgen is defined as the total
ionization produced by the secondary electrons
formed in a volume of air being measured. Since
some of these secondary electrons may have
ranges of several meters, large and cumbersome
apparatus would be required to measure their
total ionization and hence the exposure in
roentgen. To avoid this problem, air equiva
lent, or thimble chambers, have been developed.
Their operation is based on the principle that
when a tiny cavity, such as a small ionization
chamber, is placed in a large homogeneous ab
sorbing medium that is uniformly irradiated,
the flux of secondary electrons in the cavity
is identical to the flux which existed in the
medium before the cavity was introduced. If
the chamber gas is air and if the walls are
composed of materials having an atomic number
near that of air, then the energy loss per
gram of air in the chamber will be substan
tially the same as the energy loss per gram
of air at the point where the chamber is lo
cated. An ideal chamber can cover only a
limited range of energies, since may factors
enter into the construction and use of such
an instrument. For example, the use of
"approximately" air-equivalent walls, the use
of metallic electrodes, the absorption of low
energy radiation in the chamber walls, and the
lack of sufficient wall thickness for electron
equilibrium at high energies are some of the
factors.

Sometimes, instead of a flux measurement,
individual particles need to pe measured,
particularly for a-particles. If the ioniza
tion chamber of Fig. 5 is connected to the
circuit shown in Fig. 6, it may be used to
detect the arrival of individual particles.

Electrical charge collects on the plates
in about one millisecond or less and a pulse
of current flows through resistor R. Since
the voltage across R is proportional to the
current flowing through it, the passage of a
single ionizing particle causes a voltage pulse,
as discussed below. R is usually a very large
resistance, about 109 ohms, so that even a
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Several disadvantages arise from long
pulses of this type. The chamber and the pulse
amplifier cannot accept another pulse until a
long, time has elapsed, so that only low coUnting
rates can be accepted; the resolving time is
said to be long. Electrical noise reduces the
energy-resolving power of the counter-amplifier
system since the pulse voltage carries informa
tion about the energy of the particle. To mini
mize these problems, the amplifier used in this
application is designed with a narrow bandwidth
to discriminate against the slowly rising pulse
due to collection of positive ions (B in Fig. 7).
In this way the counter-amplifier system is
restored within a few microseconds to a condi
tion suitable for the detection of a second
particle so that very high counting rates can
be achieved. In addition, maximum discrimina
tion against electrical noise is obtained. A
common practice is to differentiate the pulse,
that is, to create a pulse whose voltage is
proportional to the time derivative of the
pulse from the ionization chamber. There are
a number of ways to do this, both active and
passive. The short pulse produced by differ
entiation can be further amplified, and then
recorded by an electronic counting circuit.

Although the ionization chamber and cir
cuit of Fig. 6 is reasonably satisfactory for
the detection of charged particles, it is not
satisfactory for the measurement of the energy
of these particles. The commonest such appli
cation is measurement of the energies of a-par
ticles from a source placed on the negative
electrode. The particles are emitted into the
gas in all directions, as shown in Fig. 8
(lines A and B). The electrons are quickly re
moved from the tracks and travel rapidly towards
the collecting electrode C. The positive ions
remain behind and they induce a small charge on
C whose magnitude depends on the distance be-

Fig. 8. Operation of ionization chamber with
grid (from Ref. 2, Bernard G. Harvey,
Introduction to Nuclear Physics and
Chemist~, 2nd edition, © 1969, pg.335.
Reprlnt~ by permission of Prentice Hall,
Inc., Englewood Cliffs, New Jersey.)

tween C and the "center of gravity" of the
positive ion track. The distance is clearly
more for A than for B. The pulse produced
will be greater for track A, even if each
particle initially produced the same number of
ion pairs. To minimize this effect, the grid
G is placed as an electrostatic shield be
tween the positive ions and the collector. It
is operated at a potential just sufficiently
negative to prevent electrons from being
attracted to it, but since it consists of very
fine wires (0.005 in., diameter) spaced well
apart, the electrons can readily pass through
it. Thus a grid ionization chamber gives an
output pulse that is proportional to the num
ber of ion pairs produced by an alpha particle,
and thus to its energy, regardless of the
orientation of the track.

If the counter and amplifier are designed
to detect only a fast rising electronic pulse,
the electrons must be free to move rapidly
through the gas of the counter. In some gases,
such as those containing oxygen and halogen
vapors, electrons rapidly become attached to
neutral molecules to form slow moving negative
ions. These gases must be carefully excluded
from the chamber. The gas most commonly used
is argon, usually mixed with a few percent of
methane or carbon dioxide for reasons that are
discussed below.

The time required for collection of the
electrons depends on their drift velocity
through the gas towards the collector. The
initially fast electrons are slowed down by
collisions with the gas atoms, but argon is a
poor stopping gas for low energy electrons.
It is a tightly bound atom with a large ion
ization potential, so that there are no low
energy states thant can be formed by inelastic
collisions with the electrons (the lowest
excited state of argon is at 11.5 eV). A
quantum mechanical phenomenon called the
Ramsauer effect produces a very large increase
in the average distance between collisions
with argon atoms for electrons with kinetic
energies below 10 eV, but in argon it is not
easy for electrons to slow down to energies as
low as this. The velocity v with which elec
trons drift through a gas of pressure P under
the influence of an applied electric field of
E volts per em is

e E Iev = --=--'-'-
PV2m E:

where m is the electron mass, E: is their
average kinetic energy, and Ie is the mean
free path between collisions.

If a few percent of methane or CO2 is
added to Ar, inelastic collisions become more
probable because these molecules have many
low-energy (vibrational and rotational) states
that can take up energy in collisions with
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electrons. The average energy E of the elec
trons is only one tenth as great in argon
containing these molecules as it is in pure
argon. Thus, because of the Rarnsauer effect,
A becomes much larger, and both the reduction
in E and the increase in Acause v to in
crease. It can be seen then that the addi
tion of about 10% of CH4 or CO2 decreases
the time required for collection of electrons
in an argon-filled ionization chamber, and
gives a corresponding decrease in the re
solving time.

More information on the design of ion
ization chambers for specific applications,
and on a and S particle detection can be
found in the IAEA Technical Reports Series
No. 150. '~easurement of Short-Range Radia
tions" (Ref. 9).

(ii) Proportional Count~rs.

The proportional counter has the same basic
design features as an ionization chamber, ex
cept that the electric field strength near
the central electro.de is much higher. This
high field strength causes the electrons re
leased in ionization to be accelerated toward
the central electrode, and to gain sufficient
energy to ionize further gas atoms by col
lisions. Thus, the charge collected, and
hence the initial voltage developed, is
amplified considerably. This type of de
tector is particularly valuable because the
magnitude of the voltage pulse is proportional
to the amount of the primary ionization.
Therefore, such a detector can be used to mea
sure the ionizing power of radiations.

limited by the wire radius. Hence the field
strength is greatest adjacent to a thin wire,
even though thick wires give greater values
of E for a fixed value of r.

By this arrangement an avalanche of ion
ization can thus be initiated by even a single
electron. Most of the avalanche occurs very
close to the wire where the electric potential
gradient is high. The size of the output
pulse is proportional to the gas multiplication
factor, and to the number of ,primary electrons
(and hence to the energy lost by the particle).
The gas multiplication factor (maybe 102 or
more) depends on V, the high voltage on the
wire, as shown in Fig. 10. However it cannot
be increased without limit as the gas becomes
unstable at very high gains (G >100-200). If
the energy 6f a particle is to be measured in
a proportional counter, the gas multiplication
factor must be kept constant by using a very
stable high voltage supply. Energy resolution
of about 1% can be achieved. This counter is
occasionally used for dosimetry but is more
commonly used for x-ray spectrometry up to
about 20 keV,at which energy the low absorption
of the gas causes the efficiency to become
very low;'

Proportional counters are often used for
the detection of a, S-, S+, and (EC) electron
capture decays even when measurement of the
energy is not required. The sample may be
placed inside the counter and the air is re
moved by means of a continuous flow of gas,
usually methane. Figure 11 shows a typical
arrangement with sample extemal to the counter.
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In order to get a high electric field
the electron-collecting electrode in a gas
filled counter is made of thin wire (typi
cally 0.001 inch). If the counter has the
design shown in Fig. 9, the electric field

strength E at a distance r from the wire is

Fig. 9. Proportional counter schematic.

V is the positive voltage of the central
wire relative to the outer cylinder and dland d2 are the counter and wire diameter.
At small distances r, large values of E are
obtained, but the smallest value of r is

E
V volts

Fig.

WIRE VOLTAGE

10. Gas multiplication factor as func
tion of applled voltage for argon pressures
10 and 40 ern Hg in counter 0.87 in. in
diameter and wire 0.01 in. in diameter
(from Rossi and Staub, Ref. 19, with
permission by McGraw Hill © 1949).

I·~o
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Stand

Fig. 12. Block diagram of typical circuit
used with a proportional counter.

m-~=='=;;;;;;;F=~U__.Thin mylor window
coated with gold
on the inside

Sample and sample holder

This is advantageous when precise physiological
measurements are to be made. However, the
proportional counter is as complicated and ex
pensive to use as the scintillation counter
(discussed later) and very much less sensitive.

The proportional counter can be designed
to do internal counting of radioactive gases;
it can also count solid sources. Special de
signs have been made for surface monitoring
(Ref. 9).

As the initial avalanche of electrons
approaches the central wire, the positive
ions produced in the counter gas move towards
the outer wall. When these ions hit the wall,
electrons are ejected, resulting in a second
avalanche and similarly in successive ava
lanches. Special precautions called
"quenching" are required to stop the avalanche
from turning into a continuous discharge.

One way to quench a tube in order to
restore it to its original quiescent state is
to remove the high voltage momentarily. This
can be done electronically and is called ex
ternal quenching. Another method more com
monly used today is to employ internal
quenching by mixing a small quaIltity of a
polyatomic gas with the counter gas. The
positive argon ions become neutralized by re
moving electrons from the polyatomic molecules.
The polyatomicions then drift relatively
slowly away from the wire towards the counter
wall, but their energy of recombination with
electrons from the counter wall goes into de
composing the polyatomic atom rather than into
the emission of new electrons. In this way,
the avalanche is prevented from becoming self
sustaining. If a substance like alcohol or
butane is used, the tube is said to be
"organic-quenched." Such a tube has a useful
life of about 108 or 109 counts because the
molecules are decomposed irreversibly.
"Halogen-quenched" tubes utilize chlorine,
bromine and their compounds as quenching agents.

(iii) Geiger-Mueller Tubes.
The Geiger-Mueller tube is the simplest and
most widely used detector. It is moderately
sensitive, but gives no indication of the
energy of the radiation being detected.

The Geiger counter is one of the oldest
counting devices, and it has many shortcomings.
In this type of detector, the amplification
of the voltage pulse described in the case of
proportional counters is carried one step fur
ther by increasing the potential of the cen
tral electrode. The amplification is suffi
cient to cause a breakdown discharge along
the entire length of the central electrode
(usually in the form of a wire) being used
in the chamber, thus making the size of the
ultimate pulse completely independent of the
extent of the primary ionization.

XBL 796 -1730

Aluminum housing

3/8 in. loop of stoinless
steel wire (0.002 in. dio,)
mounted in 0 hypo needle

Collector
wire loop

Proportional counters are used for the
detection of 13 or Y radiation, and can be used
for a radiation also, but for the latter they
have poorer energy resolution than ion chambers.
Proportional counters, while less sensitive
than the Geiger counter, will give a good in
dication of the particle or photon energy.
Furthermore, their response to photon energy
can be made to resemble that of human tissue.

Fig. 11. Cut-away view of typical proportional
counter (from Ref. 2, Bernard G. Harvey,
Introduction to Nuclear Physics and
Chemist~, 2nd edltion, © 1969, pg.348.
Reprint~ by permission of Prentice-Hall,
Inc., Englewood Cliffs, N~w Jersey).

Figure 12 shows the additional circuits used.
with such a counter. The discriminator rej ects
pulses unless they exceed a certain voltage,
which can be adjusted. The number of pulses
which arrive are recorded by the scaler and
re~ister. Since the counter can detect as many
10 particles per second, an electronic rather
than mechanical register must be used, since
mechanical systems are far too slow.

9/79 3.1.5-9
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These tubes have a much longer life because
the atoms normally recombine. These counters
give larger pulses and operate at considerably
lower voltages than organic quenched GM tubes.

The net behavior of a Geiger-Mueller tube
during an ionizing event is the result of two
opposing groups of factors, those tending to
perpetuate the discharge and those tending to
limit discharge, as discussed in the preceding
paragraphs. Mter a GM tube has been exposed
to a high intensity ganuna source, the
background of the tube may be abnormally high
for some time after the source has been re
moved. The reason for this ''memory'' is not
entirely understood but it is probably due to
the formation of activated molecules of gas
within the tube.

Once ionization of a GM tube is initiated,
the tube becomes insensitive for a short in
terval of time. This is due to the time it
takes for the positive ions to drift away from
the central electrode (-10-3 seconds). This
interval is called the dead time and sets a
lower limit to the resolving time. It repre
sents the time during which two or more
ionizing particles striking the sensitive
portion of the tube will be counted as a single
particle. As a result of this phenomenon, the
number of counts will be less than the actual
number of particles passing into the tube.
This could be a potential problem in a very
high radiation field. The difference between
the true and observed count is known as the
coincidence loss.

GM tubes are not equally sensitive to
alpha, beta, and gamma radiations. To initi
ate discharge of the tube, the radiation must
first reach the sensitive volume. Alpha
particles, being the least penetrating, may
be absorbed by the window unless it is very
thin. Beta particles are more penetrating
and gamma rays are very penetrating. Thus
thicker windows can be tolerated with the
latter two types of radiation.

Considering only the radiation reaching
the sensitive volume of the tube and assuming
zero coincidence loss, it is found that the
efficiency of the GM tube is essentially 100%
for alpha particles, nearly 100% for beta
particles but only 1 or 2% for ganuna radia
tion. Ironically the property of ganuna rays
which enables them to penetrate the window of
the tube so efficiently to reach the sensitive
volume, i. e., their ability to pass through
relatively thick layers of matter without in
teracting with the TJlatter, now works against
them. Most of them pass through the sensi
tive volume of the gas without interacting.

GM tubes are available in a variety of
forms, a connnon form being the end-window
variety. End windows consist of a thin film
(-2 mg/cm2) of mica, mylar or other suitable

substance especially selected to retain the
gas in the tube while offering minimum inter
ference to the passage of radiation. Obvi
ously this window is extremely delicate and
must not be touched with the fingers. Broken
windows frequently account for GM tube casual
ties in the laboratory. Side windows are
normally about ten times thicker than end
windows, since the window itself serves to
support the end of the tube. Side window tube~

are ·useless for alpha particle detection,
but are quite useful for the detection of en
ergetic betas. On the other hand side win
dow tubes are more sensitive to ganuna radia
tion than are end window tubes presenting the
same cross section to the radiation. The
thicker window increases the probability of
interaction of the ganuna rays to eject an
ionizing electron. Certain GM tubes especi
ally designed to be gamma sensitive have bis
muth coated windows which serve as cathodes,
and also sometimes steel windows. For these
tubes the gannna efficiency is often as high
as 6 or 8%.

uncompensated GM tubes do not have any
thing like a uniform energy response. Ex
amples are shown in Figs. 13 and 14. If an
accurate exposure rate is to be determined
with the Geiger tube, the energy response of
the particular Geiger tube as well as the
energy distribution of the source must be
known. Moreover, it should not be assumed
that the radiation detected by the GM tube
is monoenergetic just because the source is
monoenergetic. In most applications, mea
surements will be taken of scattered radiation
rather than a direct beam measurement from
a monoenergetic source. Under most conditions,
the Geiger tube will detect radiation that
has bounced off everything from concrete to
steel beams. Under typical scattered radiation
conditions, the actual dose rate, when using
an uncompensated Geiger tube, can be off by
a factor of three or four. Geiger tubes can be
compensated in several ways to make them ex
hibit a reasonably flat energy response from
60 keV at 2 MeV; however, this normally elim
inates the detector's sensitivity to beta parti
cles.

The advantage of the GM tube is that it
produces a large pulse requiring little fur
ther amplification, but the pulse size is in
dependent of the nature of the incident radia
tion. Geiger counters are cheap and simple.
They find their main use as portable instru
ments in surveying laboratories for possible
radioactive contamination, and in mineral
prospecting. Their other advantages are high
sensitivity, small size, and simple reliable
electronic circuitry.

b. Scintillation Detector. In
certain organic and inorganic materials, the
passage of a particle or photon produces ex
cited atomic states which return to ground

o
L -
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state by the emission of light in or near the
visible part of the spectrum. In the family
of scintillation counters, this light is con
verted to electrical pulses by means of which
the incident particles are counted.

Scintillation counters are at least an
order of magnitude more sensitive than the
Geiger counter. Furthermore, they indicate
the photon energy of the radiation flux. Like
~he Geiger counters, they measure the rate of
arrival of the photons, which must be inte
grated to determine the received dose. How
ever, they are more complicated than Geiger
counters, more expensive, and usually re
quire a trained operator. Recently, with the
introduction of microprocessors and better
electronics, simple survey monitoring instru
ments have been introduced.

When scintillation devices are used in
dose rate measuring instruments, they are op
erated in a special way somewhat foreign to
the normal operation of scintillation and
proportional counters. The detector is com
pensated to yield a reasonably flat response
from approximately 80 keV to 1,300 keV. If
such a device is used, the user should be
aware of the 80 keV cutoff because scattered
radiation, as well as bremsstrahlung, can be
well below 80 keV. These detectors are used
as spectrum analyzers as well as a dose rate
measuring device.

The first scintillation detectors of this
class, under the name spinthariscope, were
primarily used to detect individual particles
by observing the flash they produced. Ruther
ford used a ZnS(Ag) screen as a detector in his
famous a-scattering experiments. Although this
was the earliest detector, it did not attain
widespread use because it needed a human
observer of the flashes to catalogue them.
It was with the development of efficient photo
multipliers that they came into full use.
Also, the discovery of new scintillating
materials such as anthracene and the alkali
halides, which are transparent to their own
radiations and can therefore be used in varying
thicknesses, led to increased interest and
widespread use.

These materials are useful as scintilla
tors because they are luminescent, 1. e., energy
absorbed may be reemitted as visible or near
visible radiation. The emission that follows
absorption of nuclear radiation originates from
excitation and ionization produced in the sub
stance by the radiation. If there are allowed
transitions between the resulting excited state
and ground state, then a light emission accom
panying deexcitation occurs on the order of
t:iJne typical for the lifetime of an allowed
transition for atomic states ( ~10-8 sec +10-10
sec). On the other hand, if the excited state
is metastable, the emission is delayed and

,the process is known as phosphorescence. The

duration of phosphorescence varies with the
type of luminescent material and may be from
nanoseconds to hours. Only those scintilla
tors with the shorter durations are useful in
scintillation counters for the detection of
ionizing radiation. Generally scintillation ma
terials are divided into five classes:

1) organic crystals
2) liquid solutions of organic materials
3) solid solutions of organic materials.

(plastic scintillators)
4) inorganic crystals
5) noble gases.

We will not discuss the theories of the
scintillation process. The reader is referred
to Ref. 5 for details. For 'the present, it
suffices to say that the number of photons
produced is proportional to the energy ab
sorbed in the scintillator.

A scintillator counting system is illus
trated in Fig. 15. Since the light emission
is isotropic, in order to increase efficiency,
the scintillator is covered on all sides with
a reflector, except where a light pipe con
nects to the photomultiplier. The photomulti
plier is described in the discussion of associ
ated electronics, as are the choices of addi
tional equipment for the performing specialized
functions pertinent to the possible ways of
operating the scintillator detector.

Preamplifier

I
Associated electronics
based upon Whether
spectrum analysis
or total counts

XBL 796-1732

Fig. 15. Schematic Diagram of Scintillator
Detector.

c •. Semiconductor Detector. In prin
ciple, a semiconductor detector can be referred
to as a solid-state ionization chamber. The
charge carriers produced by the ionizing radia
tion instead of being ion pairs are electron
hole pairs. The electrical signal is obtained
by separating and collecting the electrons and
holes, whose numbers are proportional to the
energy deposited by the incident radiation in
the sensitive region of the detector.

For a more in-depth discussion of nuclear
radiation detection with semiconductors see
the book by Bertollini and Coche13 and a more
recent article by Goulding and Pehl. 14

o
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The semiconductor detector is usually
made of 5i or Ge (although there is progress
in devele>ping.detectors based on.HgIz, CdTe,

. etc.), and various procedures such as drifting
of Li, or extreme purification, are used to
make possible a large effective zone with re
verse biasing. They are in general very simi
1ar in operation.

Regardless of the particular detector,
general comparisons can be made with a gas
ionization chamber:

1. The energy required to fonn an elec
tron-hole pair in siiicon is about 3.5 eV
compared wi th 34 eV per ion pair in air,
allowing greater resolution.

2. A1though the resolution due to the
statistics of measurement is better than the
gas counter, effects of noise give a limit
to the resolution of about 150 ev and limit
the lowest attainable energy (by thennal noise)
to about 2 keV.

3. The higher density of the semicon
ductor detector material allows for higher de
tection efficiencies than in a gas counter;
the atomic number also helps.

A semiconductor detector must typically
be operated at low temperatures (77°K, Liquid
N temperature) to prevent the drift of Li from
Ge(Li) or Si(Li) and to reduce the thermal
noise contribution, even for Hyperpure (Hp) Ge.
(5i surface barrier detectors do not have to be
cooled, although cooling improves the resolu
tion.) In addition, this low temperature re
quires a vacuum which in turn sets a limit
on how thin the necessary window between the
source and detector can be. Perfonnance-wise
this means that it is difficult to obtain a
sufficiently thin window to work much below
5 keY.

Two types of semiconductor detectors use
ful to our applications are the junction/sur
face barrier detector, and the lithium drifted
detector. Junction detectors can b,e fonned
with depletion depths up to Z mm and can be
made with very thin windows, making them suit-
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able for the spectrometry of low-energy B and
a radiation. Typically the detection effi
ciencies for a-particles is about 25% with
good rejection of y-radiation. Surface barrier
detectors are 100% efficient for a's, without
rejection. Lithium. drifted detectors can be
made with a large volume (- 100 cm3) making
them suitable for y-ray and x-ray spectroscopy.
In addition, hyperpure Ge detectors are avail
able for photon spectroscopy from about 10 to
100 keY.

For spectroscopy purposes, the energy
resolutiOn of these detectors is an important
figure. Typically for y-spectroscopy Ge (Li)
yields about 1.8 keY as seen in Table 1.

A pUlse-height analyzer is needed to
perfonn spectroscopy. The electronics is
discussed later and in the y-spectroscopy
section (Section III.E.5.a); both discussions
are also appropriate to a and Bspectrometry.

d. Thennoluminescence dosimeter.
In contrast to gas counters, scintlllatlon,
and semiconductor detectors, which a re devices
that given an immediate indication of the
presence of radiation, the devices which use
thennolum.inescence integrate the effects of
all the doses received and only produce a
signal when heat is applied. Basically, in
thennolum.inescent (TL) materials, the electrons
and holes produced by radiation are trapped
and later released by heating to a temperature
of a few hundred degrees centrigrade. During
the heating process light is emitted and de
tected with a photomultiplier tube. Similarly·
in thennally stimulated electron emission
(TSEE) the heating process releases electrons
from the surface of the material which can be
measured by a proportional counter. We will
discuss only TL dosimeters.

Exposing a thennoluminescent phosphor
to radiation causes electrons to be raised
from the valence band into the conduction band
and holes are left in the valence band. These
electrons (and holes) can move through the
crystal lattice until they either return to the
valence band or are captured by lattice imper-

Table 1. Properties of Some Common Semiconductor Detectors

Spectroscopy/Resolution
Detector (FWHM)

X-/y-ray

Ge
Si
Ge (Li)
Si (Li)

180 eV @ 5.9 keY

1.8 keY @ 1332 keY

154 eV @ 6.542 keY

15 keY @ 5.8 MeV maximum 10 keY

9/79
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fections. Those electrons that are caught in
shallow traps (imperfection) are returned to
the conduction band fairly rapidly by thermal
effects at room temperature, whereas those in
the deeper traps require considerably more en
ergy to escape and only do so when the material
is heated. These released electrons return to
the ground state with the emission of visible
light. It is the deep traps that are most
useful in dosimetry since they are least af
fected by a change in ambient conditions. As
a single rapid rise in temperature does not
generally empty all the traps, it is normally
necessary to anneal the TL material before
reusing.

The TL material may be in the form of a
powder, crystal, or polycrystalline disc. The
readout instrument for TL material consists
of a heater with a thermocouple attached to
measure the temperature, a photomultiplier
tube with perhaps a filter to shift or remove
certain wavelengths of the radiation given off,
an amplifier and generally an x-y plotter. A
curve plotted with the x-axis as the temperature
measured by the thermocouple and the output
current from the photomultiplier displayed on
the y-axis is known as a glow curve and is
illustrated by Fig. 16. For dosimetry pur
poses, a fixed heating cycle can be used and
the output of the photomultiplier tube con
verted to a digital signal which is integrated
between suitable points on the glow curve.

.
:J
Q..
:J
o

o 100 200 300
Tempera ture °c

XBL 796-1733

Fig. 16. Typical Glow Curve for TLD.

In dosimetry, the user should be aware of
the response of the TL material to different
energies of radiation. For instance, below

50 keV LiF exhibits an enhancement of 50% in
response. The dynamic range of response is
also important; for LiF it is from 10 mrad
to -1 krad. The response should be independ
ent of dose rate, but in any case should be
known. For LiF, the response is independent
of the dose rate up to at least lOll rads/sec.
Above an integrated total dose of about 1000
rags, the response is supralinear, and
it starts to saturate with a limit
of 105 rads, beyond which radiation damage
results in a loss of reading. It is also
important to know how the TL material responds
to different radiations (gamma, neutron, etc.).

e. Photographic detection. The
latent image of the track from lonlzing radia
tion traversing a silver halide emulsion is
relatively permanent. Thus when the film is
developed a record is obtained. DependiI]g upon
the technique used, a photographic emulsion
can be used as a single event detector by
recording the track of a single ionizing par
tical or can be used to locate sites of radio
activity on a surface. Its most prominent
use in dosimetry is as a film badge where it
is used to integrate many events over a period
of time, after which the change in optical
density is measured.

An important property of the emulsion is
its grain size, since this determines how much
and what type of radiation is measured. The
user should, as always, be aware of the energy
response, dose-rate dependence, the dynamic
range, and any radiation type dependence to
response.

f. Solid-State Track Detectors.
Charged particles impinging on an object such
as a film of a high polymer or glass plate
produce trails of damage which can be chemi
cally etched into tracks that can be examined
individually or counted with an optical micro
~cope or by spark counting. Since these detec
tors find primary use for measuring heavy
charged particles, fission products, and other
ions from accelerators or in cosmic radiation,
they will not be discussed here. For further
information the reader is referred to Ref. 15.

4. Associated Electronics

a. Electrometers. Electrometers are
basically charge readlTIg devices. There are
several kinds, such as the quartz fiber elec
trometer, the vibrating-reed electrometer, an
electrometer vacuum tube, and metal-oxide semi
conductor field effect transistor QMOSFET) elec
trometers. Most of the electrometer circuits
used in portable meters follow the block dia
gram in Fig. 17.

The circuits consist of a detector (e.g.
an ionization chamber), a power supply for the
detector, an electrometer amplifier where
,necessary, a power sUpply for the amplifier

o
9/7'9
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XBL 796 -1731

Fig. 17. Block diagram of electrometer.

section and a metering circuit. New components
have enabled the manUfacturer to reduce size
and increase sensitivity of the electrometer.

The MOSFET and the vibrating reed offer
various advantages and disadvantages when com
pared with the simple electrometer tube. The
main advantages of the electrometer tube
are low cost and low noise. However, its
disadvantages include shock sensitivity (mic
rophonic), poor long and short term stability
(drift), and a poor temperature coefficient.
The MOSFET has features "uch as low cost,
shock insensitivity, good battery life, and
high reliability; however, it .does have some
faults such as a high offset current, high
noise, and poor overload.characteristics
(easily burned out). The vibrating reed has
a variety of advantages such as excellent
stability, very low offset current, low tem
perature coefficient, low noise, and good
overload capabilities. However, it does have
some shortcomings such as high cost. reason-

Al28 2 027min

distance 3·5cm

ably large size, poor battery life, and rela
tively complex circuitry. A quartz fiber elec
trometer is less sensitive than the two others
mentioned above, and also requires visual
readout. However, it is rugged, small and
relatively inexpensive.

Drift is one of the major disadvantages
of an ion chamber survey meter using an elec
trometer tube input amplifier. The electro
meter tube survey meter on the most sensitive
range will drift as much as 6% with time and
temperature; therefore, it should be checked
out and zeroed frequently. After the first
hour of operation, it is usually stable to
within 5% provided there is no significant
temperature change. MOSFET and vibrating
reed instruments are very stable with both
temperature arid time, as are GM and proportional
counters.

b. Pulse-Height Analyzer (PHA).
Pulse height analyzers are a necessary com
ponent for the performance of spectroscopy.
In order to be useful, the signal it receives
from the detector must be proportional to, or
at least a monotonic function of, the initial
energy deposited by the ionizing radiation.
The simplest PHA is a single channel analyzer,
which consists basically of a window for en
ergy discrimination. The top and bottom of the
window usually can be set at varying energies.
The lower edge is set just below the peak of
interest while the upper is set above that
peak. The single channel analyzer (SCA) then
accepts only those pulses lying between the

absorber 945 mo/cmt 81

0'99 KeVlchanne' G.L 18

I
J

Fig. 18. Spectrum of aluminum-28 as measured with a Ge(Li) detector (from
Adams and Dams, Ref. 21, with permission by Pergamon Press © 1970).

ic~- --~

o
o 400 800
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1200 1600

9/79
3.1.5-15



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD
Detection Methods
Page 16

-two energies set by the edges. A many-channel
pulse height analyzer can be basically thought
of as many SCAs,each recording only those
pulses falling in their domain. The channels
are stored separately, contributing to a
spectrum such as Fig. 18. The spectrum can be
stored on magnetic tape for later data analysis,
read out on an x-y plotter, or punched out on
paper tape.

For a more detailed discussion the reader
is referred to Section III.E.5.a.

c. Photomultiplier tubes. A photo
multiplier consists of three essential com
ponents, namely (1) a photocathode (2) a
secondary emission multiplier structure and
(3) an electron collector system as output.
Wehn a flash of light falls on the photo
cathode, electrons are released in proportion
to the number of photons in the flash.

At the present there are two types of
multiplier structures. One consists of an
array of secondary emitting dynodes or stages.
Electrons strike the first stage and are in
creased in number by secondary emission, since
each initial electron produced was increased in
energy by an accelerating potential. These'
electrons are guided to the next stage where
their number is again increased. This is re
peated until amplification reaches the required
level. Then the electrons are collected by
the anode system.

The second type of photomultiplier struc
tureconsists of a plate made up a large num
ber of tiny tubes coated with a secondary
emitting material. An electron entering any
one of these tubes or microchannel is multi
plied by striking the wall and traveling
through an increasing potential. These multi
plier structures are very fast, very linear
(if the light flashes are not too large), and
unlike the first mentioned structure, quite
insensitive to magnetic fields.

Typically a photomultiplier of either
type will have an electron (current) gain of
the order of 105 or 106. Their response time
is fast, on the order of 100-200 picoseconds
for high speed photomutipliers.
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! F. General Analytical Considerations

This section emphasizes analytical con
siderations that are often important in radia
tion measurements.

1. Tissue Equivalence

A general consideration is the concept
of tissue equivalence. Since one desires to
measure rad and rem as energy deposited in
tissue, any measurement of ionization in an
other medium (for example, in an air ioniza
tion chamber) must be interpreted with caution.
One possible approach is to correct such mea
surements to yield the tissue dose. More often,
however, uncorrected measurements are given;
and they must be recognized as such.

An alternate possibility, less often
chosen, is to make a detector out of tissue
equivalent material, which is strictly defined
as material whose atomic composition matches
exactly that of human muscle (10.2% H, 12.3% C,
3.5% N, 73.0% 0, 2.0% others).

A true tissue-equivalent ion chamber
would give an interpretable reading independent
of the radiation composition (Ref. 2). There
have been several attempts to construct tissue
equivalent plastics, and Table 1 shows the
atomic composition of a commonly used material.
Such material, which may be used for fabricating
ionization chambers and auxiliary devices,*
matches the hydrogen and nitrogen components
closely, but replaces much of the muscular
oxygen with carbon. It has been shown (Ref.l)
that for both neutrons and photons with en
ergies from 0.5 to 14 MeV the use of carbon

*For practical guidance from the ICRU, see
Ref. 4.

instead of oxygen induces errors of less than
about 5%. Tissue-equivalent gases may, on the
other hand, have significant oxygen content
(Ref. 5).

The key element in the tissue-equivalent
material is hydrogen; especially for neutron
dosimetry below about 5 MeV; at higher energies
the heavier elements become increasingly more
important (Ref. 3). "One method of separating
the gamma and neutron contributions in an ab
sorbed dose measurement employs two ionization
chambers, one with walls and filling of hydro
gen-rich material responding strongly to neu
trons, and the other with walls and filling
devoid of hydrogen responding mostly to gamma
radiation" (Ref. 3). The most common tissue
equivalent devices are ionization chambers, of
which those of Rossi (Ref. 5) and Shonka (Ref.7)
are typical: in each case, both the walls' and
the gas are composed of tissue-equivalent ma
terials. A gas proportional counter made of
tissue-equivalent material has also been con
structed for use around a high-energy accelera
tor (Ref. 8).

2. Particle Equilibrium

An important consideration, particularly
for high energy radiation, is the possibility
that particle interactions in tissue may signif
icantly alter the radiation and ionization
spectra. The concept which is important here
is particle equilibrium, which occurs when'
primary particles traversing through a medium
are accompanied by an equilibrium spectrum of
secondary particles produced by interactions
with the medium.

For this reason it is essential to differ
entiate between radiation at the surface and in
the interior of a body. The distinction is
clearly important, for example, for a pure,

Table 1. Elemental composition of TE plastic (from ICRU, Ref. 4,
with permission by International Commission on Radiation
Units and Measurements © 1977).

Percent weight

Element ICRU muscle A-ISO design A-ISO chemical
tissue composition analysis (std. dev. a)

Hydrogen 10.2 10.1 10.3 (0.1)
Nitrogen 3.5 3.5 3.5 (0.07)
Oxygen 72.9 5.2 6.4 (0.6)
Carbon 12.3 77 .6 77.1 (0.3)
Calcium 0.007 1.8 NAc
Fluorine 1.7 NAC

Total 9'8.9'IJ 99.9 97.3

aStandard deviation of 5 replicate samples analyzed.

bThe 1.1 percent remainder consists of Na, Mg, P,S and K.
cNA : no analysis.
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Table 3. Appropriate thickness of water
required to establish complete equili
brium for.neutrons of various energies
(from ICRU, Ref. 3, with permission by
International Commission on Radiation
Units and Measurements © 1971).

mono-energetic relativistic neutron flux in
cident upon some material. Since absorbed
dose occurs through ionization loss, one must
consider the charged secondaries, which then
cascade through the material, ionizing and
perhaps producing additional tertiary particles
of their own. The ionization loss at first
increases with penetrating distance, but ulti
mately it reaches a maximum before falling off
due to absorption of the primaries themselves.

Neutron Energy (MeV) a -2Thickness (g ern )

()

As a way of illustrating this point in
another light, Fig. 1 (from Ref. 9) shows the
neutron flux density required to produce the
same dose equivalent (1 mrem/hr) at three
depths of tissue, as a function of incident
energy.

The quantity of interest for radiation
protection is the dose equivalent. Since this
is related to the ionization loss, it is im
portant that an instrument measure absorbed
dose near the maximum ionizing region. This
is often accomplished by adding absorbing ma
terial to the instrument walls or surroundings.
Indeed, it is usually important to determine
whether or not particle equilibrium is present;
a standard technique for this determination is
the addition of just such an absorber. As a
helpful guide, Table 2 (from Ref. 3) shows the
thickness of an ionization chamber wall re
quired for establishment of electronic equilib
rium for photons of various energies, while
Table 3 is for complete equilibrium of neutrons
traversing water.

5
10
20
50

100

aSee note on Table 1.

0.034
0.12
0.42
0.42
7.6

In some cases (particularly behind low Z
concrete shielding walls) particle equilibrium
will already exist, but any conscientious
survey should routinely include a check using
various absorber thicknesses.

Table 2. Thickness of ionization chamber
walls required for establishment of
electronic equilibrium (from ICRU,
Ref. 3, with permission by International
Commission on Radiation Units and
Measurements © 1971).

~he thicknesses quoted are based on the
range of electrons and protons in water.
The values will be substantially correct
for tissue-equivalent ionization chamber
walls and also for air. Half of the above
thickness will give an ionization current
within a few percent of its equilibrium
value.

,
i'--- _

1. Neutron flux density required to
produce same dose equivalent (1 mrem/hr)
at three depths of tissue as a function
of incident energy (Ref. 9).

Fig.

3. Radionuclide Decay Schemes

For information about detailed decay
schemes, the reader is referred to the seventh
edition of the Table of Isotopes (Ref. 10).
In measurements of radioactive decay, the
relationships between parents and daughters
(and more generally among the many members of
a long decay chain) are very important consid
erations. Often, measurements of a radionuclide
are actually performed by using the properties
of the chain in question. There are several
examples among the radionuclides treated in
this Survey. Among these are 90Sr measure-

0.0008
0.0042
0.014
0.044
0.17
0.43
0.96
2.5
4.9

a -2Thickness (g ern )

0.02
0.05
0.1
0.2
0.5
1
2
5

10

Photon Energy (MeV)
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ments by ingrowth of 90y; 226Ra measurements
by emanation of 222Rn; and the entire radon
daughter measurement problem.

Here we shall outline a few of the con
siderations which must be taken into account
when measurements of parent -daughter systems
are made. We shall not attempt to give a gen
eral mathematical description, since that has
been done well elsewhere. The reader is re
ferred in particular to Evans' book The Atomic
Nucleus (Ref. 11).

The basic exponential law governing the
decay of one isolated ensemble of identical
nuclei is:

Unfortunately this mathematics yields
very little direct insight. Consider a real
example: In Fig. 2 (from Ref. 12) is shown
the growth of activity of the three successive
daughters RaA, RaB, and RaC from a unit
activity of the parent 222Rn • • • the half
lives of the three daughters are about 3, 27,
and 20 minutes, respectively. The half-life
of the parent 222Rn is very much longer:
3.82 days or 5500 minutes.

N(t) = l(t), = N(t)h.

o -tiT
I(t) = N(t)A = I e

40 10 .0 '00 120 '40 ,.0
Tim. In Mlnul•••

I.q-.-.::;.----------d

0.'

= 5500:3:27:20.

0.7

l RaC = l RaB = l RaA = I
Rn

Fig. 2. Growth of activity of the individual
short-lived decay products in a constant
source of radon having unit activity.
If RaA, RaB, and RaC are in radioactive
equilibrium with a constant source of Rn,
and the Rn is removed at t=O, the subse
quent decay produced is the up-to-down
mirror image of these growth curves.
Thus, for decay the vertical scale would
read 0 to 1.0 from top to bottom, while
for growth it reads 0 to 1.0 from bottom
to top, as shown here and in Fig. 3 (from
Evans, Ref. 12, with permission by McGraw
Hill © 1969).

One crucial point to note is that when
equilibrium is reached, all daughters have
activities equal to that of the parent:

However, as we saw above, the number of atoms
present in each species is proportional to the
mean life, and thus in equilibrium, the number
of atoms is in the ratio

= number of nuclei remaining at time tHere N(t)

NO

Tl / 2,

Next consider the case of the growth of a
short-lived daughter (denoted by subscript 2)
from a very-long-lived parent (subscript 1).
Let the activity I, of the parent remain nearly
constant. Then the rate of birth of the
daughter is II' (equal to the rate of decay of
the parent), and if the parent is the only
nuclide present at time t = 0, the daughter
activity at some later time tis:

[
-;J" tJ_ 0 2

12(t) - II . 1 - e .

o e- t /, = NO e-At 0 -0. 693t/Tl / 2N(t) = N 2N e

Note that the total number N(t) of radio
active nuclei at any given time is the product
of the mean life, and the activity I (t):

Suppose there follows a grand-daughter (sub
script 3). Then we find for the general case:

I, (tl " AhI : [ (A,e~:~~A,- All

= number at time t = 0

= half-life

= mean life = Tl / 2/0.693
radioactive decay constant 1/,

1= 0.693 (r-- ) .
1/2

The half-life is characteristic of the
nuclear species. It can vary from billionths
of a second to billions of years. The activity
I, which is the rate of disintegrations per
unit time, follows the identical decay law.
It is equal to the number N present at any
given time, multiplied by the decay constant
A:

3.1.6-3
9/79



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD
Analytical Considerations
Page' 4

This is a very important concept to understand.

Next, suppose that, after equilibrilUU is
established, the parent source is removed.
Naturally, the daughter (s) will subsequently
decay. It is easy to show (see Evans, Ref.12)
that the decay is given by a direct inversion
of the growth equations. Figure 2, it turns
out, also shows the decay of RaA, RaB, and
RaC after the parent Rn is removed • . •
simply reverse the picture (upside-down mir
ror image) as described in the caption, and
relabel the axes. This is done for the
reader in Fig. 3.

Time
40 60

0.1

~

.~ 0,4-0
CI 0.5..
> 0.6-CI.. 0.7

a::
0.8

0.9 RoA

1.0 Rn

0.0

Fig. 3. The inversion of Fig. 2 as described
in its caption (from Evans, Ref. 12, with
permission by McGraw-Hill © 1969).

Another useful insight which can be seen
from simple considerations is the growth of
activity on, say, an air filter. ASSlUUe a
constant collection rate of radioactive dust
from air containing constant activity. This
case is identical to the case of activity
growth of, say, RaA from a constant activity
of ~ts parent, Rn. The build-up follows a
curve similar to the RaA plot in Fig. 2. If
the ptunp is turned off, so that sampling stops,
the decay of the activity on the filter fol
lows Fig. 3, the upside-down version of Fig.
2, as previously discussed. This applies
equally well to the ingrowth in a chemical
vial of 90y (64 hours) from 90Sr (28 years)
after radiochemical purification of the
strontitnn • • • only the time axis must be re
labelled to match the different half-lives.

4. Calibration of Instrtnnents

Correct interpretation of monitoring
results is based on the accurate calibration

of radiation measuring instrtnnents. The re
liability and accuracy of the measurements are
also partly based on the procedures applied
in· calibration (Ref. 13). Discussions of the
problems of instrtnnent calibration can be found
in the individual sections on instrtnnentation
(e.g., Neutron Monitoring Instrtnnentation).

As an introduction, we shall quote here from a
discussion of general calibration problems in
ICRU Report No. 20 (Ref. 3).

"The accuracy of a given instrtnnent de
pends not only on the characteristics of the
instrtnnent but also on the care taken in its
calibration and on the performance checks made
during its use.

"Calibrations may be carried out in sev
eral ways:

(1) By national standards laboratories
using calibration standards of the
highest possible accuracy (Refs.14,
15)

(2) By major government, academic, re
search or industrial laboratories
using institutional standards
established by careful comparison
with a national stanard (Ref. 16).

(3) By other groups using working
standards (reference instrtnnents) of
lesser accuracy that are periodically
calibrated by comparison with one
of the above-mentioned national or
institutional standards.

Only the last two will be discussed in this
section.

"Calibration of instrtnnents for health
physics purposes involves the comparison of
a given instrtnnent with a re£erence instrtnnent,
or its irradiation in a field whose properties
are either defined through use of a standard
source, or which have been fully explored with
a reference instrtnnent. The calibration of the
reference instrtnnent may be determined by com
parison with an institutional or national
standard. (Ref. 14).

"The object of calibrating an instrtnnent
intended for routine use is to ensure that its
accuracy is adequate under the conditions in
which it is used. This requires that assess
ment be made of its response not only to the
type and energy of radiation for which the
instrtnnent was designed, but also to other
radiations which may be present in practice and
contribute to the instrtnnent reading. It also
requires that mechanical and electrical integ
rity, and effects such as saturation, repro
ducibility, pulse pile-up, scale non-linearity,
and range-change errors be examined. Since
manufacturers may not have adequate facilities
for calibrating instrtnnents, it is desirable
to check new instrtnnents after delivery. If

9/79
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5. Instrumental Response to Environmental
Conditions

Fig. 4. Relative light output of NaI(TI) as
a function of temperature.

The reader should be aware of the possible
services that can be provided by the National
Bureau of Standards (Ref. 20). Referral is
also made to ANSI Standard N323 - 1978, "Radia
tion Protection Instrumentation Test and Cali
bration" (Ref. 18). ANSI N323 addresses sev
veral performance areas in a qualitative
nature for the calibration and testing of
portable radiation protection instruments.
It is believed by some (Ref. 19) that compli
ance with the standard will be difficult to
achieve.

o
1.0

In addition to the changing of the sodium
iodide phosphor itself, the photomultiplier
tube may also show both a small gain change
and the dark current noise will increase with
increasing temperature. The gain change is
somewhat dependent on the phototube type and,
in fact, will vary from phototube to phototube
of the same type. Because of the variation
in phototube temperature gain change, one
should always determine the temperature re
sponse of the scintillation detector.

Geiger tubes and proportional counters
normally will show little effect when operated
over normal ambient temperature range. Sealed

a. Temperature and Pressure Response.
The temperature response of detectors can be
quite important particularly for scintillation
counters. For example, with a sodium io-
dide crystal the pulse height decreases approx
imately 0.20%jOC over the temperature range
from 30°C to 145°C; (see Fig. 4).
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the instrument has new design features, the
check should be thorough, and include tests
for the rejection of radiation which the instru
ment was not designed to measure, for pulse
pile-up and for saturation. The effective
center of the detector should be determined
so that measurements of distance from the
source of radiation can be made to this point;
this is particularly important when the detec
tor is situated within the instrument. This
complete check need not be repeated for all
instruments built to the same design. However,
it is desirable to check every instrument for
scale non-linearity and for range-change errors
before putting it into service. The initial
calibration may involve either a wide or narrow
spectrum, or alternatively a complete energy
response curve using a number of monochromatic
sources may be required. The choice depends
on the purpose for which the instrument is
intended to be used and should test the claimed
or advertised response characteristics.

"The characteristic of an instrument
which is most likely to change over a period
of time is sensitivity. Some instruments pro
vide an adjustment so that the reading can be
brought back to the correct value when changes
occur. In general, however, such adjustments
should be made only at a calibration center
having the standards needed to re-check the
instrument over its whole absorbed dose or ex
posure range; changing sensitivity may nof
always be linear over the entire range of the
instrument. Some instruments are fitted with
a switch position for testing the battery and
thus high pressure gas ionization chambers
should have their energy response accurately
determined. This is because thin-walled ones
tend to have significant over response in the
low energy end of the spectrum. Low pressure,
tissue equivalent chambers should be checked
for unusual contamination from manufacturing
processes."

"The frequency and scope of subsequent
calibrations is governed by the rate at which
components in the instrument age or become
damaged. Unless there is evidence or experi
ence to suggest that more frequent calibrations

. are desirable, yearly intervals are usually
sufficient. Within these intervals simple con
stancy checks should be made to see that the
instrument has not developed a calibration
fault on any range. Such constancy checks,
which are particularly important for instru
ments used only occasionally, can be made with
jigs incorporating small sealed sources, or
with leakage fields from a large installation
(e.g., reactor or accelerator) operating
under steady conditions. The most satisfactory
form of constancy check is one in which the
sensitive element is irradiated by the type of
radiation for which the instrument is designed.
It should be carried out initially just after
an instrument has been calibrated.
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Table 4. Air density corrections. Instrument is calibrated in International
Roentgens corrected to O°C when used at 22°C and 760 rom mercury
(Hg) barometric pressure. For temperatures other than 22°C and
pressures other than 760 rom Hg., multiply the scale reading by
the factor obtained from the following table.

'nches Mm. F.60.8 64.4 68.0 71.6 75.2 78.8 82.4 86.0 89.6 93.2 96.8 100.4 104.0
C.16 18 20 22 24 26 28 30 32 34 36 38 40

19.68 500 1.489 1.499 1.509 1.520 1.530 1.541- 1.551 1.561 1.571 1.582 1.592 1.602 1.613
20.08 510 1.460 1.469 1.479 1.490 1.499 1.510 1.520 1.530 1.540 1.551 1.561 1.571 1.581
20.47 520 1.431 1.441 1.451 1.461 1.471 1.481 1.491 1.500 1.510 1.520 1.530 1.540 1.550
20.87 530 1.405 1.414 1.424 1.43"4 1.444 1.453 1.463 1.473 1.482 1.492 1.502 1.512 1.521
21.26 540 1.378 1.388 1.397 1.407 1.416 1.426 1.435 1.445 1.454 1.464 1.474 1.483 1.493

21.65 550 1.354 1.363 1.373 1.382 1.391 1.401 1.410 1.419 1.429 1.438 1.448 1.457 1.466
22.05 560 1.329 1.338 1.348 1.357 1.366 1.375 1.384 1.394 1.403 1.412 1.421 1.431 1.439
22.44 570 1.306 1.315 1.324 1.333 1.342 1.351 1.360 . 1.369 1.378 1.387 1.396 1.405 1.414
22.83 580 1.283 1.292 1.301 1.310 1.319 1.328 1.337 1.345 1.354 1.363 1.372 1.381 1.389
23.23 590 1.262 1.270 1.279 1.288 1.297 1.305 1.314 1.323 1.331 1.340 1.349 1.358 1.366
23.62 600 1.241 l,249 1.258 1.267 1.275 1.284 1.293 1.301 1.309 1.318 1.327 1.336 1.344
24.02 610 1.220 1.229 1.237 1.246 1.254 1.263 1.271 1.279 1.288 1.297 1.305 1.314 1.322
24.41 620 1.200 1.208 1.217 1.225 1.233 1.242 l,249 1.258 1.266 1.275 1.283 1.292 l,299
24.80 630 1.181 1.189 1.198 1.206 1.214 1.222 1.230 1.239 1.247 1.255 1.263 1.271 1.279
25.20 640 1.164 1.171 1.180 1.188 1.196 1.204 1.212 1.220 1.228 1.236 1.244 1.252 1.260

25.59 650 1.145 1.153 1.161 1.169 1.177 1.185 1.193 1.201 1.208 1.216 1.224 1.232 1.240
25.98 660 1.127 1.135 1.143 1.151 1.159 1.167 1.174 1.182 1.189 1.198 1.206 l,213 1.221
26.38 670 1.111 1.119 1.126 1.134 1.142 1.149 1.157 1.165 1.172 1.180 1.188 1.195 1.203
26.77 680 1.095 1.103 1.110 1.118 1.125 1.133 1.141 1.148 1.156 1.163 1.171 1.179 1.186
27.16 6~O 1.078 1.086 1.093 1.1 01 1.108 1.116 1.123 1.131 1.138 1.146 1.153 1.161 1.168

27.56 700 1.064 1.071 1.079 1.086 1.093 1.101 1.108 1.115 1.123 1.130 1.137 1.145 1.152
27.95 710 1.048 1.055 1.063 1.070 1.077 1.084 1.092 1.098 1.106 1.113 1.121 1.128 1.135
28.35 720 1.033 1.041 1.048 1.055 1.062 1.069 1.076 1.083 1.091 1.098 1.105 1. 112 1.119
28.54 725 1.027. 1.034 1.041 1.048 1.055 1.062 1.069 1.076 1.083 1.091 1.098 1.105 1.112
28.74 730 1.019 1.027 1.034 1.041 1.048 1.055 1.062 1.069 1.076 1.083 1.090 1.097 1.105
28.94 735 1.013 1.019 1.027 1.034 1.041 1.048 1.055 1.062 1.069 1.076 1.083 1.090 1.097

! 29.13 740 1.006 1.013 1.020 1.027 1.034 1.041 1.048 1.055 1.062 1.069 1.075 1.083 1.089
29.33 745 .999 1.006 1.013 1.020 1.027 1.034 1.040 1.048 1.054 1.061 1.068 1.075 1.082
29.53 750 .992 .999 1.006 1.013 1.020 1.027 1.033 1.040 1.047 1.054 1.061 1.068 1.075
29.72 755 .986 .993 1.000 1.007 1.014 1.021 1.027 1.034 1.041 1.048 1.055 1.062 1.068

29.92 760 .980 .986 .993 1.000 1.007 1.014 1.020 1.027 1.034 1.041 1.047 1.054 1.061
30.12 765 .972 .979 .986 .993 .999 1.006 1.013 1.020 1.026 1.033 1.040 1.047 1.054
30.31 770 .967 .973 .980 .987 .994 1.000 1.007 1.014 1.020 1.027 1.034 1.041 1.047
30.51 775 .961 .968 .974 .981 .987 .994 1.001 1.007 1.014 1.021 1.027 1.034 1.041
30.71 780 .954 .961 .967 .974 .980 .987 .994 1.000 1.007 1.014 1.020 1.027 1.033
30.90 785 .948 .955 .961 .968 .974 .981 .988 .994 1.001 1.007 1.014 1.021 1.027
31.10 790 .942 .949 .955 .962 .968 .975 .981 .988 .994 1.001 1.008 1.014 1.021

.. -

ion chambers will also show little change over
the same range; however, an ion chamber open
to the atmosphere will change according to the
air density correction table (see Table 4).
Under most conditions the temperature/pressure
correction factor will be in the range ~10%.

This arises not so much from the temperature
or pressure change at a given location, as
from differences between local conditions and
those where the instrument was calibrated.
Most manufacturers who sell ion chamber instru
ments that are open to the atomosphere calibrate
them to standard temperature and pressure.
Under most conditions, this should not be any
problem; however, at high elevations, such
as Las Vegas, Denver, etc., there can be a
considerable error because of the decreased
barometric pressure. If the decreased baro
metric pressure is coupled with a sizable
temperature change, there could be a -30%
error.

b. Humidity Response. High humid
ity, although having little importance on re
sults from individual measurements, can ad
versely affect instrument life. The Geiger
counter, proportional counter and the scintilla
tion counter show little reaction to humidity
providing reasonable care is taken to keep
their electrical connections dry. In general

one will obtain the best life from a survey
meter if it is kept as dry as posible. When
in an extremely high humidity area, it is wise
to'put several bags of silica gel inside of
the survey meter.

6. Critical Pathway Analysis

The general steps of dose assessment
are:

• The characterization of the radionu
clides or radiation sources.

• Determination of radioactivity dis
tributions.

• Determination of radiation incident on
(and/or the radionuclide accumulation by)
man.

• Determination of consequent dose
to man.

By considering the emission of particular
radionuclides from a nuclear facility, these
elements can be illustrated. Table 5 shows
the various steps in the inference of the dose
from radionuclides deposited in man following
transport (movement) in the terrestrial en
vironment. The activity released per unit time
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Table 5. Illustrative equilibrium pathway for internal radiation
exposure for airborne radionuclide effluent (from NCRP, Ref. 17,
with permission by National Council on Radiation Protection and
Measurements © 1976).

Pathway Step

Source

Dispersion

Variable

Source terms
(Q)

Dispersion
(X/Q)

Product of Variables

Radioactive material re
leased per unit time

Q

Radioactive material per
unit volume

Q(X/Q)

Deposition Deposition velocity Radioactive material per
(V) unit area and unit time

Vd(X/Q)Q

Cumulative Deposition

Environmental and Bi
ological Transfera

Human Intake

Human Absorbed Dose
Rate

AcclDllUlation time
(T)

Transfer coefficient
(T

r
)

Intake rate
(I)

Intake rate to ab
sorbed dose rate
conversion factor

(k)

Radioactive material per
unit area
TVd (X/Q)Q

Radioactive material per
unit mass of environ
mental or biological
medium

TrTVd(X/Q)Q

Radioactive material in
take per unit time

ITrTVd(X/Q)Q

Absorbed dose per unit
time
kITr Vd(X/Q)Q

a~ is simplified here; Tr is the product of a number of coefficients,
e.g., soil to air, soil to grass, grass to animal, animal to animal, etc.,
and depends on time and on metabolic, physical and chemical variables.

to the environment is dispersed in the air, at
least partially deposited on soil or vegeta
tion, and partially taken in by man via inges
tion.

This discussion emphasizes the pathways .of
practical interest in nuclear facilities' mon
itoring of liquid and airborne effluents. For
pathways that could be critical, consideration
is given to those points in the pathways that
present opportunities for optimum measurement.
What follows is based largely on NCRP Report
50 (Ref. 17).

a. External Irradiation

• Source ->- Man

Photon emitters are generally the
most significant radiation sources because of
their range, although betas may be important in

certain cases (e.g. 85Kr release near a re
actor fuel reprocessing plant). The proper
evaluation of this type of pathway requires
measurements of both the absorbed dose rate in
free air and/or particle flux density as func
tion of particle type and energy.

• Source ->- Water ->- Man

Radioactivity released as
dissolved or suspended material in a liquid
effluent into the environment can potentially
cause direct radiation exposure to individuals
who are either immersed in the water or near
the water surface. Photon emitters are again
of primary interest, although for total im
mersion the possibility of significant S-skin
dose should be considered. Dose rates can be
estimated either by radiation measurements or
by calculation based on the radionuclide con
centration in water.

9/79 3.1.6-7
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• Source + Water + Sediments
+ Mall

Since many radionuclides are
preferentially deposited on exposed sediments
on the shores of streams, rivers, and lakes or
on tidally-washed estuaries or coastal areas
this pathway differs from the preceding one.
Some radionuclides for which this may be a
significant pathway are l06Ru, 95Nb, l34Cs,
and l37Cs (Ref. 17).

• Source + Air + Man

Immersion in air containing
radioactive gases and aerosols will lead to
external S and y irradiation. If the cloud
or plume is located nearby, then only y irradi
ation occurs. "The determination of the inte
grated dose from such plumes by radiation mea
surements may require a long-term monitoring
program because of the complex relationships
between plume geometry and local meteorology."
(Ref. 17). The NCRP indicates that this is a
significant pathway for fuel reprocessing plants
and boiling water reactors with short hold-up
times (less than several hours). It is also
one of the important pathways for large acci
dental releases.

• Source + Air + Soil'+ Man

Radioactivity released to the
atmosphere can deposit on the ground adding
significantly to the y radiation field near
the air-ground interface produced by naturally
occurring sources. Either direct radiation
measurement or a determination of the radio
nuclide distribution with soil depth may be
used for dose assessment. This pathway could
have great importance in a/severe accident at
a nuclear facility.

b. Internal Irradiation

• Source + Water + Man

If all age groups in a general
population consume large quantities of local
water this pathway could assume importance.
The possible removal of radionuclides by water
treatment plants should be investigated and
measurements of radionuclide concentration in
drinking water supplies should be carried out
after any such treatment. Examples of this
pathway are possible at sites near nuclear
power reactors if the liquid effluent may
reach drinking water supplies.

For an introduction to the vast literature
concerning the import of radionuclides in the
aquatic environment, the reader is referred
to Ref. 21.

• Source + Water + Algae + Man

In some areas, people may
~onsume food prepared from edible seaweed, so

this pathway may assume importance whenever
radioactivity is discharged into bodies of
water where such algae grow. Consideration
should be given the possible concentration of
certain radionuclides. above the level in the
surrounding water.

• Source + Water + Shellfish
+ Man

If radioactivity releases
are made in the vicinity of shellfish farms,
potential radiation exposure could result from
the consumption of such shellfish.

• Source + Water + Fish + Man

"This may be the critical
pathway in freshwater or whenever shellfish or
algae in a marine or estuarine area are not
consumed." (Ref. 17).

• Source + Water + Soil + Food
+ Man

If releases of radioactivity
are made to bodies of water used for irriga
tion, this pathway is important. Radionuclides
in water may also enter into man's food supply
by means of uptake by animals foraging at the
water's edge. -

• Sourl;e + Air + Man

Inhaling radioactivity re
leased to the'atmosphere directly from a source
or resuspended after deposition could result in
its absorption in the lung or gastrointestinal
tract. The physical state of the radionuclide
determines absorption and subsequent distribu
tion in the body for some airborne radionu
elides. For example, tritium (HID or HT)
may enter the body by transpiration through the
skin. This could be an important pathway
during accidental releases from nuclear facil
ities.

• Source + Air + (Soil+)
Vegetation + Mall

Airborne radionuclides
attached to particulates are deposited on the
surfaces of vegetation by dry deposition and
by precipitation. "The ingestion of such
vegetation is in general not an important
dose pathway to man since the residence time
is usually short." (Ref. 17) An exception
would be a high deposition rate of radioiodine
on leafy vegetables. Chemical and biological
properties of the nuclide and of the soil de
termine uptake from the soil in the case of
absorption of radionuclides into the plant sys
tem from the leaves or through the roots.
Radionuclides accumulated in the plant are
available for direct ingestion by man or for
ingestion by grazing animals.

o
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c. Measurement Methodologies

• Source + Air + (Soil+)
Vegetat10n + Meat or Milk
+ Man

This pathway is often im
portant, notably for 9USr and 137Cs in fallout
from weapons tests and releases of 1311 at
nuclear facilities. "The bulk of the dose
from these internally-deposited radionuclides
may be derived from milk and/or meat in the
diet." (Ref. 17) Much information exists for
this complex pathway about the various param
eters and how radionuclides are transferred
between the various media. Radionuclide con
centration measurements in one medium are re
lated to those in other media and then uli
mately to absorbed dose via animal and then
human ingestion. (Ref. 22).

• Dose from internally deposited
radlOnuchdes

must be supplemented by a computational model
of radionuclide transport from the environ
ment to man,

"d. The identification of critical dose
pat~ways is a prerequisite to the design of a
rat10nal measurement program and this identi
fication requires a detailed specification of
the radionuclide source,

"e. The choice of measurements to be made
depends on the degree of accuracy desired in
dose assessment, on practical limitations
(e.?, sensitiv~ty, discrimination, cost) of
ava1lable techn1ques, and on the importance
attached to the characterization of actual en
vironmental radionuclide distributions ,

"f. In the absence of direct measurements
of man himself, the media consumed most di
rectly by man should be measured to obtain
optimal accuracy."

• Dose from externally-incident
radiation

A common feature of the in
ternal radiation pathways discussed above is
the transfer of radionuclides from medium to
medium unt~l they are inhaled or ingested by
man. Stud1es have been performed to determine
the extent to which this transfer takes place
for particular radionuclides in certain path
ways. Eisenbud (Ref. 23) has reviewed this
subject.

The dose to a particular organ can be de
termined from models of radionuclide distribu
tion in the body (Ref.24a) once the intake of a
radionuclide has been estimated. UNSCEAR
(Ref.24b) has given values for the important
parameters in internal dose calculations. In
the analysis of a dose pathway, the primary
role of measurement is to provide an observa
tion in the environment from which the identity
of the responsible radionuclides and the size
of the dose may be determined. The reliability
of a dose estimate is best when measurements
have been made of the radionuclide content in
media along the pathway to man or in man him
self since there are unavoidable uncertainties
including transfer and concentration factors i~
v~rious media, dietary analyses, and calcula
t10ns of organ dose per unit intake (Ref. 25).

NCRP (Ref. 17) gives the following sug
gested guidance for environmental measurement:

"a. The goal of environmental measure
ments directed toward assessing the dose from
internally deposited radionuclides is to
quantify their human intake rate and resulting
organ concentration,

"b. Most measurements will be directed
toward defining radionuclide concentrations
in environmental media,

"c. In the absence of comprehensive
dietary measurements, the experimental data

Measurements of environmental
rad~ation fields or radioactivity distributions
to lllfer dose to man involves the interpretation
of measured quantities in terms of the radiation
field and the application of appropriate dose
models combining the physical parameters of
the radiation field and the appropriate organ
0:- whole body geometry. The proper interpreta"
t10n of detector response involves discrimina
tion among the various components of a radiation
field. Although the characteristics of a
p~rtic~ar e~vironmental field (the composi
tlOn, llltens1ty, energy distribution and
angular distribution) cannot usually'be di
rectly measured, they generally can be in
ferred from other information. For example,
measurements of the concentrations of natural
radionuclides in near-surface soil at an out
door location, coupled with the reasonable
assumption of a homogeneous distribution with
depth~is usually adequate to determine the
natural y-radiation absorbed dose rate in air
above the soil. Furthermore, to infer the
human organ dose from a knowledge of the en
vir~nmental radia~ion field requires the appli
cat10n of appropr1ate conversion factors
(e.g., ratio of absorbed dose in some organ
to that in free air.) Using a detector whose
response is directly proportional to a particu
lar human organ dose would yield a more direct
approach to dose assessment. Measurement in
si~e a human p~antom is an example; however,
this approach 1S generally impractical and
requires additional measurements in order to
determine parameters of the radiation field.

A word of caution concerning realistic
long-term estimates of exposure is that the ab
sorbed doses to individuals, or to averages
of populations, should take into account their
movement and living habits. This is because
indoor and outdoor radiation fields are gen-
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The NCRP (Ref. 17) suggests two feasible
approaches to population absorbed dose assess
ment from external radiation. "In situ mea
surements of the radiation fieldcan be made
at representative indoor and outdoor locations,
and the results weighted according to typical
or average occupancy times. Alternatively,
small sensitive dosimeters can be worn by a
'representative' sample of the population for
sufficiently long periods of time to average
the occupancy times in various radiation environ
ments. This second method cannot be easily
applied to the assessment of absorbed dose
contributions from particular components of
the total radiation environment, (e.g., from
man-made radionuclides)."

Additional discussions of critical pathway
analysis can be found in Refs. 25-27.

7. Reference Methods

The purpose of this brief section is
primarily to alert the reader to those pre
cedures recommended by organizations such as
the NRC, EPA, DOE, IAEA, AS1M, APHA, etc, as
reference methods for the determination of
ionizing radiation.

The Nuclear Regulating COrrn'nission by
issuing Regulatory Guides delineates techniques
or provides guidance on pertinent matters under
its jurisdiction. The guides that suggest
appropriate radiation measurements and tech
niques are as follows:

• Regulatory Guide 1.21 - Measuring,
Evaluating, and Reporting Radioactivity in
Solid Wastes and Releases of Radioactivity in
Liquid and Gaseous Effluents from Light Water
Nuclear Power Plants (Ref. 37) .

• Regulatory Guide 4.5 - Measurements
of Radionuclides in the Environ
ment - - Sampling and Analysis of
Plutonium in Soil (Ref. 38).

• Regulatory Guide 4.6 - Measurements of
Radionuclides in the Environment
Strontium-89 and Strontium-90
Analysis (Ref. 39).

• Regulatory Guide 4.14 - Measuring,
Evaluating, and Reporting Radio
activity in Releases of Radioactive
Materials in Liquid and Airborne
Effluent from Uranium Mills (Ref.
40) .

• Regulatory Guide 4.16 - Measuring,
Evaluating, and Reporting Radio
activity in Releases of Radioactive
Material in Liquid and Airborne
Effluents from Nuclear Fuel Proc-
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essing and Fabrication Plants
(Ref. 41).

Regulatory Guide 5.16 - Standard
Methods for Chemical, Mass Spectrom
etric, SpectroChemical, Nuclear,
and Radiochemical Analysis of Nu
clear Grade Plutonium Nitrate Solu
tions and Plutonium Metal (Ref. 42).

The Department of Energy through its
Environmental Measurements Laboratory (formerly
HASL) issues a manual on measurement techniques
that can be used for guidance (Ref. 29).

The Environmental Protection Agency in the
Federal Register published Drinking Water Regu
lations for Radionuclides that suggests methods
for analysis. Their recommendations are given
in Table 6. In addition to the general
guidance "Radiochemical Methodology for Drinking
Water" (Ref. 30), the EPA also runs a quality
control program on radiation measurements
(Refs. 31, 32). In the(future, they will
put forth reference methods following a
check of tentative methods (Ref. 33).

The U. S. Geological Survey also issues
pertinent guidance to its laboratories con
cerning the measurement of gross ex, gross 13,
226Ra, and 228Ra measurements in water (Ref.
36). .

At the international level, the IAEA has
issued guidance (Ref. 34) on monitoring air
borne and liquid radioactivity released from
nuclear facilities to the environment. Its aim
is to define the objectives of effluent moni
toring programs and to provide guidance on the
design of an adequate system and on the choice
of appropriate monitoring methods and instru
ments for different types of nuclear fuel
cycle facilities.

One good source of information for mea
surements in water and waste-water is Standard
Methods for the Examination of Water and
Wastewater by APHA (Ref. 28). The methods with
"standard" status have been studied exten
sively and accepted as applicable within the
limits of sensitivity, precision, and accuracy
given. "Tentative" methods are those still
under investigation that have not been evalu
ated fully or are not considered sufficiently
tested at present to be designated "standard."

Another source of information on measure
ments is the American Society for Testing and
Materials. They have published a set of
AS1M Standards (Ref. 35).

The American National Standards Institute
publishes voluntary standards such as
''Method of Test for Tritium in Air" (Ref. 43),
''Method for Measurement of Alpha Radioactivity
of Water" (Ref. 44), and many more. Their most
current catalog should be consulted (Ref. 45)
for a complete listing.

o

c)
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Table 6. Procedures recommended by EPA.

To judge compliance with the maximill11 con
taminant levels listed in sections 141.15
and 141.16, averages of data shall be used
and shall be rounded to the same nill11ber of
significant figures as the maximill11 contam
inant level for the substance in question.

H. L. Krieger and S. Gold, EPA-R4-73
014. USEPA, Cincinnati, Ohio, May
1973.

2) HASL Procedure Manual, Edited by John
H. Harley. HASL 300, ERDA Health and
Safety Laboratory, New York, N.Y.,
1973.

c) For the purpose of monitoring radioactivity
concentrations in drinking water, the re
quired sensitivity of the radioanalysis is
defined in terms of a detection limit.
The detection limit shall be that concen
tration which can be counted with a pre
cision of plus or minds 100 percent at
the 95 percent confidence level (1. 960
where 0 is the standard deviation of the
net counting rate of the sample).

1) To determine compliance with § 141. 15 (a)
the detection limit shall not exceed
1 pCi/l. To determine compliance with
§ l4l.l5(b) the detection limits shall
not exceed 3 pCi/l.

2) To determine compliance with § 141.16
the detection limits shall not exceed
the copcentrations listed below:

Detection limit

1,000 pCi/l
10 pCi/l
2 pCi/l
1 pCi/l
10 pCi/l
4 pCi/l
1/10 of the applicable

limit

Radionuclide
Tritiill11
Strontiill11-89
Strontiill11-90
Iodine-13l
Cesiill11-134
Gross beta
Other radionuclides

1) Procedures for Radiochemical Analysis
of Nuclear Reactor Aqueous Solutions,

1) Gross Alpha and Beta-Method 302
"Gross Alpha and Beta Radioactivity
in Water" Standard Methods for the
Examination of Water and Wastewater,
13th Edition, American Public Health
Association, New York, N.Y., 1971.

2) Total Radiill11- Method 304 "Radiill11 in
Water by Precipitation" ibid

3) Radiill11-226 - Method 305 "Radiill11-226
by Radon in Water" ibid

4) Strontiill11-89,90-Method 303 "Total
Strontiill11 and Strontiill11-g0 in Water"
ibid

5) Tritiill11 - Method 306 "Tritiill11 in Water"
ibid

6) Cesiill11-134 - ASTM D- 2459 "Gamma
Spectrometry in Water," 1975 Annual
Book of ASTM Standards, Water and
Atmospheric Analysis, Part 31,
American Society for Testing and
Materials, Philadelphia, PA (1975)

7) Uraniill11 - ASTM D-2907 "Microquantities
of Uraniill11 in Water by Fluorometry,"
ibid

a) The methods specified in Interim Radio
chemical Methology for Drinking Water,
Environmental Monitoring and Support
Laboratory, EPA-600/4-75-008, USEPA,
Cincinnati, Ohio 45268, or those listed
below, are to be used to determine compli
ance with §§ 141.15 and 141.16 (radio
activity) except in cases where alterna
tive methods have been approved in
accordance with § 141.27.

b) When the identification and measurement of
radionuclides other than those listed in
paragraph (a) is required, the following
references are to be used, except in cases
where alternative methods have been
approved in accordance with § 141.27.
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1. INTRODUcrION

This section on Particle Accelerators
is intended to provide background infonnation
about the extent of radiation hazards due to
increasing use of accelerators in modern
technology; also discussed are the types of
radiation present and their measurement.
For direct instrument comparisons the reader
is referred to the appropriate sections (for
example, I 'Neutron Monitoring" or "Beta
Gamma Monitoring") elsewhere in this volume.
In this spirit, the following section must
be viewed as complementary to these instru
mentation sections, and should not be read
or used without them.

Several international conferences have
been held on various aspects of the subject.
The proceedings of the most recent one
(Ref. 1), held at Stanford University in
1969, contain a valuable summary of recent
work in the field. For another excellent
reference, especially on the problem of
neutron monitoring, see IeRU Report No. 20,
"Radiation Protection Instrumentation and
Its Application" (Ref.2).

The number of particle accelerators
(Ref.3,4) in the world today is estimated to
be over 2500, with the great majority having
peak energies below 100 MeV. Approximately
one-half of these are located in the United
States. The total number of accelerators is
increasing rapidly. The growth has been
proceeding at an annual rate of about 10%
(compounded) for the past 3 decades, and
no significant change in this growth pattern
is presently anticipated (Ref.4). Figures
1 and 2 (from Ref. 3) illustrate graphically
the rapid increase in the number of acceler
ators.

The kinds of applications are also both
numerous and expanding. Table 1 (from
Ref. 3) gives an idea of the uses which are
found for accelerator technology today. The
table indicates that in 1968 about 28% of
the accelerators in the United States were
used for nuclear science and engineering;
about 35% in medical therapy and radiography;
and 29% in the study of radiation effects.
~~ile the gro\~h in nuclear science and
engineering has been small in recent years,
the medical usage is growing very rapidly.
Also, accelerator technology has just begun
to be exploited in such diverse areas as
hot-atom chemistry research; ion-beam polish
ing and surface-coating; energy-dispersive

x-:-ray analysis; ion implantation; and chem
ical processing. Figure 3 shows the rough
distribution of accelerators among the
various applications, as of 1968.

The accelerated particles are of two
basic types: electrons and ions (including
protons). Although there are a few machines
(perhaps 2 or 3 dozen in this country) with
energies in excess of 100 MeV, these are now
primarily of the research type, used in
large, well-equipped laboratories. These
machines range in energy all the way up to
the Stanford Linear Accelerator (22 GeV
electrons), the Brookhaven Alternating
Gradient Synchrotron (33 GeV protons), and
the new National Accelerator Laboratory
machine (500 GeV protons) under construction
in Batavia. Illinois.

The problems of radiation measurements
around these few high-energy machines, which
are both difficul t and special, are being
handled by teams of skilled experts; thus we
shall concentrate here upon the low-energy
machines. There are three reasons for this
emphasis: (a) the numbers of low-energy
machines are expanding rapidly; (b) in many
cases they are being installed in medical
or industrial sites where personnel have had
little previous experience with high-energy
ionizing radiation; and (c) with their special
problems, the largest accelerators tend to
have the best monitoring equipment in the
hands of the most experienced personnel.

2. SOURCES OF RADIATION EXPOSURE

The sources of exposure from acceler
ators can conveniently be divided as
follows:

a. exposure from the direct beam or
its halo or scatter

b. exposure from leakage through
shielding walls

c. exposure to induced radioactivity
from the activation of items such
as the beam pipes, targets, and
shielding walls

d. exposure from respiration of air
containing radioacti.ve particu
lates, or unintended ingestion of
radioactivity from various sources.



FIGURE 1: WORLD-WIDE PARTICLE ACCELERATOR POPULATION
(1930 - 1968)
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TABLE I

CATEGORIES OF ACCELERATOR APPLICATION

1. ~uclear Science and Engineering
1.1 Nuclear-structure research; studies of

nuclear reactions mechanisms.
1.2 Neutron physics research; photo-nuclear research;

neutron cross-section measurements.
1.3 Reactor physics; shielding studies; reactor

engineering.
1.4 Injection into larger accelerators.
1.5 Teaching and training.

2. X-Rays (::eutrons) for Therapy and RadioGranhy
2.1 Radiation therapy (With x-rays and/or electrons).
2.2 Industrial radiography (with x-rays).
2.3 Neutrons for therapy or radiography.

3. Radiation Effects

3.1 Researck in chemistry, biology, food technology,
includin~ pulse radiolysis.

3.2 Activation analysis with neutrons or charged
particles; scattered-particle analysis.

3.3 Radioisotope production.
3.4 Space-radiation simulation; associated studies

of radiation effects.
3.5 Other research in radiation effects, including

dosimetry, transient effects, weapons effects.

~. Atomic and Solid-State Physics
~.l Fearn-foil optical spectroscopy.
~.2 Ion implantation and channeling.
~.3 Solid-state research and development (miscellaneous).
4.4 Atom-ion interactions; hot-atom chemistry/physics.

5. Radiation Frocessin~~ Industrial *

5.1 Processing of chemicals (e.g. synthesis, cross
linking, graft polymerizatiun).

5.2 Proce~sing for hiological effect (e.~. food
preservation, medical-supply sterilization)

5.3 Processing of solid-state devices and materials
(see ~.2 for ion implantation).

5.~ Radiation service facility.

(* see 3.1 for accelerators used for processing R&D)

I
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0PARTICLE ACCELERATORS IN U.S.A. Z

(as of Dec. 1968) --l Z ,}
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CateGory 196~ 1968 % Incr. % '68 Pop. "-..-
1.1 Nucl. Struct. 108 108
1.2 Neutron Res. 87 80 '"1.3 Nucl.Enf'. 23 ~l '" ".
l.~ Injection 21 22
1.5 Training 4-3 ~6

C-------- -- --
1. Nucl.Sci!Eng. 282 297 5. 27.5

2.1 IJ"1herapy 101 198 "
","",

2.2 Radiography 133 176
2.3 Neut .1'h/Rad. - 2

-- --
2. X-rays 23~ 376 60. 3~.7

3.1 Chern. ,Bio. ~l 52
""-"3.2 Act.Anal. 58 10~

3.3 Isotopes - 7
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- -- --
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~.l Opt. lipect. - 3
~.2 Ion Implant. - 17
~.3 Solid State 5 10
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5.2 Bio af'rocess .. 1 -
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FIGURE 3: ACCELERATORS
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In this section we shall concentrate on
the first three of the above sources, leaving
the discussion of ingestion and respiration
of radioactive nuclides for another section.
Thus, we shall deal priJuarily with external
exposure. Although such exposure is pn
marily occupational in nature, some installa
tions do produce small external levels in the
general environment. Also omitted from this
discussion are the doses received intentionally
by a medical or dental patient from accelerator
beam diagnostics or therapy; this item is dis
cussed in the sections on medical uses of
radiation.

We note here that at the large research
accelerators, at which both interlock systems
and shielding are well designed and maintained,
the most iJuportant source of exposure is us
ually the induced radioactivity around beam
pipes and targeting areas, rather than the
beam or its secondaries (Ref. 5).

In the case of occupational exposure,
the relevant MaxiJuum Permissible Exposure
guidelines (discussed in more detail in the
introductory part of this volume) are basi
cally a liJuit of 5 rem/year, with no more than
3 rem to be received in any l3-week quarter
and no lifetiJue accumulation of exposure up
to age N years in excess of s(N-18) rem.

3. SAFETY PROCEDURES - LICENSING AND
COMPLIANCE PRACTICES
Accelerators fall into three broad

categories: first; those operated by the
U.S. Atomic Energy Connnission and its priJue
contractors and licensees; second, those
operated in "agreement states" under State
supervision; and third, those in non-agreement
states. An "agreement state" is one where
the state has agreed to certain AEC stipula
tions (Ref. 6) on the licensing and supervision
of non-AEC radiation usage, and has undertaken
this supervisory task. There were 22 such
states in 1970. In "non-agreement" states,
the state has either not requested the
authority or has been unable to obtain such
AEC approval (the latter is rare); in
these states most non-AEC radiation usage is
not licensed by anybody.

A typical "agreement state" is California,
where the number of small accelerators totalled
about 200 in 1970. California is said to be
one of the most competent states in terms of
its licensing and compliance procedures
(Ref. 7), and its procedures will be discussed
as an example of an agreement state. Regis
tration and licensing of accelerators is
administered by the State Health Department.
California licensing is required only for
those machines in which significant activation
occurs (Ref. 8): this excludes many of the
smaller installations (such as electron ac
celerators below about 8 MeV). The respon
sibility for supervising compliance is

divided between the Health Department (for
medical and instructional applications) and
the Division of Industrial Safety (for indus
trial accelerators). Every new accelerator
must be registered by the owner upon delivery.
Whenever a new accelerator registration is
received, the appropriate state agency makes an
inspection, to ensure that proposed shielding
is adequate; that appropriate monitoring will
exist; that records will be kept properly; and
that the responsibility for operation rests
in well-informed personnel. Subsequent to
licensing, routine visits at intervals of
6, 12) or perhaps 24 months are made by the
state to ascertain that compliance with licen
sing procedures is continuing (Ref. 8).

In California, the responsibility for safe
installation of an accelerator rests ultiJuately
with the employer or user, not with the manu
facturer. However, the manufacturer is legally
liable for product defects and for design in
adequacies. Also, the manufacturer is respon
sible to the customer for meeting all local,
state, and federal rules, regulations, and
design standards (Ref. 8).

The adequacy of the shielding and the
radiation levels in various places on and near
the installation are often determined with the
aid of a consulting health physicist. The
consultant will usually make quite complete
survey measurements with sophisticated instru
mentation and offer advice as well on the
choice of monitoring instrumentation for later
(routine) survey work. The day-to-day moni
toring is then performed with less complex
instrumentation by the appropriate on-site
personnel, relying heavily upon the basic
measurements of the original consultant.

The arrangement described above (which is
probably typical of much practice in this
field nation-wide) is the result of a com
promise among a number or realities. First,
a complete survey by a qualified health
physicist is essential, it is required for
initial licensing and it is not done by the
state itself due to the lack of financial
resources. Second, the typical safety officer
at a hospital or industrial plant is often an
industrial hygienist by training, whose ex
perience with ionizing radiation may not be
adequate or up-to-date at the tiJue of initial
licensing. Third, the budget for monitoring
instrumentation for such radiation is some
tiJues smaller by an order-of-magnitude than
would be desirable. Finally, the types of
radiation fields which exist in these
situations often change very little with tiJue,
so that frequent extensive re-evaluations of
the levels are often unnecessary.



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-ACC
Page 8

The exceptions are in applications where
the operating conditions change frequently.
Thus, research accelerators use a variety of
beam configurations and a variety of target
ing and detection equipment, in contrast to
a typical medical therapy installation where
there may be few important changes in opera
tion over a period of several years.

Perhaps the most compelling reason for
engaging a consulting health physicist is
the complexity of the considerations in
making meaningful measurements of the
radiation levels and associated hazards. It
is therefore important for every install~tion

to retain the services of a consulting health
physicist. The measurement problems shall
be discussed in the next section.

4. SPECIAL MEASUREMENT ASPECTS

A. Duty Cycle

"Duty cycle", defined as the fraction
of the time in which the beam is on, is
the term introduced because many
accelerators only deliver fully accel
erated beams during a fraction of the
available time. One of the "worst"
duty cycles is that typical of the
high-energy electron linear acceler
ators (linacs): thus at the 22 GeV
Stanford Linear Accelerator the beam
occurs in burst of 1 to 2 microsec,
at a repetition rate of 360 bursts/sec.
The beam is present for less than one
thousandth of the time. Another
typical accelerator type is the high
energy proton synchrotron, with useful
beams for perhaps 5 to 10% of the time.
At the other extreme are the low-energy
Van de Graaff and Cockcroft-Walton
accelerators, in which the beam is on
essentially continuously. Superimposed
on the beam-pulse structure just
described is the 'irf-structure" present
in essentially all of the machines
whose operation relies upon the syn
chronous principle. The rf accelerating
voltage imposes its Olvn characteristic
periodic structure upon the accelerated
beam, which can range in frequency from
a few to a few hundred Megahertz. The
current in each rf packet may occupy
only a small fraction of the available
time in an rf cycle; 5% to 30% is
typical.

The time structure of the beam is a
crucial consideration in the choice and
operation of monitoring instrumentation.
Typical radiation fields during beam
operation, even outside of shielding
walls, are very closely correlated in
time within a few nanoseconds with the
pulsed-structure of the primary beam.
The main exception to this rule is
thermal neutrons; depending upon
geometrical and shielding variations, as
much as several milliseconds can elapse
before the thermal neutron flux has
died away. Counters (for example gas
proportional, scintillation, G-M coun
ters) are particularly susceptible to
incorrect measurements of the dose,
since in some cases they can have dead
times of many microseconds. Ionization
chambers are somewhat less sensitive if
operated so that the voltage is high
enough to overcome much of the columnar
recombination (recombination of positive
ions and electrons within a single track
before they are separated sufficiently
by the applied voltage). In using
ionization chambers, it is important to
determine the extent of this latter
problem and of vollone recombination by
calibrating in an actual pIllsed source
situation and varying the collector
voltage to insure saturation. Instru
ments with no sensitivity with
regard to duty cycle are, of course,
activation/counting systems, such as
the activation of foils (e.g., gold,
indium, carbon-ll). ..

There are two methods for circlDn
venting the problem of poor duty cycles.
The first is to use a measurement tech
nique M1ich is intrinsically an integrat
ing method (such as a photographic film
~LD chip, or perhaps an ion chamher o~
other electronic instrument operated in
current-integration mode rather than
pulsed mode). The second is to alter
the source appropriately: a sufficient
reduction in intensity or an artificial
lengthening of the beam pulse structure
might be feasible.

B. Mixed Fields

Another key concept in the discuss
ion of measurement problems around
accelerators is the idea of mixed
fields. External radiation may consist
of a nlDnber of particle species over a
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wide range of energies, with fluxes of
variable spatial distribution and
sometimes with unusual duty cYcle.
All of these considerations immensely
complicate the job of measuring dose
equivalent levels.

Fortunately, most shielding is
sufficiently thick that exposure to
the direct beam or its secondaries
does not present a problem. The design
of a proper interlock system should
usually prevent access to the beam
areas while the beam is on, and shield
ing is usually sufficient so that charged
¥hrticle leakage is extremely small.

us, outside the shielding walls of
well-shielded machines, the main
radiation hazard during beam-on opera
tions is usually from neutral particles;
the two dominant species are neutrons
and photons (x- or gamma-rays). It is
also generally true that photons dbminate
the problem at electron accelerators,
while at proton and ion machines the
neutron flux is the dominant feature of
the radiation field (Ref. 5). The
difficulty in monitoring neutrals is
primarily due to their behavior when they
interact with matter: indeed, the differ
ences between neutrons and photons as
classes may often be less troublesome
than the differences as a ftmction of
energy of either one of the species by
itself.

This leads us to the following
statement: The most important task in
the monitoring of external radiation
levels around an operating accelerator
is the qWintitiVemeasurement of both
neutronand¥hotonfluxdens1t1es·as
a fuitct1on·0 .energy. To this must be
added the task, usUally both easier
and of less importance, of measuring
the flux density of charged particles.

With regard to accuracy, a useful
viewpoint has been expressed by ICRU
Report No • 20 (Ref. 2) : "Because the
dose l:iJni.ts recommended by ICRU have
been conservatively derived, great
acquracy in radiation protection measure
ments appears unwarranted. It is
suggested that when the MADE (maximum
dose ~iva1ent) is comparable to the
Maximum Permissible Dose (MPD), an
accuracy of;!; 30' be achieved."

The ideal detector (of photons and
neutrons in a mixed field) would:

1. separate the two species
and determine their flux
densities independently

2. weight the fluxes by the
appropriate quality factors
(QF), which have an energy
dependence in the case of
neutrons, and

3. provide a direct read-out
of the flux densities
(particles/emi); the
absorbed dose (jrad) and the
dose equivalent (rem) for
each species separately.

Unfortunately, no such ideal instrtmlent
exists. The closest approximation is
the use of several instrtmlents, which
are sensitive to one or more of the
particles or energy regions but are
reliably insensitive to others. In
combination, these can be used to give
a reasonable picture of the radiation
field.

There are two basic pieces of infor
mation which one wants to know: (a) the
particle constituents of the radiation
field as a ftmction of energy (for example.
neutrons cm- 2sec- 1MeV- 1); (b) the total
dose equivalent (rem). While it is true
that sufficiently accurate knowledge of
(a) can yield nt.mtbers for (b), the re
verse is not true. 2 However, co~sider
able effort has been diverted in recent
years toward the development of instru
mentation which reads directly in rem,
especially for the fast neutron fieIas
which are so troublesome arotmd most pro
ton accelerators. It should be empha
sized that, in our opinion, a rem-meter
is useful in only a limited class of cir
cumstances and is in no way a substitute
for more detailed knowledge of the con
stituents contributing to the total rem
being measured. There are several rea
sons for this; the most obvious is that
if radiation levels need to be reduced,
one has no real clues to the predominant
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constituent. Is increased shielding
necessary? If so, what kind and where?
Is it primarily thermal neutrons? Is
low-energy photon radiation properly
accotmted for? One real danger is that
the composition of the radiation might
change without a correspondingly signi
ficant change in the rem value (for exam
ple, the thermalization of fast neutrons
by some change in operating conditions).
With this in mind we shall deal sep
arately with neutron and photon moni
toring insf:fumentation, and then foIll.ow
with discussions of oHier partiCles and
of induced radioactivity.

C.Neutrons

One key design problem for neutron
monitoring in the vicinity of acceler
ators is to make an instrument which is
insensitive to photons, bllfw,itll_ ¥J."eat
neutron sensitivity. As mentioned above,
we shall defer detailed discussion of
such instruments to the section on
Neutron Monitoring. However, a few
comments are pertinent here. For example,
there are several types of accelerators,
whose radiation fields outside of the
shielding walls normally contain very
few neutrons of any energy. This is
almost always the case a~ynd electron
machines of low energy (MO J.feV) and is
even the case at the few very high
energy (GeV-level) machines (Ref.S).
The reasons for this is that at electron
machines the dominant process of primary
beam energy loss is cascade Bremsstrah
lung, in which electromagnetic showers
build up in the shielding. Shielding is
usually designed primarily to cope with
this problem, but even so the dominant
remaining backgrounds are photons. At
low energies, neutrons result primarily
from electro- or photo-disintegration of
nuclei, but the thresholds are high
(s,everal MeV to several tens of MeV) for
the nuclei which compr!,se most shielding
walls, and the di~teg~ationcross
sections are relatJlvely small. However,
this general statement' must be applied
with some caution. For example, the
use of a deuteritDl1 or tritium target
(binding energies 2.3 and 8.5 MeV,
respectively) is a guaranteed way ,to
increase the neutron component of the
radiation field, .and if measurements
with other targets show little or no
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neutron component, this will not nec
essarily remain true when a target of
deuteril.Dll or tritil.Dll is placed in the
beam. Likewise,change of collimation
material can be a problem; thus while
lead is commonly used in collimators,
it is important to realize that substi
tution of uranil.Dll for lead can increase
neutron backgrounds many-fold, due to
beam-induced fission.

When changes are made in operating
procedures and one requires a rapid check
on the possible increase in thermal neu
tron levels, a well-'known method is the
indil.Dll-foil technique, because. indil.Dll
has an extremely large thermal-neutron
capture cross-section. Also, interme
diate-energy and fast components can
be rapidly assessed by surrotmding
the indil.Dll with a moderator, such as
polyethylene. Both of these techniques
are described in ''Neutron Monitoril18~'.

Ffual1y, a quick method for ascer
taining art over~estimate of dose
equivalent 1S thEi use of a tissue
equivalent ion chamber (with various
absorbers to study the problem of parti
cle equilibrium) to measure total
.absorbed' dose (rad). This can then be
assigned a QF of 10 (essentially always
an over-estimate) to determine dose
equivalent (rem) in a rough way.

D.PhOtons

As in the neutron case, we refer for
more detailed information on instrumen
tation to the separate section devoted
to it. Here, we shall discuss only some
aspects of the problem which are unique
or relevant to the case of accelerators.

For photon measurements one does not
have the proD1em of quality factor
dependence, since QF = 1 for all photon
energies. However, the possible energy
spectrum of gamma-rays and[X;'rays has to
be considered in the choice of instru
ments. Thus, while the ion chamber is
the most common[Je":' and gamma-ray measur
ing instrument in the energy region from
about 50 keV to about 3 MeV, it is not
usually an approptiat~'instrumentoutside
of this range. On the high-energy end
it is limited where it is impractical to
make chamber walls of a thickness
sufficient to establish particle

()
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equilibrium. On the low-energy end,
the opposite is true: the limitation
occurs when the wall cannot be made
thin for the establishment of electronic
equilibrium. However, ion chambers are
often used where photon energies extend
from well above 3 MeV down even into the
10 to 15 keV range, and there is not
usually much special need around MeV
sized accelerators to measure the low
energy x-radiation separately.

Although the response of most ion
chambers is not proportional to absorbed
dose beyond a few MeV, they are still
the most often used instrument where
higher-energy photons are present or
suspected, for the following reason.
Consider the situation where very high
energy (even c'eV level) electromagnetic
showers are developing in shielding.
The primary energy is' successively de
graded into more and more particles of
lower and lower energy; eventually the
process reaches a peak (with regard to
the number of particles in the shower).
The absorption processes of photons in
shielding are such that most low-energy
photons are absorbed in rather short
distances after their production; above
about 5 or 10 MeV, however, the absorp
tion coefficients are both small and
relatively constant. When one of these
higher-energy photons does interact,
energy is then lost quite quickly mle
to production of lower energy secondaries
of shorter range. Thus, once equili
brium is reached, the fall-off of
intensity with increasing penetration
is SlO1." and governed by the high-energy
attenuation probabilities, despite the
fact that at any ~oint the dominant
pc,rticle flux (an absorbed dose) are
nom low-enerer particles.

This concept is crucial to an
understanding of measurement of fluxes
such as those from high-energy photons.
This is why ionization chambers, whose
sensitivity is poor above a few MeV,
are nevertheless adequate instruments
for absorbed dose in equilibrium photon
radiation fields.

If there is a SusplclOn that non
equilibrium high-energy components are
present, the best check is to add
absorber around the ion chamber in
stag~s, up to about 30 g/cm2 • In
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equilibrium fields, there should be a
small, monotonic decrease in instrument
response, while in non-equilibrium
situations an actual build-up of response
may occur as mass is added.

E. Charged Particles

~or all well-shielded accelerators,
the charge-particle fluxes are almost
insignificant compared to the neutral
fluxes. We exclude from consideration
those low energy charged particles
which are in equilibrium with the
dominant flux of neutrals, and shall
discuss here only those few situations
in Wllich charged-particle backgrounds
can be important.

In the very high-energy regime,
there is a significant yield of muons.
These come mainly from decay of pions,
(at proton accelerators) or from pair
production (at electron accelerators).
~fuons are a problem because they interact
with shielding wall materials almost
exclusively through ionization loss.
Below a few GeV, muons present little
problem, since the shielding necessary
for protection against nuclear cascade
leakage is sufficient to stop muons by
range. The higher the machine intensity
below a few GeV, the more nearly true this
statement becomes since the shielding
requirements become more stringent. At
energies above a few GeV (this includes
only about 5 machines in this country
and another 3 abroad) muons have such
long ranges that their effective
removal by shielding is difficult and
expensive. Thus at the Brookhaven AGS
(33 GeV proton accelerator) there were
some initial operational difficulties
due to muon backgrounds (Ref. 9) • A
full treatment'of the problem is out-
side of the scope of this work, but
there are several papers (Ref.lO) to
which one may refer for more information
a n the subject.

Another source of charged particles
is possible pin-holes or cracks in
shielding. These are especially
difficult to monitor, and in common
practice the only way to determine
charged particle fluxes (above, say,
a few MeV) is through use of a
scintillation-counter coincidence
telescope. This is very seldom done,
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even in large, sophisticated laborator
ies because it is seldom a significant
problem. Even in these cases, the
telescopes are essentially always
assembled from instruments at hand.
Integral cOlmter-telescopes are not
cOlTDllercially available.

To sUlTDllarize, there is very little
instrumentation presently available for
the measurement of charged particle
fluxes; this is due to the rather low
level of typical backgrounds (except
in a few rare cases). It would appear
that despite this lack in instrumenta
tion, there is probably no need to
assign high priority to its development.

5. UNIVEFSAL roSE-EQUIVALENT INSTRUMENTS

The measurement of dose-equivalent be~

comes difficult in mixed fields. This has
led to the design of so-called "universal
dose-equivalent instruments", three of which
have been described in ICRU Report No. 20
(Ref. 2) • Each of these instruments must be
used in conjunction with a separate measure
ment of absorbed dose, in order to determine
dose-equivalent. The following has been
taken directly from Report No. 20. The
references cited in the quotation are listed
as Ref. 12 to 23 of this text.

"For accelerator applications, an
instrument giving dose equivalent for all
types of radiations would be very useful.
Such instruments are not commercially avail
able but have been developed and used at a
number of laboratories. Three types have
been developed. The first is a spherical
linear energy transfer (LET) spectrometer,
the second is based on collnnnar recombination
in a gas, and the third on the same phenom
enon in a liquid. A1though these methods are
presently difficult to apply, improvements
resulting in practical field instruments are
to be anticipated.

"The distribution of dose with LET may be
determined by means of the spherical LET
spectrometer (Rossi and Rosenzweig, 1955 and
1955a; Rossi, et al., 1962). The detector
employed is a spherical proportional
counter of tissue equivalent plastic con
taining tissue equivalent gas at low pressure.

ine energy deposited by individual charged
particles traversing the interior of the
counter depends on the product of LET and the
length of the track intercepted. The result
ing spectrum of pulse heights can be converted
to a spectrum of LET by appropriate mathe
matical treatment. A limitation is imposed
on the operation of the instnnnent by the
requirement that particles traversing the
cavity incur only small changes in LET and
that the particle trajectories be essentially
straight lines. This limitation, and the fact
that the proportional counter has a finite
recovery time, which limits the particle
fluence rate which can be measured, restrict
the applicability of the device. Since the
instrument is functional for essentially all
charged particles with a quality factor of 1
or more, and since the total tissue absorbed
dose may be determined with a tissue equiva
lent ionization chamber, a combination of
these two instruments may be used to deter
mine dose equivalent for any radiation.
This method falls short of' being ideal in
,two respects: first, it is quite complicated
in application and, second, it does not give
values of dose equivalent directly. Consid
erable progress, however, has been made
towards overcoming these difficulties (Baum,
1967; Baum et al., 1970).

"The phenomenon of columnar recombination
has been utilized to obtain an indication of
effective quality factor for an unknown
mixture of radiations (Zielczynski, 1963;
Sullivan and Baarli, 1963). The method
uses a simple parallel plate ionization
chamber which is operated at 6 atmospheres
of pressure of tissue equivalent gas and
field strengths of up to 2,000 V em-I. The
response of such a chamber can be deduced
from existing theories of columnar ionization.
The corrected ionization current is given by
the equation I = K vn, where K is a function
of absorbed dose rate and type of radiation,
V is the electric field strength and n is an
index depending on the LET of the radiation
used. The index n, within limits acceptable
for practical application, is independent of
dose rate and the direction of the radiation,
and directly proportional to quality factor.
In mixed radiation fields the measured value
of n would be an average value for the
various components, if the collected ioniza
tion current were directly proportional to
the rate of energy absorbed. This, hrnvever,
is not the case because the collection
efficiency varies with the LET of the
ionizing particles. However, the error due

'to this ~ffect is thought to be no more
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than 20% for unknown fields of mixed radia·
tions. More recently, values of quality
factor and dose equivalent have been ob-
tained by comparison of the current in. two
such ionization chambers operated with
widely different collecting potentials
(Sullivan, 1964; Distenfeld and Markoe,
1965); the use of multiplate chambers has
also been tested (Zielczynski, et al., 1964).
While these developments are still experimental
and not commercially available, they are prom
ising and, like the LET spectrometer approach
discussed above, may lead to a practical dose
equivalent meter applicable to any type of
radiation. '

'"Work on the basic properties of liquid
filled ionization chambers (Blanc. et al.,
1963; Ladu, et al., 19p7), ~dicates that,
by use of a property of liquid dielectrics,
it may be possible to determine the effective
quality factor of a mixed radiation field.
For this type of detector, the ionization
current (I) is said to be a linearly increas
ing ftmction of the collecting voltage V for
sufficiently high values ,of the applied
electric field i.e., I =R(hV + k), where R
is the intensity of the radiation and h and
k are two constants whose values depend upon
the nature of the radiation, the chamber
geometry and the dielectric. Plots of I vs V,
when extrapolated to zero current, will inter
sect the V axis at . (k/h) and this point of
interception has been shown to depend on
quality factor. Dielectrics that have been
used are n-pentane, n-hexane and iso-octane,
the latter being some three times more sensi
tive than other dielectrics. The system has
potentialities but suffers from the inherent
instability experienced with current measure
ments in liquids. Also, further development
is required to study the consequences of
different energy spectra and dose ranges."

6. INDUCED RADIOACfIVITY

The largest source of personnel exposure
around accelerators is often from radio
activity induced in such materials as beam
pipes, targets, and shielding walls. This
exposure problem usually requires monitoring
instrumentation of a portable kind: the task
is to determine the level of activity (and
dosage received) to personnel at work on and
around these "hot" areas. The particles in
volved in this case are the familiar products
of nuclide decay (beta, gamna., and\x-rays) of
low energy and well-defined character.

Also, heavily-ionizing alphas have such small
range that, if not ingested,they are only a
possible hazard to the skin upon contact. The
typical nuclear betas also have short range:
the gammas, of course, have penetrating power
but are not difficult to measure. There
are normally no neutron emitters among these
sources. There exist many types of instru
ments for this measurement problem, and a
discussion of these can be fmmd elsewhere
in this volwne .

A few comments are in order, however.
First, there are no duty cycle considerations
when measuring induced activity; this simpli
fies the problem considerably. Second, care
must be taken to measure activity exactly
where the personnel might be exposed to it.
Thus, if "hot" beam pipes or targets are
being handled, one needs to measure activity
at the surface. Third, radiation levels are
highest right after beam turn-off, so that
it may be wise to delay access to allow some
of the high-activity but short-lived compon~

ents to decay away. In this regard, one
ought to carry a portable meter whenever
access is made to an area hot enough to be
even close to tolerance levels, inasmuch as
previous measurements may have missed a
particular area. Alternatively, an accident
(e.g., a small piece of material may have
slipped into a beam line) can produce danger
ously high levels not previously present.

Finally, as mentioned earlier. care must
be taken whenever a new or different material
is exposed to the beam for the first time;
unsuspected high levels of activity have been
known to occur from new and different
activation processes!!

7. SUMMARY

The ~rpose of this section of Particle
Accelerators has been to outline (1) the
extent of their use today in research,
medicine, and industry; (2) the various classes
of accelerators and the typical radiation
fields associated with them; (3) the types of
measurement problems in a typical mixed field
situation; and (4) some (brief) discussion of
the relevant instrumentation for monitoring
external radiation levels. For information
about accelerator design and principles of
operation, there are several excellent re
views in the literature (Ref.ll). The reader
is referred-for detailed discussions about
instrumentation to the relevant separate
sections.
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The overall picture in tenns of low
energy accelerator instrumentation may be
slBllll1arized as follows: While instrumenta
tion generally exists for the monitoring
task, it is usually complicated enough to
require an experienced health physicist
for complete analysis of a given radiation
situation. In many smaller instaJllations
this means that an expert must be retained
on a consulting basis. Once a detailed
survey of the radiation field's components
has been made, less expensive and simpler
survey devices are usually sufficient for
routine monitoring.
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B. Nuclear Reactors

1. Introduction

The purpose of this section is to pro
vide background infonnation on the types and
levels of radioactivity concentrations and
radiation fields associated with the use of
nuclear reactors and to describe the instru
mentation available for measurement of these
concentrations and fields. For detailed in
formation on instruments, the reader is re
ferred to the appropriate sections (such as
"Neutron Monitoring") elsewhere in this volume;
the following discussion must be viewed as com
plementary to the instrumentation sections.

The present discussion is intended to
acquaint the reader with the radiation levels
associated with the operation of nuclear power
plants, to put their hazards in perspective,
and to serve as an introduction to instrumenta
tion suitable for making measurements to de
termine the effects of reactor operation on
radiation doses or radioactivity levels. This
discussion depends directly on the vast amount
of literature which is now available on the
subject of radioactivity from nuclear power
plants. A representative selection of this
literature is cited.

Certainly the most important sources of
infonnation on emissions from power plants
are the utilities that operate the plants, and
the federal agencies involved in their moni
toring and licensing. The primary agency in
this respect is the U. S. Nuclear Regulatory
Commission (NRC), which is responsible for the
licensing of commercial nuclear facilities and
which issues an Environmental Statement for
each proposed nuclear power plant. All such
statements are available at NRC libraries and
from the National Technical Information Ser
vice. The NRC and the U. S. Environmental
Protection Agency (EPA) have also issued
Environmental Statements for important actions
connected with the operation of nuclear power
plants. Of particular interest are the EPA
statement related to their standard on emis
sions from the uranium fuel cyclel and the
NRC statement on the use of "mixed oxide"
(Le., mixtures of uranium and plutonium) fuel
in light water reactors. 2

Figure 1 shows the locations of commer
cial nuclear power plants in the United States
as of December 1977.3 The total operable nu
clear electrical generating capacity given for
that date was 46 gigawatts, with another 163
gigawatts under construction or on order. It
is expected that the total U. S. electrical

(Specific data on power reactors are given
on pages 6 to 11 and 13 to 19.1

•

••

•

117.371.&00
13.840,000

NUCLEAR POWER REACTORS IN THE UNITED STATES

NUCLEAR GENERATING UNIT CAPACITY.
47.728.000.......• L.... To()pemt

18 I"'" bo/NACto ......
2 otMI .uthorind 10 (DOE-owMd)

...... Bull.
81 COMtrUCtion permits
13ftwork ..tttorized.........
49 .-cton ordered
~~ not ordInd·
222

*There are no symbols on this map for these reactors,
and there is no information about them in this report.

Because of sPace limitations, symbols do not reflect
precise locations.

Fig. 1. United States commercial nuclear power plants. (Reproduced from Ref. 3).
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generating capacity will rise substantially
in the near future and that nuclear power
plants will constitute on important part of the
increase. Making precise predictions is not
possible, however, both because of alterations

, in the perceived need for new electrical ca
pacity and because of the various possible
responses to this need. However, planning for
the future is important because of the long
time between the decision to build a power
plant and the completion of the plant. For
nuclear power plants, this time is now about
ten years.

Virtually all of the large power reactors
in this country are cooled with ordinary
("light") water. Light water reactors are
made in two varieties: the boiling water re
actor (BWR) and the pressurized water reactor
(PWR). Other possible types of reactors in
clude heavy water reactors, gas-cooled reactors,
liquid metal fast breeder reactors, and a few
others. Various types of power reactors are
discussed briefly in the next section.

In addition to large power reactors, which
now tend to be designed for about 1 gigawatt
output, there are hundreds of smaller reactors
in the United States, plus the large number of
operational military reactors (such as used in
submarines). These smaller reactors are typi
cally used for experimental purposes, including
research and teaching not necessarily connected
with the nuclear power program. In addition,
many of the small early power reactors served
as pilot and demonstration plants for the large
scale reactors now being built. The considera
tions set forth below on reactor emissions
and monitoring requirements pertain primarily
to large commercial nuclear power plants. How
ever, it will be obvious that many of the same
considerations apply to these smaller reactors.

Nuclear electric generation obviously in
volves operation of nuclear power plants, but
with this are associated many auxiliary ac
tivities, including mining and milling (see
Section II.E), transportation, and fuel re
processing/waste management (see Section II.C).
Each facility must comply with both radiation
protection standards and more general standards
on conventional emissions, heat, noise, occu
pational protection, etc. A principal force
behind careful analysis of the overall impacts
of proposed facilities is the National Environ
mental Policy Act, which requires the prepar
ation of environmental statements in support
of major federal actions, including the
licensing of nuclear facilities.

Various regulatory agencies have responsi
bilities where nuclear power is concerned. As
has been pointed out, .federal agencies regu
lating the operation of domestic nuclear facil
ities in the United States are the U. S. Nu
clear Regulatory Commission (NRC) and the U.S.
Environmental Protection Agency (EPA). The

RAD-REA
Nuclear Reactors
Page 2

NRC has responsibility for licensing and regu
lating individual facilities, but the EPA has
responsibility for limiting environmental im
pacts. As a result, the emission and public
exposure limits imposed by the NRC are expected
to be consistent with EPA regulations. The
NRC also regulates exposure of workers at nu
clear facilities. In many occupational matters,
the Occupational Safety and Health-Administra
tion and state industrial safety departments
also have jurisdiction. State and local
agencies together with the above mentioned
organizations exercise authority over the
siting of nuclear facilities. Many of the
radiation protection standards applicable to
nuclear power facilities, including power
plants, were discussed in Section I.D. on radi
ation protection.

The manner in which the NRC regulates
domestic nuclear facilities is specified in
Title 10 of the Code of Federal Regulations
(CFR). The parts of major interest in connec
tion with nuclear power plants are Part 20
(Standards for Protection Against Radiation),
Part 50 (Licensing of Production and Utiliza
tion Facilities), and Part 100 (Reactor Site
Criteria). In addition to 10 CFR, the NRC
review process depends heavily on NRC Regula
tory Guides, which specify how the applicant
for a license may comply with the requirements
of 10 CFR. Appendix A indicates the contents
of 10 CFR 20, 50, and 100. Appendix B indi
cates the contents of the NRC Regulatory Guides.
Regulatory Guide 4.1 (Programs for Monitoring
Radioactivity in the Environs of Nuclear Power
Plants) is reproduced in its entirety.

The EPA is specifically charged with con
trolling the impact of emissions, including
radioactive, in order to limit their impact on
the environment, with a view to protecting
humans from undue harm. In connection with
this -responsibility, the EPA monitors concentra
tions and levels of pollutants in the environ
ment. However, the primary monitoring respons
ibilities reside with other agencies (including
state and local) and with the operators of
facilities. The EPA has published a guide for
monitoring environmental radiation, parts of
which are reproduced in Appendix C. In addi
tion, the EPA has promulgated, in 40 CFR 190,
limitations on emissions and exposures from
uranium fuel cycle activities (see discussion
below and in Section I.D). This regulation,
reproduced in Appendix D, places limitations
on the overall fuel cycle, rather than on any
particular facility (which would be the re
sponsibility of the NRC). It would, however,
require more stringent control of gaseous
emissions from reprocessing plants than has
been anticipated in the past (see reprocessing/
waste management, Section II.C).

The character of a nuclear power plant im
poses rather specific requirements on moni-

)
,-----/1

o
9/79

3.2.2-2



INST~~M~MTAT~ON;j
FOR ENVIRONMENTAL

MONITORING

RAD~REA

Nuclear Reactors
Page 3

~, ,
1

o

toring equipment, as regards both radionuclides
of interest and monitoring conditions. This
survey considers both monitoring at the source
and environmental radiation monitoring.

Source monitors, in this context, are
distributed within the reactor site and in
clude: 1) devices to monitor the ambient
radiation fields to which employees are exposed;
and 2) fixed release monitors, designed for
monitoring gaseous, liquid, or particulate
radioactivity released via gaseous stack efflu
ents or liquid discharges during normal opera
tion, refueling, or accidents.

Environmental radiation monitors are de
signed to measure radioactive concentrations
or radiation fields in the general environment,
particularly along pathways to human exposure.
These may include fencepost monitors sur
rounding a reactor site, instruments for
sampling water or soil, and others.

(A third class of instruments, not fully
covered in this survey, are '~rocess" monitors,
which keep track of the flow of materials
within a facility. To the extent that these
instruments may be used for site surveys and
environmental monitoring, they are included in
the notes and discussion.)

AIthough the radioactive content and
emissions of a nuclear power plant may be
characterized on a generic basis, the specific
instrumentation required for monitoring around
a particular site is usually selected after
careful consideration of the features of that
site. The environmental monitoring program is
designed to ascertain the amount of radioac
tivity released from the site. The release
modes and, certainly, the ultimate hazards
associated with any releases depend strongly
on the site characteristics. The on-site mon
itoring program, on the other hand, may not
vary as substantially from one plant to an
other. This program may include stack and
liquid effluent monitors, personnel dosimeters,
area monitors, and special exercises (such as
radiation emergency drills).

It is also important that natural back
ground radiation levels be evaluated, particu
larly, as a baseline for monitoring man-made
environmental radiation and radioactivity.
The total average natural dose to individuals
in the United States is about 100 mrem/year
(see Section II.F), most of which is con
tributed by cosmic ray and other external
sources (including a small contribution from
radioactive fallout from weapons testing).
This corresponds to an irreducible background
dose of about 10 lJrem/hour, which can cause
substantial difficulty in making dose measure~

ments below a few lJrein/hour. A signi:Eicant
problem, in fact, is that the natural levels may
have diurnal and seasonal changes ,masking the
presence of small man-made contributions to the

total radiation environment. Similar difficul
ties may arise in determining radionuclide con
centrations (rather than the overall radiation
field). Measurements of man-made radionuclide
concentration in environmental samples, such as
air, water, or soil, can be significantly af
fected by natural background activities from
such radionuclides as potassium-40 and the heavy
natural alpha-emitting chains. As discussed
in Section I.D., the regulations applicable
to nuclear power operations only limit the
increase in radiation levels that is caused by
human activities.

The discussion that follows characterizes
reactors as sources of radiation, discusses
routine and accidental exposure modes, and
notes requirements on monitoring instrumenta
tion. Specific instruments are described else
where in this volume. A brief discussion of
the nuclear fuel cycle serves only as an intro
duction to separate sections on fuel processing
and uranium extraction.

2. Nuclear Power Plants as Sources of
Radiation

Commercial nuclear power plants in the
United States utilize a specific class of nu
clear reactors, i.e., those cooled and moder
ated with ordinary water. Not surprisingly,
the regulatory apparatus and associated mon
itoring requirements are directed primarily to
light-water reactor (LWR) power plants and
their associated fuel cycles. There are,
however, numerous other reactor types, some
of which may 'assume importance by the end of
this century. Fortunately from the point of
view of environmental monitoring, the radio
active emissions associated with nuclear power
do not often depend drastically on the type of
reactor used, except for specific differences·
in any recycled materials (see Section II.C).

Figure 2 provides a simplified diagram
of the essential elements of nuclear-powered
electrical generating plants which have been
commercially available in the United States.
The portion on the right shows the elements
common to all of these plants. Steam produced
in the reactor or in a heat exchanger associ-·
ated with the reactor drives a turbine-gen
erator to produce electricity. The turbine
exhaust is condensed and the water pumped
back to the reactor system, where it is
vaporized once again. Typically about one
third of this energy generated by the heat source
is converted to electricity and two thirds is
rejected to the environment as waste heat.
This heat is dissipated in the atmosphere (via
cooling towers)~or in a body of water, or both.

It is a common feature of nuclear power
plants that the primary coolant is recirculated
to the reactor. Because of this, radioactjve
contaminants escaping from the reactor fuel
into the coolant can be effectively confined.

3.2.2-3
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Fig. 2. The three drawings on the left represent three important types of power reactors
built in-the United States: (a) the PWR (Pressurized Water Reactor); (b) the BWR
(Boiling Water Reactor); and (c) the HTGR (High Temperature Gas-Cooled Reactor).
They all boil water to generate steam. Following the generation of steam, the nuclear
power plants are essentially the same, as indicated by the turbogenerator, condenser,
and cooling tower on the right. Holding ponds are used sometimes to cool the water
before releasing it to the environment. An important point: the cooling water from
the environment does not enter the reactor. (From Seaborg and Corliss, Ref. 4, with
permission by E. P. Hutton © 1971.)

As a result, the routine emissions from a
power plant are predominantly gaseous species;
even these, however, can be rather effectively
contained. Nevertheless, there are opportun
ities for radioactive releases and, independ
ently of this, workers at a nuclear power plant
can receive exposures from radioactive mater
ials which are within the plant.

a. Nuclear Power Plant The
pressurized water reactor PWR an t e
boiling water reactor (BWR), represented in
Fig. 2 contribute the bulk of nuclear power
generation in the United States and a sub
stantial portion of that abroad. The high
temperature gas-cooled reactor (HTGR), also
shown, has been withdrawn from the commercial
market after construction of only one demon
strationplant, but interest in this reactor
type,continues. A. heavy-water-moderated re
actor (CANDU)hasbeensucce~sfu~lymarketed
in CanfldC\. anQ.e,lSiewhe;ry,.with ,mOderator and
(:901an.t.~0:f'''MaVY:'wa.ter(wherein, the hydrogen
isothe:,mass } 'isotope,. ch~4teri~)·.andapwl.;~
surized coolant system, . as' in aPWR. "

,FigLrr~ 2a. Sil1Q~:3 <a. PWgL Tlle,:energy gen,
era1;edtIi,.the c:Qreas axesult offil.;s.ionneats
thewaterpas~sing,tnrougb,the. reactp:v VesWl.
The.coolant· is· maiptairie<;i at ~sufficJent1y high

pressure that gross boiling does not occur in
the primary loop. Instead, the coolant is
pumped through a heat exchanger or "steam
generator" in which heat is transferred to a
secondary fluid, also water, which is per
mitted to boil. The resulting steam drives
the turbogenerator.

In a BWR, represented in Fig. 2b, the
coolant is recirculated within the reactor
vessel and is permitted to boil. The steam
that is formed within the vessel is used di
rectly to drive the turbogenerator. Because
of the d~fferences in the cooling systems,
the radioactive effluents associated with re
actor operation differ between a PWR and A
BWR.

Both PWRs and BWRs initially have cores
consisting of uranium oxide pellets encased
in a metal cladding made of zirconium alloy.
This is characteristic of most commercial
powetplantS,ineludingthe Canadian CANDU
reactor.'However,LWR fuel consists of
"enridied"'uramum,wherEiintM percentage con
centration oL235U has been elevated to 2to
4% " slightly above the natural O. 7%• The
CANDU,on'the other hand, uses natural uranium,
a .choice which is made·. possible by the use of

·heaVy.water,which absorbs fewer neutrons than

O·-_.·.~·
. ,

3.2.2-4
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ordinary water, and by on-line, rather than
batch, refueling.

Gas-cooled reactors, such as the HTGR,
can use a different fuel type and moderator.
The HTGR uses small fuel pellets of thorium
and highly enriched uranium embedded in large
blocks of caJ;'bon moderator. (Neutron capture
by 232Th leads to formation of 233U, a fuel
that is even superior to 235U.) Functionally,
though, the HTGR is similar to a PWR (see
Fig. 2c).

All of the above are thermal reactors,
in which neutrons are moderated to low
("thermal") energies in order to increase the
probability of nuclear fission. On the other
hand, fast breeder reactors, in which the neu
trons are not moderated, have undergone sub
stantial development in the United States and
abroad. As ordinarily envisioned, these re
actors would use 239Pu as the principal ma
terial to be fissioned, releasing enough neu
trons that, not only is one available to split
another nucleus (thereby continuing a chain
reaction), but enough neutrons are captured by
238U, leading to 239Pu, that more 239Pu is
produced than is consumed. As a result, there
would be little demand on uranium resources,
even if the nuclear electric generating system
were growing relatively rapidly. The "breeder"
that is most highly developed is the liquid
metal fast breeder reactor (LMFBR).

Other types of reactor/fuel systems can
be built. In many cases these rely on the
thorium- 233U fuel cycle, indicated above for
the HTGR, in order to achieve effective uranium
utilization in a thermal reactor. Depending on
the design of the reactor and fuel cycle, as
much 233U may be produced as is destroyed, so
that little demand would be made on uranium
resources, except to build up an inventory of
233U. See Section II.C (Nuclear Fuel Pro
cessing) for further discussion.

See Ref. 5 for a more detailed discussion
of nuclear reactor types and principal features.
Reference 6 treats associated questions of fuel
reprocessing and waste disposal for conven
tional, as well as. alternative, fuel cycles.

b. Sources and Types of Radiation.
Nuclear power plants, as weli as' other parts
of the fuel cycle, utilize or produce materials
with a range of chemical, physical, and radio
active characteristics. Together these prop
erties strongly affect both pathways to humans
and the resulting radiation doses. As dis
cussed in the introduction (Section I.F.7),
the chemical and physical characteristics de
termine the form and flow of materials in the
environment and in the human body; the radio
active decay modes determine the type of ex
posures that may ensue. In some circumstances,
the materials from nuclear power may expose
humans externally, particularly if their de-

cay yields x-rays or gamma rays. The effects
of less penetrating forms of radiation may be
mitigated by small amounts of shielding; in
many cases, even the air or the external layer
of skin may suffice. However, many such radio
nuclides may be taken up by the body, so that
the decay radiation may expose the body intern
ally. The primary hazard of most alphas and
many beta emitters, as well as many of the
x-ray and gamma emitters, occurs because of
this possibility (Ref. 7) ..

Not all of the radiation doses associated
with operations arise from radioactivity gen
erated in reactors. Nor are reactors the only
points in the nuclear fuel cycle where re
leases of reactor-produced material may occur.
The next section summarizes other types of re
leases and indicates where some of these are
discussed in this volume.

The amounts of radioactivity released
from nuclear power plants and/or the radiation
doses to workers or members of the general
population depend both on the reactor type and
on the manner in which it is constructed and
operated. In spite of this variation, some
general statements can be made. This arises
both because the fundamental nuclear processes
occurring inside nuclear reactors do not vary
greatly from one reactor to another and be
cause regulatory practice has some degree of
uniformity.

Light water'power reactors are by far the
most prevalent type today. Table I (from Ref.
8) gives estimates of the radioactive inventory
(based on discharge fuel composition) of an
LWR that has reached equilibrium; it also in
dicates some important physical and health con
siderations for the various elemental classes.

In addition, the table specifies how the in
ventory changes for two time periods (see Nu
clear Fuel Processing Section.)

The total radioactive inventory of a
large operating reactor amounts to billions
of curies. However, only an extremely small
portion of this can escape into the environ
ment, even under very unusual circumstances.
Reactors are ordinarily designed so that sev
eral barriers serve to confine this large
amount of radioactivity. Moreover, the in
ternal shielding of a power plant is designed
to limit exposures of plant workers to accep
table levels.

Several "intrinsic" barriers limit the
amount of radioactivity that escapes. The
first is the fuel material itself, wherein
most of a reactor's radioactive inventory is
generated. For conventional reactors, this
material is a solid ceramic, uranium dioxide
(or, in reactors that use plutonium, pluton
ium dioxide), formed into pellets. Most of
the products of the chain reaction taking
place in this material remain in this solid

9/79
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Table l. Radioactivity in reactor and fuel cycle for a lOOO-MWe uranium-fueled Light-Water Reactor
(From Nero, Ref. 5, with permission by ue Press © 1979.)

In Discharge Fuelc
Elemental

Reactor (106 Curies/yr)
Boiling

Inventoryb At ISO-Day 10·Yr Temperature Health Considerations and rRadionuclides Half-Life (106 Curies) Discharge Decay Decay IF) Principal Radiation

Fission Products
Tritiumd 3H 12.26 yr 0.0723 0.0241 0.0239 0.0139 212°F (as Internal hazard,

HTO) (J (0.019 MeV max)
Krypton 83m 1.86 hr 5.71 1.90 0 0 -243°F External irradiation,

85m 4.4 hr 17.2 5.70 0 0 (J (0.67 MeV max for 8SKr)
85 10.76 yr 1.16 0.383 0.373 0.201
87 76 min 34.0 11.3 0 0 (Gaseous)
88 2.8 hr 49.0 16.5 0 0
89 3.18 min 61.8 20.3 0 0
90 33 sec 58.5 22.7 0 0

Totale 325 107.7 0.373 0.201

Strontium 89 52.7 days 71.6 23.8 3.22 0 2,490°1' Internal hazard to bone and lung,
90 27.7 yr 7.80 2.58 2.56 2.02 Nonvolatile (J (0.55 MeV max for 90Sr)

Totale 526 174 5.78 2.02

Iodine 129 1.7X 107 yr 3.03x 10-6 1.00X 10-6 1.02X 10-6 1.03X 10-6 Internal hazard to thyroid,
131 8.05 days 71.9 23.9 6.oI XIO-S 0 333°F (J (0.8 MeV max for 131 I) and 'Y
132 2.26 hr 103 34.2 0 0
133 20.3 hr 137 45.6 0 0 (Highly
134 52.2 min 156 51.8 0 0 volatile)
135 6.68 hr 123 40.7 0 0
136 83 sec 54.0 ,17.9 0 0

Totale 1,017 337 6.llx IO-S 1.03x 10-6
~~~~------

Xenon 131m 11.8 days 0.582 0.193 9.05X IO-s 0 External irradiation,
133m 2.26 days 3.29 1.09 0 0 (J (0.35 MeV max for 133Xe) and 'Y
133 5.27 days 137 45.6 0 0

-162°F135m 15.6 min 36.8 12.2 0 0 (Gaseous)
135 9.14 hr 25.7 8.52 0 0
137 3.9 min 132 43.8 0 0

", \138 17.5 min 128 42.5 0 0 ( .
139 43 sec 107 35.6 0 0 \J

Totale 680 225 9.05X IO-s 0

Cesium 134 2.046 yr 19.0 6.32 5.49 0.215 1238°1' Internal hazard to muscle,
137 30.0 yr 9.92 3.29 3.26 2.61 (Volatile) (J (1.176 MeV rna!' for t37Cs) and 'Y

Totale 595 198 8.75 2.83

Zr, Nb, Mo, Tc,
Nonvolatile External and internal hazardRu, Rh, Pd, Ag, 1,880 625 54.1 0.0450

Cd, In, Sn, Sb

Rare Earths:
La, Ce, Pr, Nd,

External and internal hazardPm. Sm. Eu, Gd, 4,140 1,374 48.8 0.416 Nonvolatile
Th, Dy, Ho

TotQI fission 11.970 3970 130 9.98
products (1.067

Te/yr)

Actinides
Uranium 237 6.75 day 108 35.9 7.42XI0-6 0

239 23.5 min 1,708 566 0 0 Nonvolatile External and internal hazard,
Totale 1,816 601 2.72X IO-s 2.15x 10-s (J (1.29 MeV max for 237U) and 'Y

(99.7 Te) (33.0
Te/yr)

Plutonium 238 86.4 yr 0.138 0.0459 0.0483 0.0463
239 24,390 yr 0.0318 0.0105 0.0107 0.0107
240 6,580yr 0.0500 0.0166 0.0166 0.0166 Nonvolatile Internal hazard to bone, liver, lung, lymph,
241 13.2 yr 12.4 4.11 4.04 2.42 ex (about 5 MeV for 238,239,240,242Pu)
242 3.79XIOS yr 1.24X10-4 4.14X 10-s 4.14x IO-s 4.14XI0-S and (J (for 241 Pu)
243 4.98 yr 22.2 7.35 0 0

Totale 34.9 11.57 4.11 2.49
(0.893 Te) (0.296 Te/yr)

Fissionable Pu
(239Pu + 241Pu) (0.627 Te) (0.207 Te/yr)
Americium (241. -

242m. 242, 243) 1.14 3.79 0.340 0.0611 Nonvolatile Internal 'hazard,
and Curium (242, ex (5,5 MeV for 241Am) §.-

243,244)

0
~ -

TotQI Actinides 3,614 1,198 4.45 2.55
TIt, Pa, U, Np,
Pu. Am. em

9/79
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Table 1. (Continued)

In Discbarge Fuelc
Elemental

Reactor
(106 Curies/yr)

Boiling
Inventoryb At ISO·Day 10-Yr Temperature

RadionucJides Half-Life (106 Curies) Discharge Decay Decay ("F)

Cladding

Activated
Zircaloy cladding
and Inconel 12.9 4.28 0.967 0.109 Nonvolatile
spacers (Cr, Mn, (28.2 Te) (9.36 Te/yr)
Fe, Co, Ni, Zr,
Nb, Sb)

TOTAL 15,600 5,170 135 12.6
FISSION PROD- (132 Te) (43.9 Te/yr)
UCTS, ACTINIDES,
AND CLADDINGf

Health Considerations and
Principal Radiation

a. Overall thermal efficiency = 32%.
b. Calculated on the basis that all fuel has the composition of discharge fuel. For nonsaturable species, whose half-lives are large compared with the typical fuel lire of

3 yean, the inventory within the reactor will be about one-half to two-thirds of the value listed, depending upon the fuel management scheme. The inventorieslisled in the
table are accurate for saturable (short-hatfaUfe) species. Material quantities in metric tonnes (Te) are listed in parentheses.

c. Fuel cycle quantities are calculated on the basis of a fuel exposure of 33,000 MWdrre 100% load factor. Material quantities are listed in parentheses.
d. Quantities listed are for rwlon-product tritium only and do not include tritium formed by neutron-actlvation reactions in boron controls and contaminants.
e. TOlals include all Isotopes of the element, including short.Jjved species not lilted in the table. '
f. Does not Include 14C, which Is produced In the fuel and cladding (the order of SO Cityr), as well as the coolant (roughly 10 Ci/yr).

Source: Adapted from T. H. Picford el a1" "Fuel Cycles for Electric Power Generation." Teknebon report EEED 101 (January 1973. rev. March 1975).

o

matrix. This includes both the fission prod
ucts and actinides (see Table 1). However,
some portion of this radioactivity can migrate
out of the fuel pellets. This is particularly
true of the gaseous fission products, including
tritium, krypton, xenon, and iodine. However,
the fuel pellets are contained in long, thin
metal tubes (cladding), which provide both
structure to the nuclear core and serve as a
second barrier. (Bundles or "assemblies" of
these rods are the basic fuel handling unit.)
Other possible sources of fission products 
apparently minor - are fuel that contaminates
the surface of new fuel elements and fuel that
passes into reactor coolant water from failed
fuel elements. Some radioactivity is also
generated in the cladding itself, primarily
from neutron activation (see Table 1), but this
remains in the cladding except for minor cor
rosion.

Some small percentage of the time, the
cladding develops leaks, pennitting the more
volatile fission produtts to escape from the
fuel rods into the surrounding coolant. In
addition, other radionuclides, including tri
tium, nitrogen 16 and 13, and carbon 14, are
generated as activation products in the coolant
itself. These activation products in reactor
coolant water are fonned by neutron irradiation
of the water and its contents (including gases
and dissolved or suspended solids) and mater
ials in contact with the coolant (container
and structural surfaces, fuel and control rod
cladding) that subsequently corrode or erode.
Additional radionuclides may be fonned in
other parts of the reactor than the core. How
ever, the fact that the coolant is confined
to a closed recirculating system serves largely
to confine to the system both these radionu
clides and leaked fission products. Some of

these are so short lived that relatively brief
retention in the primary coolant system pennits
enough decay to effectively reduce their con
centration.

However, not all of the remaining radio
activity is permitted to accumulate in the
coolant. Every power plant has a system that
controls the chemistry of this coolant by
routinely bleeding off and treating a portion
of the coolant inventory. Some of the radio
activity is collected in residue from this
chemistry control system, later to be packaged
for disposal. Some is discharged to the en
vironment, often after storage in holdup tanks,
pennitting further decay. And a portion may
be returned to the coolant system. As dis
cussed in the next section, routine releases
to the environment are strongly affected by
the fonn of various radioactive control sys
tems.

3. Routine and Accidental Releases and
Exposures from the Nuclear Fuel Cycle

The main focus of this section is the nu
clear power plant itself. However, although
such a power plant is the central object of a
connnercial nuclear power <;ystem, the facilities
that support this plant t. supplying fresh
fuel and disposing of spent fuel are also of
interest from an environmental point of view
and are discussed briefly at the end of this
section and more thoroughly elsewhere. Figure
3 presents a nominal material and environment
release flow sheet (from Ref. 8) for an LWR
fuel cycle that reprocesses spent fuel and
stores plutonium. Reference 2 estimates
radioactive releases and exposures that may
be associated with various portions of LWR
fuel cycles, with and without reprocessing or
plutonium recycling.
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

a. Routine Power Plant Emissions.
Turning first to routine emissions from re
actor power plants, several radionuclides 
alluded to in the last section - are of pri
mary interest: tritilUll, krypton, xenon,
iodine, and carbon. Except for carbon and
tritilUll, these releases arise almost solely
from radionuclides produced in the fuel. A
substantial portion of the l4C may be pro
duced in the coolant. The major sources of
released tritilUll are 1) ternary fission in
the fuel, 2) activation of deuterilUll in the
water, and 3) neutron-boron reactions in the
boron control curtain (see table on page 16
of Ref. 10) .. These nuclides are able to
escape from the power plant largely because
they are gaseous or volatile in elemental fonn
or enter into compounds which are. However,
the amounts which are released depend strongly
on the fonn of the liquid and gaseous radio
activity control systems. Questions concerning
the fraction of a l4C release to be in C02
fonn as opposed to other chemical species (e.g.,
CH4) remain to be answered. (See Fig. 4 for
examples of these systems in a recently com
pleted nuclear power plant). Table 2 presents
some estimates of annual releases from nuclear
power plants.

For a 1 gigawatt (1000 MWe) power plant,
some tens to hundreds of curies of tritilUll in
compound as water, are released annually to
air in the fonn of water vapor or to the body
of water being used for cooling. Most of the
tritilUll produced remains confined in the fuel
and would only be released were the fuel to be
reprocessed. (See Section IV.A and II.C).
TritilUll, with a half life of 12.3 years, de
cays by emitting a very soft beta ray
(Emax = 18.6 keV) , so that, for small releases,
its principal hazard arises from internal
doses.

Tens of thousands of curies of the noble
gases krypton and xenon are routinely released
per gigawatt-year of operation. The releases
would be substantially higher, but for holdup
of these gases to pennit the short-lived radio
activity to decay. The most important re
leases are 85Kr, which has an 11 year half-life
and a 670 keV (max) beta ray, and l33Xe, with
a 5 day half-life and a 546 keV (max) beta ray.
Much greater amounts of these materials are
left in the fuel. Of the noble gas radionu
c1ides, it is 85Kr that, like tritilUll, can
cause significant population exposures if re
leased at fuel reprocessing plants (see
Section II .D) .

Releases of iodine are very small, less
than one curie per gigawatt-year, but are con
trolled particularly carefully because de
posited iodine can be concentrated by an im
portant food chain (grass-cow-milk-hlUllan) and
- furthennore - it tends to collect in the
thyroid. See Section IV.D. For short-tenn
considerations, 1311 (8 days, 364 keV gamma)

RAD~REA
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ha.s the greatest sig:r4ficance, but in tenns of
longer commitment, 1291 (17 million years,
150 keV max beta) can asslUlle greater importance.

From the point of view of dose commitment,
the several curies of l4C released yearly
from a large power plant can contribute the
largest population dose over the medilUll term
(hundreds of years). This radionuclide (5730
year half-life, 155 keV max. beta) escapes in
the form of C02 or other compounds and - over
centuries - can contribute hundreds of person
rem per gigawatt-year. It is difficult to
decide over what period to estimate such dose
commitments or to understand the significance,
compared with other risks, of such long-term
population exposures. The doses aCClUllu1ated
during the operation of the plant are nlUlleri
cally much smaller, a few person-rem per giga
watt year. These population doses arise pri
marily from tritilUll and noble gas releases.

The doses to individuals in the general
population are ordinarily much smaller than
the generally applicable limit of 500 mremj
year. The nlUllerical guidelines used in ex
~ining the adequacy of proposed radioactivity
control systems for nuclear power plants
specify doses in the vicinity of 10 mremjyear
as design goals (see Table 3). These guide
lines were chosen by comparing the availability
and cost of control systems with the benefits
of reduced radiation exposures (Ref. 14).
Similarly, EPA regulations on overall fuel
cycle emissions (Ref. 1) were Set on the basis
of similar considerations (see also Section
II •C). These annual doses are much less ,by
at least an order of magnitude, than the gen
erally applicable standards (500 mremjyr for
an individual member of the general public)
and substantially less than normal background
dose levels (roughly 100 mremjyear). Measuring
reactor-caused increases against a background
of this size can be a challenge for a moni
toring system, particularly when the natural
background varies as a function of both time
and place. Several reportsls ,16 are available
that slUllillarize radioactive wastes released
from, or shipped offsite by, nuclear power
plants in the United States; these slUllillarize
measurements of specific radionuclides both in
gaseous and liquid effluents and in solid waste
shipments.

b. Accidental Releases from Nuclear
Power Plants. The ceramic fuel pellets, the
sealed cladding, and the closed reactor coolant
system typical of LWRs and most other reactor
types serve as barriers to releases of radio
activity under both routine and accident con
ditions. However, accidents might occur that
would breach one or more of these intrinsic
barriers, possibly leading to increased, even
massive, releases of radioactivity. To cope
with the spectTlUll of failures that might occur,
these intrinsic features are supplemented by
several "engineered" safety systems. These

3.2.2-9
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Ci'able 2. Projected Yearly Routine Gaseous Emissions from LWR Power Plants
(Ci/reactor-year, uranium fuel cycle).

Radionuc1ides PWR (BWR)b
Ranchoc

Seco
(PWR)

- dDiablo
Canyon
(PWR)

Kosh. e

(PWR)
GESMOf

(PWR)
processingg

-.~

3H
a

10 to 50(same) 900 (not given) 580 1100 2.1x104

131r 0.016(0.016) 0.011 (0.28) 0.009 0.025 0.06(129 131r )

Krypton, 7000(50,000) 12,000 (3700) 330 13.000 1.8x105 (85Kr )
Xenon

14c Not given Not given 9 8 15

(transuranics) (0.004)

art should be noted that a trade-off can occur between tritium discharges into
air versus water, so that these numbers can be highly variable, even aside
from normal considerations of control technology.

bfrom Pigford et a1., reference 8.

cfrom the 1973 Final Environmental Statement for the 900 MWe PWR unit at
Rancho Seco, reference 11.-

dfrom the 1973 Final Environmental Statement for each 1060 MWe PWR unit at
Diablo Canyon, reference 12.

efrom the 1976 draft environmental ~tatement for each 994 MWe PWR unit at
Koshkonong, reference~3.

f pWR re1e~ses assumed by GESM0 2 for radwaste systems of the current type; re
leases calculated in accordance with Regulatory Guide 1.112.

gAPproximate numbers for releases in Curie per gigawatt-year from reprocessing
plants; taken from reference 8, except for l4C, which is taken from reference
2 For radionuc1ides other than l4C, the two references broadly agree, except
that the numbers are more difficult to extract from reference.2.

o

systems-do not prevent failures, but are de
signed to limit the course of the accident,
either by preventing substantial release of
radioactivity bound in the fuel or by containing
radioactivity that succeeds in escaping from
the primary coolant system.

Under ordinary conditions, almost all of
the plant radioactivity is contained in the
coolant system or in auxiliary systems, such
as the radioactive effluent control systems.
Releases from these auxiliary systems or even
from the primary system may be regarded as
relatively minor, prOVided the fuel does not
overheat to such an extent that contained
volatile fission produr.ts are released from
the cladding or, worse yet, the fuel melts.

Reducing the possibility of such damage
to the core is a major goal of engineered

safety systems. Such damage, however, can
occur - once a reactor has been operating at
power for a time - merely by losing the coolant
from the reactor vessel. Although for an LWR
such loss of coolant terminates the chain re
action (due to lack of neutron moderation),
large amounts of thermal energy can remain in
the fuel, and fission products continue to
decay, releasing energy at a substantial rate:
immediately after shutdown, the decay power is
about 7% of the full power level. This re
duced power level is sufficient to melt the
fuel cladding and/or fuel very rapidly if
cooling is not available. To cope with the
possibility that coolant may be lost, power
reactors are equipped with emergency core
cooling systems designed to replenish the
coolant inventory under a wide range of con-
ditions. The primary and emergency cooling
systems are designed with a high degree of

9/79 3.2.2-11
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o
Type of Dose

Liquid effluents

Design Objective (per unit)

dose to total body from all pathways 3 mrem/yr

dose to any organ from all pathways 10 mrem/yr

Gaseous effluents (only for noble gases)

gamma dose in air 10 mrad/yr

beta dose in air 20 mrad/yr

dose to total body 5 mrem/yr

dose to skin 15 mrem/yr

Radioiodines and particulates released to the atmosphere

dose to any organ from all pathways 15 mrem/yr

o

Extremely high doses could result from
nuclear a~cidents, although no major accidents
have so far occurred. These doses would arise
from substantial releases of a wider range of
radionuclides than are given off under normal
conditions. In particular, radionuclides such
as l37Cs and 90Sr that ordinarily remain in
the fuel may be released. Moreover, much
greater amounts of iodine and other volatile
radionuclides can escape than normal. However,
in addition to causing high doses to individu
als, an accident can release radioactivity
that persists, subjecting large numbers of
people to chronic low levels of radiation over
a large area. Either of these cases presents
a serious monitoring problem, the first be
cause ordinary environmental monitoring instru
ments are not designed to measure high radia
tion levels; at the other extreme, low levels
of radiation may be difficult to measure,
merely because of the presence of ordinary
background radiation.

its results are uncerta~9and controversial,
as indicated in a revie~ *of the study, but
it is useful to note its estimate that the
average population dose from accidents from
power plant operation is in the range of hun
dreds of person-rem per gigawatt-year, much
greater than the yearly population doses in
the vicinity of a nuclear power plant and com
parable to the dose corrnnitment estimated from
l4C. Reference 19 reviews studies of reactor
safety.

redundancy and independence to prevent major
damage to the core.

In the United States, the primary system
is surrounded by a containment building de
signed to withstand overpressures that might
be expected on breach of the primary system.
This containment serves to confine radioac
tivity releases, whether large or small, from
the reactor system. The containment includes
cooling systems to reduce the internal pres
sure, filter systems to collect radioactivity,
and spray systems, which may do both.

Considering the variety of failures that
may occur in the basic reactor systems and the
degrees of success that are possible in effec
tiveness of safety systems, a wide range of
radioactive releases might result from possible
accidents. These releases would vary as to
size, radionuclide mixtures, and dispersion
conditions (such as rate of release, amount of
heat released, meteorological conditions).
Finally, the popUlation at risk varies markedly
from one power plant site to another. Large
uncertainties and substaritial controversy over
the probability and consequences of reactor
accidents, arising directly from imprecise in
formation on failure rates, effectivensss of
safety systems, the details of accident se
quences and subsequent exposures. Reference
17 examines the state of LWR safety. In 1975,
a maj or AEC/NRC study18 -lOof the risk from nu
clear power accidents was completed. Many of
*Sometimes the reference numbers will appear as

9fflerscripts.
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The present regulatory approach to nuclear
accidents concentrates on assuring that doses
to members of the general public do not ex~

ceed certain limits. The nominal accident dose
of interest in examining a proposed site during
licensing proceedings is 25 rem. (See 10 CFR
100.11.) On the other hand, EPA protective
action guides (Ref. 20), specify 1 to 5 rem
as the dose at which emergency actions should
begin.

c. Fuel Handling and Other Occupa
tional Exposures. The operation of a nuclear
power plant raises the ambient radiation
levels nearby only slightly but this occurs
to a much larger degree inside the plant. As
a result, plant workers receive radiation
doses that are larger than those imposed on
the general public. However, the bulk of
these increased exposures arise, not when the
reactor is operating, but during refueling
and maintenance.

d. Transportation and the Balance
of the Fuel Cycle. Of the few person-rem
per gigawatt-year general public exposures
that are directly associated with power
plant operations, about half is estimated to
arise from transport of the spent fuel (Refs.
11-13). This fuel is transferred in large
shipping casks, designed to provide physical
protection, cooling, and radioactive shielding.
Nevertheless care must be taken that this
shielding is adequate and particularly that it
remain so after even serious accidents.

To assure that nuclear power plants meet
applicable regulations and specifications for
emissions and exposures, the Nuclear Regula
tory Commission has formulated regulatory
guides that specify monitoring practice within
the plant and in its environs. Appendix B
indicates the regulatory guides relevant to
monitoring both inside and outside the plant.
Of particular interest are: RG 1.2l('Mea
suring, Evaluating, and Reporting Radioactiv
ity in Solid Wastes and Releases of Radio
active Materials in Liquid and Gaseous Efflu
ents from Light-Water-Cooled Nuclear Power
Plants", Rev. 1, 6/74); RG 4.1 ("Programs for
Monitoring Radioactivity in the Environs of
Nuclear Power Plants", Rev. 1, 4/75), which is
reproduced in its entirety; and various guides
from Division 8 ("Occupational Health"). These
guides, and the requirements that they are in
tended to fUlfill, set forth programs for dose
monitoring within the plant, effluent release
monitoring, and environmental monitoring (with
particular attention to critical pathways
leading to human exposures); these programs
must serve in a variety of situations, in
cluding normal operation, operational trans
ients, and severe accidents. Both the level
and type of radiation to be measured can de
pend on the situation at hand. For example,
most of the radionuclides released during
normal operation emit S and y radiation;
during accidents, significant amounts of a
emitters could also be released.

4. Measurement Considerations

RAD-REA
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For the purposes of this discussion, mea
surements are regarded to be applied within the
plant itself ("plant" monitoring) or outside
the plant ("environment"). "Plant" monitoring
is taken to include programs for measuring
radiation fields within the plant, as well as
those for measuring releases at the stack or
through other,effluent streams. However, it
does not include "process radiation moni
toring", even though process monitors may pro
vide a reference for correlating possible
sources of environmental releases; the purpose
of and operating conditions for such sensors
(especially those operating near the core)
may result in substantially different designs
than those for use in making low-level mea
surements.

.,)
! ~

.. ..1 .j ,~J ~)
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Radioactivity collects at several points
in the plant systems. Most resides in the fuel
and, not surprisingly, the bulk of worker
doses is associated with x-ray and gamma doses
from handling fuel during refueling operations.
This is true even though precautions are taken
that control these doses, such as handling the
fuel under water. In addition, radioactivity
can collect in the primary system and certainly
in the radioactive effluent control systems.
Maintenance associated with these systems can
lead to substantial x-ray and gamma exposures.
Plant operators take care that occupational
exposure limits (such as the 5 rem/yr whole
body dose) are not exceeded, but often workers
are permitted to receive doses close to this
amount.

o

C)

o

In the full nuclear fuel cycle, there are
of course other possibilities for radiation
exposures than the ones we have so far dis
cussed. Release points were indicated in
sunnnary form in Fig. 3. Other parts of this
volume discuss some of the principal fuel
cy~l(:)operatio:n;s:. ur/lllium mining and milling;
fuelryprocessing and wl;tstedisposa1. Al
thou~h the~;r averl;tg~ impact, too, is uncer
tain'YCic,h of theseco~ldcause pOPlllationex
poslltescompa:rabletQt!1ose discqssedabove
for 'nuclear power plants.

This section briefly discusses the two
applications of interest, "plant" and "envi
ronmental" monitoring, then notes some of the
considerations in formulating a monitoring
program, a subject that is also treated in
Division I. More detailed information on
specific instrumentation is contained on
Division III and IV of this volume.

a. '. Plant Monitoring. One general
requirement is that sllfficientcapabilities
be present to monitor. radiation fields within

3.2.2-13
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the plant. Instrumentation of various types
is available for such measurement. Measure
ments of gross beta and gamma activity provide
an overall reference, although more special
ized instruments may be employed to acquire
more detailed information. In addition,
(thermal) neutron detectors are placed to in
dicate large fluxes.· Specific attention to
the various components of radiation due to
individual sources is not always necessary,
although it is certainly useful information
when attempting to diagnose a leak and docu
ment its history.

Even within the plant, instruments may be
fixed in position, used for special surveys,
or designed for personnel dosimetry. Wall
mounted S-y/neutron counters require suf
ficient sensitivity (down to about 1 \lR/hr)
to indicate ordinary daily variations. A
distinct set of instruments is required for
measuring accidental releases; ranges up to
about 10,000 R/hr are appropriate. For either
type, fail-safe audible and visual alarms, as
well as provision for recording measurements,
are ordinarily available.

Portable instruments operating on similar
principles as fixed units may also be used in
surveys. On the other hand, surveys may be
conducted by securing samples that are then
analyzed in fixed instruments; as an example,
surface radioactive contamination may be
monitored by taking surface wipes for analysis
by such instruments.

Dosimeters for measuring employee expo
sures may be both pocket ion chambers, worn
outside of heavy clothing, and integrating
dosimeters (of film or thermoluminescent type),
changed periodically. These provide informa
tion, respectively, on short-term doses and
on long-term (integral) doses received by
employees.

A second requirement of plant monitoring
systems is that they provide adequate informa
tion on radioactivity leaving the plant,
whether as packaged waste material, or as
liquid or gaseous effluents. Stack efflu-
ent monitors provide a temporal record of
emissions, in addition to integrating the
total amount released. They can also serve
as a warning of abnormalities. However, for
"operational occurrences" and "accidents",
instruments must be designed for unusually
high radiation levels (Ref.2l).

A principal requirement for the instru
ments discussed above, as well as those in
dicated under environmental monitoring, is
that periodic calibration and maintenance
procedures be performed. For example, re
motely controlled or portable radioactive
sources are used routinely to check the cali
bration and operation of permanently installed
monitoring instrumentation. In addition, a

RAD-REA
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calibrated electronic test pulse may be used
for rapid identification of instrument fail
ures. A part of this inspection and testing
program is also normally devoted to assuring
that sampling, such as in the stack,22«is
occurring properly.

As suggested by such considerations,
monitoring instruments are not to be viewed
in isolation, but rather as part of a moni
toring system that is designed with certain
objectives and must operate within certain
specifications, all of which are reviewed
during the licensing process. Furthermore,
with recent advances in data handling equip
ment, individual monitoring units may be in
corporated into a system that not only assures
proper functioning of the units, but reads
data out of these instruments, performs nec
essary conversions (e.g., from count rate to
dose rate), and organizes the resulting in
formation for examination and, if necessary,
response (see, for example, Ref. 23). Such
systems would, of course, be designed to meet
requirements specified in applicable regula
tions.

Information on satisfying NRC require
ments for waste and effluent monitoring is
given in Regulatory Guide 1. 21. See also the
American National Standards Institute recom
mendation on continuously monitoring efflu
ents. 24 '" Requirements for in-plant radiation
monitoring are also given in other regulatory
guides, including Division 8 (Occupational
Health). Appendix B contains lists of rele
vant regulatory guides. Detailed descrip
tions of instrumentation are contained in
other portions of this volume.

Other important considerations for plant
monitoring, including program design, quality
assurance, and inspection are discussed
briefly in "monitoring programs" below.

b. Environmental Monitoring. The
instruments for monitonng in the environs of
a power plant are based on the same principles
as those indicated above. However, the re
quirementson sensitivity may be more stringent
because of the relatively small increases in
levels typically caused by nuclear power plant
effleunts. For the same reason, variations of
background level with place and time, whether
hourly, daily, or seasonally are an important
monitoring consideration. As discussed in
Section II.F, local background radiation ex
posures are typically about 100 mrem, with
.±.50% variation from place to place and with
daily variations as much as ~50%. It may
therefore be difficult to measure the addi
tional dose from a properly operating reactor,
which is ordinarily expected to contribute
less than 5 mrem/yr at the site fence. An
other primary consideration for environmental
monitors is that accuracy be maintained over
a wide range of environmental conditions,

o

o

o
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including large variations in temperature,
humidity, pressure, wind speed, precipitation
and dust.

Simple passive monitors, TLDs and film,
serve as the backbone of environmental moni
tpring systems. They are easily used to pro
vide a record of penetrating radiation at num
erous points in the area to be monitored, and
they are conveniently used for archival stor
age. However, more complex instruments or
techniques may be required for specific moni
toring purposes, including observation of
particular radionuclides, monitoring of criti
cal pathways, and emergency radiation moni
toring. The choice of instruments depends on
the purpose and the design of the monitoring
program, but may include ion chambers and semi
conductor detectors, both in survey and in
stationary devices.

The NRC regulatory guide on environmental
monitoring programs, RG 4.1, is given in
Appendix B. However, other guides cited there
are relevant. In addition, the EPA has pub
lished an Environmental Radioactivity Surveil
lance Guide (see Appendix D). References 25
and 26 are useful guides to surveillance around
nuclear facilities. As illustrative of the
types of measurements that may be made around
nuclear facilities, Appendices E and F excerpt
portions of reports on monitoring in the
vicinity of a PWR27'"and a BWR,lO*respectively.
For a discussion of environmental impact moni
toring, see Ref. 28. A guide to general en
vironmental monitoring has recently been pub
lished by the NCRP. 29 * Questions of program
design are the subject of the next section.

c. Monitoring pro~rams. In the dis
cussion above, we have allued to several
generic questions that affect the design of
a monitoring program. These include choice
of instruments, sampling method and rate, data
handling, and testing maintenance •. These
matters are discussed in moderate detail in
the references cited above, but it is useful
to summarize them briefly.

Instrument type and sampling method or
rate depend strongly on the purpose of the
monitoring program. Much of the discussion
above emphasized in situ measurements, but
grab sampling tec1uuques, where a sample is
taken at one location, then analyzed else
where, are important, particularly for sensi
tive monitoring techniques. The in situ
techniques may employ fixed instruments of
various sorts, in the plant, at emission
points, or in the environment. Also in use
are various types of survey instruments and
dosimeters. All of these are discussed in
detail elsewhere in this volume.

In many cases, such as at the stack or
liquid effluent stream, fixed instruments
monitor continuously. This provides both an

RAD-REA
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alarm capability and a record of emissions,
as mentioned in the discussion of plant mon
i toring. Based on meteorological models and
local meteorological data, emission data may
be used to estimate doses resulting from
plant releases.

On the other hand, a substantial part of
the monitoring program - particularly in the
environs of the plant - may depend on taking
samples for subsequent analysis. Samples may
be taken of environmental media and of plants
and animals: air, water, fish, birds, corn,
cows, milk, thyroid, etc. Depending on the
particular monitoring program, the sampling
frequency may vary (daily to even yearly), and
the radionuclides chosen may vary
(3H, 85Kr, 90Sr , 1311). The purpose of such a
program would be both to check the plant emis
sion data and - more importantly - to evaluate
radionuclide transport in the environment,
particularly along critical pathways. Both
for these pathways and for the more general
environmental monitoring program, the site,
type, and rate of sampling should be carefUlly
chosen to support the monitoring objectives.
The techniques applicable in the vicinity of a
nuclear facility will differ in some cases
from those for monitoring far from such facil
ities, since the mix of radionuclides may vary
with proximity and the radionuclides of inter
est depend on the monitoring objectives.
Table 4 is a summary of the advantages and dis
advantages of a variety of sampling methods
for the principal types of environmental media
(Ref. 25).

Although samples may be examined only for
gross activity or for overall a,S, or yactiv
ity, they may also be analyzed for radionuclide
content. Techniques for specific radionuclide
monitoring are discussed in Division IV. For
gas and liquid phase measurements, as well as
soil and biological samples, chemical separa
tion techniques are employed, which may be
followed by a variety of instrumental measure
ments. Airborne particulates are typically
collected by air filters for subsequent analy
sis, perhaps using similar instruments. These
instruments may include spectrum analyzers.
In addition to Division III and IV, the reader
is referred to Volumes 1 and 2 on Air and
Water, which contain sections on neutron acti
vation analysis, x-ray fluorescence, etc.

Designing a monitoring program also re
quires choosing an approach to data handling
and use. As noted under plant monitoring, the
instruments themselves may be incorporated
into a monitoring system that collects the
data, perfonns necessary conversions, and dis
plays or otherwise transfers the results for
designated purposes. In addition, the system
may partially check instruments to ensure
proper functioning, an important requirement,
as discussed below. To some extent, systems
for environmental monitoring may also be inte-

3.2.2-15
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Type of sample and/or
method of collection

Particulates
Constant air

monitors

Pump and filter

Electrostatic
precipitators

Halogens
Charcoal
Molecular sieves

Bubblers

Noble gases
Evacuated chamber

Compressed air
Cryogenic
Direct radiation

(thermolumines
cent dosimeter)

Ion chamber

Tritium
Cryogenic

Bubblers

Molecular sieve

Drierite

Silica gel

Milk

Foodstuffs

9/7)9

Advantages

ATMOSPHERIC
Real-time readout, chart

record

Sensitivity, low cost

Sensitivity

All forms collected

Sensitivity, low cost

Portability

Sensitivity
Sensitivity
Low cost, dose integra

tion, direct dose
measurement

Real-time readout, chart
record, sensitivity,
direct dose-rate mea
surement

No sample preparation

Low cost, no sample
preparation

Portability, 3H-specific
(with distillation)

Portability, 3H-specific
(with distillation)

Portability, 3H-specific
(with dstillation)

TERRESTRIAL

Direct dose vector, ease
of· data interpretation

Direct dose vector, ease
of data interpretation

3.2.2-16
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Disadvantages

High cost, special mainte
nance requirements, lack
of sensitivity, inter
ference (e. g., radon)

Time delay in obtaining
results

High cost, variable effi
ciency

Not nuclide specific
High cost, low capacity,

not nuclide specific
Special maintenance require

ments, not all forms
collected

Lack of sensitivity, not
continuous

Not continuous
High cost, not portable
Lack of sensitivity, high

background, not nuclide
specific

High cost, special mainte
nance requirements

High cost, not portable,
HT not collected, col~

lection not 3H-specific
Special maintenance re

quirements. Lack of
sensitivity, HT not col
lected, collection not
3H-specific

Sample preparation needed.
HT not collected, capacity
varies with relative
humidity

Poor water capacity, capacity
varies with relative
humidity

Sample preparation needed.
HT not collected, capacity
varies with relative
humidity

Not always available

Not always available,
weathering effects

(continued)
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Type of sample and/or
method of collection

Wildlife

Vegetation

Direct instrument
reading

Deposition collection

Soil sampling

Surface water
Groundwater

Drinking water
Aquatic plants
Sediment
Fish, shellfish

Waterfowl

Advantages

Direct dose vector

Availability, multiple
accumulation modes

Low cost, speed

Defined time span for
sampling period, area
and collection factors
known

Good time integrator

AQUATIC

Availability
Indicator of waste

management
Direct dose vector
Sensitivity
Sensitivity, integration
Direct dose vector,

sensitivity
Direct dose vector

Disadvantages

High mobility, not always
available, data difficult
to interpret

Not nuclide specific, data
difficult to interpret,
weathering effects

Lack of sensitivity, not
nuclide specific

Weathering effects

High cost, lack of repre
sentativeness, long time
delay in obtaining results

Not dose related
Not always available, data

difficult to interpret
Lack of sensitivity
Data difficult to interpret
Data difficult to interpret
Frequent unavailability,

high mobility
Frequent unavailability,

high mobility, data
difficult to interpret

O
~~~-···

.- -:-. ..

grated ina similar way. In reducing data,
monitoring systems - whether for plant or en
vironment - may even perform dispersion cal
culations Gbased on meteorological models and
data supplied), as well as pathway analysis
(based on appropriate pathway models).

Even if it is not appropriate to devise
such a monitoring system, it is important that
the overall program be organized to meet
specified objectives. This must include
assurance that the program operates properly.
In Regulatory Guide 4.15 (see list, Appendix
B), the NRC specifies "Quality Assurance for
Radiological Monitoring Programs (Normal Oper
ation) - Effluent Streams and the Environ
ment". A quality assurance program should in
clude: 26*acceptance testing of instrumenta
tion; routine calibration, routine replicate
sampling; laboratory cross-checking; proced
ural audits; and program documentation.

S. Summary

The commercial nuclear power program in
the United States is currently based on use of

light-water reactors that use low-enriched
uranium fuel, although other types of power
plants and fuels are feasible and may later be
used. The principal federal entities that
regulate operation of these power plants for
the protection of both workers and the gen
eral public are the Nuclear Regulatory Com
mission and the Environmental Protection
Agency. The design of a monitoring program
to assure compliance with applicable require
ments must consider both the limitations
imposed on emissions or exposures and the
possible sources of radiation or radioac
tivity at the particular facility. Substantial
monitoring efforts are required both at the
facility, internally and at emission points,
and in the environment, which may be affected
by plant emissions. Appropriate instrumenta
tion has been designed for the important
emissions from nuclear power plants, and the
reader is referred to more detailed discus
sions of instruments designed for particular
types of radiation (Division III) or particular
radionuclides (Division IV).
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PART20-STANDARDSFOR
PROTECTION AGAINST RADIATION

GENERAL PRoVISIONS

Sec.
20.1 Purpose.
20.2 Scope.
2C.3 Definitions.
20.4 Units. of radiation dose.
20.5 Units of radioactivity.
20.6 Interpretations.
20.7 Communications.

PERMISSIBLE DOSES, LEvELS AND
CONCENTRATIONS

Sec.
20.101 Exposure of individuals to radiation

in restricted areas.
20.102 Determination of accumulated dose.
20.103 Exposure of individuals to concen

trations of radioactive materials in air in
restricted areas.

20.104 Exposure of minors.
20.105 Permissible1evels of radiation in un

restricted areas.
20.106 Radioactivity in effluents to unres

tricted areas.
20.107 Medical diagnosis and therapy.
20.108 Orders requiring furnishing of bio

assay services.

PRECAUTIONJ,RY PROCEDURES

20.201 Surveys.
20.202 Personnel monitoring.
20.203 Caution signs, labels, signals and

controls.
20.204 Same: exceptions.
20.205 Procedures for picking up, receiving,

and opening packages.
20.206 Instruction of personnel.
20.207 Storage and control of licensed ma

terials in urirestricted areas.

WASTE DISPOSAL

20.301 General requirement.
20.302 Method for obtaining approval of

proposed disposal procedures.
20.303 Disposal by release into sanitary

sewerage systems.
20.304 Disposal by burial in soil.
20.305 Treatment or disposal by inciner

ation.

9/79

RECORDS, REPORTS, AND NOTIFICATION

20.401 Records of surveys, radiation moni
toring, and disposal.

. 20.402 Reports of theft or loss of licensed
material.

20.403 Notifications of incidents.
20.404 [Reserved]
20.405 Reports of overexposures and exces

sive levels and concentrations.
20.406. [Reserved]
20.401 Personnel exposure and monitoring

reports.
20.408 Reports of personnel exposure on

termination of employment or work.
20.409 Notifications and reports to individ

uals.

EXCEPTIONS AND ADDITIONAL REQUIREMENTS

20.501 Applications for exemptions.
20.502 Additional requirements.

ENFORCEMENT

20.601 Violations.
AppendixA-[Reserved]

§ 20.1

Appendix B-Concentrations in air and
water above natural background.

Apperidix C
Appendix D-United States Nuclear Regu

latory Commission Inspection and En
forcement Regional Offices.

PART 50-LICENSING OF
PRODUCTION AND UTILIZATION

FACILITIES

GENERAL PROVISIONS

Sec.
!l0.1 Basis, purpose, and procedures appli-
. cable. .

50.2 Definitions.
50.3 Interpretations.
50.4 Communications.

REQUIREMENT OF LICENSE, EXCEPTIONS

50.10 License required.
50.11 Exceptions and exemptions from li

censing requirements.
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50.12 Specific exemptions.
50.13 Attacks and destructive acts by en

emies of the United States; and defense
activities.

CLASSIFICATION AND DESCRIPTION OF
LICENSES

50.20 Two classes of licenses.
50.21 Class 104 licenses; for medical ther

apy and research and development fa
cilities.

50.22 Class 103 licenses; for commercial
and industrial facilities.

50.23 Construction permits.

,ApPLICATION FOR LICENSES, FORM, CONTENTS,
INELIGIBILITY OF CERTAIN APPLICANTS

50.30 Filing of applications for licenses;
oath or affirmation.

50.31 Combining applications.
50.32 Elimination of repetition.
50.33 Contents of applications; general in

formation.
50.33a Information required for antitrust

review.
50.34 Contents of applications; technical

information.
50.34a Design objectives for equipment to

control releases of radioactive material
in effluents-nuclear power reactors.

50.35 Issuance of construction permits.
50.36 Technical specifications.
50.36a Technical specifications on ef

fluents from nuclear power reactors.
50.37 Agreement limiting access to Re

stricted Data.
50.38 Ineligibility of certain applicants.
50.39 Public inspection of applications.

STANDARDS FOR LICENSES AND CONSTRUCTION
PERMITS

50.40 Common standards.
50.41 Additional standards for class 104 li

censes.
50.42 Additional standards for class 103 li

censes.
50.43 Additional standards and provisions

affecting class 103 licenses for commer
cial power.

50.45 Standards for construction permits.
50.46 Acceptance Criteria for Emergency

Core Cooling Systems for Light Water
Nuclear Power Reactors.

ISSUANCE, LIMITATIONS, AND CONDITIONS OF
LICENSES AND CONSTRUCTION PERMITS

50.50 Issuance of licenses and construction
permits.

50.51 Duration of license, renewal.
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50.52 .Combining licenses.
50.53 Jurisdictional limitations.
50.54 Conditions of licenses.
50.55 Conditions of constructit \1 permits.
50.55a Codes and standards.
50.55b Conditions of construction permits

and operating licenses pertaining to
antitrust matters.

50.56 Conversion of construction permit to
license; or amendment of license.

50.57 Issuance of operating license.
50.58 Hearings and report of the Advisory

, Committee on Reactor Safeguards.
50.59 Changes, tests and experiments.

EXPORT LICENSES

50.65 Export of production and utilization
facilities.

INSPECTIONS, RECORDS, REPORTS

50.70 Inspections.
50.71 Maintenance· of records, making of

reports.

TRANSFERS OF LICENSES-CREDITORS'
RIGHTS-SURRENDER OF LICENSES

50.80 Transfer of licenses.
50.81 Creditor regulations.
50.82 Applications for termination of li

censes.

AMENDMENT OF LICENSE OR CONSTRUCTION
PERMIT AT REQUEST OF HOLDER

50.90 Application for amendment of license
or construction permit.

50.91 Issuance of amendment.

REVOCATION, SUSPENSION, MODIFICATION,
AMENDMENT OF LICENSES AND CONSTRUC
TION PERMITS, EMERGENCY OPERATIONS BY
THE COMMISSION

50.100 Revocation, suspension, modifica
tion of licenses and construction permits
for cause.

50.101 Retaking possession of special nu
clear material.

50.102 Commission order for operation
after revocation.

50.103 Suspension and operation in war or
national emergency.

BACKFITTiNG

50.109 Backfitting~

ENFORCEMENT

50.110 Violations.
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,ApPENDICES
Appendix A-General design criteria for

nuclear power plants
Appendix B-Quality assurance criteria

for nuclear power plants and fuel reprocess
ing plants

Appendix C-A guide for the financial
data and related information required to es
tablish financial qualifications for facility
construction permits and operating licenses

Appendix D-[ReservedJ
Appendix E-Emergency plans for produc

tion and utilization facilities
Appendix F-Policy relating to the siting

of fuel reprocessing plants and related
waste management facilities

Appendix G-Fracture toughness ·require
ments

Appendix H-Reactor vessel material sur
veillance program requirements

Appendix I-Numerical guides for design
objectives and limiting conditions for oper
ation to meet the criterion "as low as practi
cable" for radioactive material in light
water-cooled nuclear power reactor ef
fluents

Appendix J-Primary reactor containment
leakage testing for water-cooled power reac
tors

Appendix K-ECCS evaluation models
Appendix L-Information requested by

the attorney general for antitrust review fa
cility license applications

Appendix M-Standardization of design;
manufacture of nuclear power reactors; con
struction and operation of nuclear power re
actors manufactured pursuant to commis
sion license

Appendix N-Standardization of nuclear
power plant designs: Licenses to construct _
and operate nuclear power reactors of dupli
cate design at multiple sites

Appendix O-Standardization of design;
staff review of standard designs

Appendix P-[ReservedJ
Appendix Q-Pre-application early review

of site suitability issues

,ApPENDIX I-NUMERICAL GUIDES FOR DESIGN
OBJECTIVES AND'LIMITING CONDITIONS FOR
OPERATION TO MEET THE CRITERION "As
Low AS PRACTICABLE" FOR RADIOACTIVE MA
TERIAL IN LIGHT-WATER-COOLED NUCLEAR
POWER REACTOR EFFLUENTS
SECTION I. Introduction. Section 50.34a

provides that an application for a permit to
construct a nuclear power reactor shall in
clude a description of the preliminary
design of equipment to be installed to main
tain control over radioactive materials in
gaseous and liquid effluents produced

RAD"RJ3A,
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during normal reactor operations, including
expected operational occurrences. In the
case of an application filed on or after Janu
ary 2, 1971, the application must also identi
fy the design objectives, and the means to
be employed, for keeping levels of radioac
tive material in effluents to unrestricted
areas as low as practicable.

Section 50.36a contains provisions de
signed to assure that releases of radioactive
material from nuclear power reactors to un
restricted areas during normal reactor oper
ations, including expected operational oc
currences, are kept as low as practicable.

This Appendix provides numerical guides
for design objectives, and limiting conditions
for operation to assist applicants for, and
holders of, licenses for light-water-cooled
nuclear power reactors in meeting the re
quirementsof §§ 50.34a and 50.36a that ra
dioactive material in effluents released from
these facilities to unrestricted areas be kept
as low as is reasonably achievable. Design
objectives and limiting conditions for oper-·
ation conforming· to the guidelines of this
Appendix shall be deemed a conclusive
showing of compliance with the "as low as is
reasonably achievable" requirements of 10
CFR 50.34a and 50.36a. Design objectives
and limiting conditions for operation differ
ing from the guidelines may also be used,
subject to a case-by-case showing of a suffi
cient basis for the findings of "as low as is
reasonably achievable" required by §§ 50.34a
and 50.36a. The guides presented in this Ap
pendix are appropriate only for light-water
cooled· nuclear power reactors and not for
other types of nuclear facilities.

SEC. II. Guides on design objectives jor
light-water-cooled nuclear power reactors li
censed under 10 CFR Part 50. The guides on
design objectives set forth in this section
may be used by an applicant for a permit to
construct a light-water-cooled nuclear power
reactor as guidance in meeting the require
ments of § 50.34a(a). The applicant shall
provide reasonable assurance that the fol
lowing design objectives will be met.

A. The calculated annual total quantity of
all radioactive material above background 1

to be released from each light-water-cooled
nuclear power reactor to unrestricted areas
will not result in an estimated annual dose
or dose commitment from liquid effluents

1 Here and elsewhere in this Appendix
background means radioactive materials in
the environment and in the effluents from
light-water-cooled power reactors not gener
ated in, or attributable to. the reactors of
which specific account is required in deter
mining design objectives.

-

~
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for any mdividual in an unrestricted area
from all pathways of exposure in excess of 3
millirems to the total bodY or 10 millirems
t) any organ.

B.L The calculated annual total quantity
of all radioactive material above background
to be released from each light-water-cooled
nuclear power reactor to the atmosphere
will not result in an estimated annual air
dose from gaseous effluents at any location
near ground level which could be occupied
by individuals in unrestricted areas in
excess of 10 millirads for gamma radiation
or 20 millirads for beta radiation.

2. Notwithstanding the guidance of para
graph B.1:

(a) The Commission may specify. as guid
ance on design objectives. a lower quantity
of radioactive material above background to
be released to the atmosphere if it appears
that the use of the design objectives in
paragraph B.l is likely to result in an esti
mated annual external dose from gaseous
effluents to any individual in an unrestrict
ed area in excess of 5 millirems 'to the total
body; and

(b) Design objectives based upon a higher
quantity of radioactive material above back
ground to be released to the atmosphere
than the quantity specified in paragraph
B.l will be deemed to meet the require
ments for keeping levels of radioactive ma
terial in gaseous effluents as low as is rea
sonably achievable if the applicant provides
reasonable assurance that the proposed
higher quantity will not result in an esti
mated annual external dose from gaseous
effluents to any individual in unrestricted
areas in excess of 5 millirems to the total
body or 15 millirems to the skin.

C. The calculated annual total quantity of
all radioactive iodine and radioactive mate
rial in particulate form above background to
be released from each light-water-cooled nu
clear power reactor in effluents to the atmo
sphere will not result in an estimated
annual dose or dose commitment from such
radioactive iodine and radioactive material
in particulate form for any individual in an
unrestricted area from all pathways of ex
posure in excess of 15 millirems J to any
organ.

D. In addition to the provisions of para
graphs A. B, and C above. the applicant
shall include in the radwaste system all
items of reasonably demonstrated technol
Ogy that. when added to the system sequen
tially and in order of diminishing cost-bene
fit return. can for a favorable cost-benefit,
ratio effect reductions in dose to the popula
tion reasonably expected to be within 50
miles of the reactor. As an interim measure
and until establishment and adoption of

-~-
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better valties(or other appropriate criteria).
the values $1000 per total body man-rem
and, $1000 per man-thyroid-rem (or such
lesser values as may be demonstrated to be
suitable in a particular case) shall be used in
this cost-benefit analysis. The requirements
of this paragraph D need not be complied
with by persons who have filed applications
for construction permits which were docket
ed on or after January 2. 1971. and prior to
June 4. 1976. if the radwaste systems and
equipment described in the preliminary, or
final safety analysis report and amendments
thereto satisfy the Guides on Design Objec
tives for Light-Water-Cooled Nuclear Power
Reactors proposed in the Concluding State
mentof Position of the Regulatory Staff in
Docket-RM-50-2 dated February 20. 1974.
pp. 25-30. reproduced in the Annex to this
Appendix I.

SEC. III. Implementation. A.L Conformity
with the guides on design objectives of Sec
tion Ushallbe demonstrated by calcula
tional procedures based upon models and
data such that the actual exposure of an in
dividual through appropriate pathways is
unlikely to be substantially underestimated.
all uncertainties being considered together.
Account shall be taken of the cumulative
effect of all sources and pathways within
the plant contributing to the particular
type of effluent being considered. For deter
mination of design objectives in accordance
with the guides of Section II. the estima
tions of exposure shall be made with respect
to such potential land and water usage and
food pathways as could actually exist during
the term of plant operation: Provided, That.
if the requirements of paragraph B of Sec
tion III are fulfilled. the applicant shall. be
deem.ed to have complied with the require
ments of paragraph C of Section II with re
spect to radioactive iodine if estimations of
exposure are made on the basis of such food
pathways and individual receptors as actual
ly exist at the time the plant is licensed.

2. The characteristics attributed to a hy- .
pothetical receptor for the purpose of esti
mating internal dose commitment shall take
into account reasonable deviations of indi
vidual habits from the average. The appli
cant may take account of any real phenom
enon or factors actually affecting the esti
mate of radiation exposure, including the
characteristics of the plant. modes of dis
charge of radioactive materials. physical
processes tending to attenuate the quantity
of radioactive material to which an individu
al would be exposed. and the effects of aver
aging exposures over times during which de
termining factors may fluctuate.

B. -If the applicant determines design ob
jectives with respect to radioactive iodine on

o

o

o
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the basis of existing conditions and if poten
tial changes in land and water usage and
food pathways could result in exposures in
excess of the guideline values of paragraph
C of Section II, the applicant shall provide
reasonable assurance that a monitoring and
surveillance program wJll be performed to
determine:

1. The quantities of radioactive iodine ac
tually released to the atmosphere and de
posited relative to those estimated in the de
termination of design'objectives;

2. Whether changes in land and water
usage and food pathways which would
result in individual exposures greater than
originally estimated have occurred; and

3. The content of radioactive iodine and
foods involved in the changes, if and when
they occur.

SEC. IV. Guides on technical specifica
tions for limiting conditions for operation
for light-water-cooled nuclear power reac
tors licensed under 10 CFR Part 50. The
guides on limiting conditions for operation
for light-water-cooled nuclear power reac
tors set forth below may be used by an ap
plicant for a license to operate a light-water
cooled nuclear power reactor as gUidance in
developing technical specifications under
§ 50.36a(a) to keep levels of radioactive ma
terials in effluents to unrestricted areas as
low··as is·reasonably achievable.

Section 50.36a(b) provides that licensees
shall be guided by certain considerations in
establishing and implementing operating
procedures specified in technical specifica
tions that take into account the need for op~

erating flexibility ande at the. same time
assure that the licensee will exert his best
effol t to keep levels of radioactivematetial
in effluents as low as is reasonably achiev
able. The guidance set forth below provides
additional and more specific guidance to li-
censees in this respect.. . . ... .

Through the use of the guides set forth in
this Section it is expected that the annual
releases of radioactive material in effluents
from light-water-cooled nuclear power reac
tors can generaily be maintained within the
levels set forth as. numerical guides for
design objectives in Section II.

At the same time, the licensee is permit
ted the flexibility of operation, compatible
with considerations of health and safety, to
assure that the public is provided a depend
able source of power even under unusual op
erating conditions which may temporarily
result in releases higher than such numeri
cal guides for design objectives but still
within levels that assure that the average
population exposure is equivalent to small
fractions of doses from natural background

9/79
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radiation. It is eXDected that in using this
operational flexibility under unusual oper
ating conditions, the licensee will exert his
best efforts to keep levels of radioactive ma
terial in effluents within the numerical
gUides for design objectives.

A. If the· quantity of radioactive material
actually released in effluents to unrestricted
areas from a light-water-cooled nuclear
power reactor during any calendar Quarter
is suCh that the resulting· radiation expo
sure, calculated on the same basis as the re
spective design objective exposure, would
exceed one-half the design objective arinual
exposure <ierived. pursuant to Sections II
and III, the licensee shall: 2

1. Make an investigation to identify the
causes for such release rates;

2. Define and initiate a program of correc
tive action; and

3. Report these actions to the appropriate
NRC Regional Office shown in Appendix D
of Part 20 of this Chapter with a copy to
the Director of Inspection and Enforce
ment, U.S. Nuclear Regulatory Commission,
Washington, D.C. 20555, within 30 days
from the end of the quarter during which
the release occurred.

B. The licensee shall establish an appro
priate surveillance and monitoring program
to:

1. Provide data on quantities of radioac
tive tnaterialreleasedin liquid and gaseous
effluents to assure .. that the provisions of
paragraph A of this section are met;

2. Provide data on measurable levels of ra
diation and radioactive materials in the en
vironment to evaluate the relationship be
tween.qUaI;ltities of radioactive material· re
leased in effluents and resultant radiation
doses. to indivi<iuals from principal path
ways of exposure; and

3. Identify changes in the use ofunres
.trictedareas (e.g., for agricultural purposes)
to permit modifications in .monitoring pro
grams for evaluating doses to individuals
from principal pathways of exposure.

C.. If the· data developed in the surveil
.. lance and .monitorin~ program described in

2Section 50.36a(a)(2) requires the licensee
to submit certain reports to the Commission
with regard to the quantities of the princi
pal radionuclides released to unrestricted
areas. It also provides that, on the basis of
such reports and any additional information
the Commission may obtain from the licens
ee and others, the Commission may from
time to time require the license to take such
action as the Commission deems appropri
ate.
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paragraph B of this section and In .para
graph B of Section III or from other moni·
toring programs show that the. relationship
between the quantities of radioactive mate
rial released in liquid and gaseous effluents
and the dose to individuals in unrestricted
areas is significantly different from that as
sumed in the calculations used to determine
design objectives pursuant to Sections II
and III. the Commission may modify the
quantities in the technical specifications de
fining the limiting conditions for operation
in a license authorizing operation of a light·
water-cooled nuclear power reactor.

SEC. V. Effective dates. A. The guides for.
limiting conditions for operation set~forth in
this Appendix shall be applicable in any
case in which an application was filed on or
after January 2. 1971. for a permit to con
struct a light-water-cooled nuclear power re
actor.

B. For each light-water-cooled nuclear
power reactor constructed pursuant toa
permit for which application was filed prior
to January 2, 1971, the holder of the permit
or a license. authorizing operation of the re
actor shall, within a period of twelve
months from June 4, 1975, file with the
Commission:

1. Such information as is necessary to
evaluate the means employed for keeping
levels of radioactivity in effluents to unres
tricted areas as low as is reasonably achiev
able, including all such information as is re
quired by § 50.34a (b) and (c) not already
contained in his application; and

2. Plans and proposed technical specifica
tions developed for the purpose of keeping
releases of radioactive materials to unres
tricted areas during normal reactor oper
ations, including expected operational oc
currences, as low as is reasonably achiev
able.

CONCLUDING STATEMENT OF POSITION OF THE
REGULATORY STAFF (DOCKET-RM-50-2)

GUIDES ON DESIGN OBJECTIVES FOR LIGHT
WATER-COOLED NUCLEAR POWER REACTORS

A. For radioactive material above back
ground I in liquid effluents to be released to
unrestricted areas:

1. The calculated annual total quantity of
all radioactive material from all light-water
cooled nuclear power reactors at a site
should not result in an annual dose or dose
commitment to the total body or to any
organ of an individual in an unrestricted

I "Background," means the quantity of ra
dioactive material in the effluent from
light-water-cooled nuclear power reactors at
a site that did not originate in the reactors.
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area from all pathways of exposure in
excess of 5 millirems; and

2. The calculated annual total quantity of
radioactive material, except tritium and dis
solved gases, should not exceed 5 curies for
each light-water-cooled reactor at a site.

3. Notwithstanding the guidance in para
graph A.2, for a particular site. if an appli·
cant for a permit to construct a light-water
cooled nuclear power reactor has proposed
baseline in-plant control measures 2 to
reduce the possible sources of radioactive
material in liquid effluent releases and the
calculated quantity exceeds the quantity set
forth in paragraph A.2, the requirements
for design objectives for radioactive materi
al in liquid effluents may be deemed to have
been met provided:

a.· The applicant submits an evaluation of
the potential for effects from long-term
build\1ltin the· environment in the vicinity
of the s~e of radioactive material, with a ra
dioactive half-life greater than one year, to
be released; and

b. The provisions of paragraph A.I are
met.

B. For radioactive material above back
ground in gaseous effluents the annual total
quantity of radioaetive material to be re
leased to the atmosphere by all light-water
cooled nuclear power reactors at a site:

1. The calculated annual air dose due to
gamma radiation at any location near
ground level which could be occupied by in
dividuals at or beyond the boundary of the
site should not exceed 10 millirads; and

2. The calculated annual air dose due to
beta radiation at any location near ground
level which could be occupied by individuals
at or beyond the boundary of the site
should not exceed 20 millirads.

3. Notwithstanding the guidance in para
graphs B.l and B.2, for a particular site:

a. The Commission may specify, as guid
ance on design objectives, a lower quantity
of radioactive material above background in
gaseous effluents to be released to the at
mosphere if it appears that the use of the
design objectives described in paragraphs

2 Such measures may include treatment of
clear liquid waste streams (normally tritiat
ed, nonaerated, low conductivity equipment
drains and pump seal leakoff>, dirty liquid
waste streams (normally nontritiated. aer
ated, high conductivity building sumps,
floor and sample station drains), steam gen
erator blowdown streams, chemical waste
streams, low purity and high purity liquid
streams (resin regenerate and laboratory
wastes), as appropriate for the type of reac
tor.
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B.1 and B.2 is likely to result in an annual
dose to an individual in an unrestricted area
in excess of 5 millirems to the total body or
15 millirems to the skin; or

b. Design objectives based on a higher
quantity of radioactive material above back
ground in gaseous effluents to be released to
the atmosphere than the quantity specified
in paragraphs B.1 and B.2 may be deemed
to· meet the requirements for keeping levels
of radioactive material in gaseous effluents
as low as practicable if the applicant pro
vides reasonable assurance that the pro
posed higher quantity will not result in
annual doses to an individual in.an unres
tricted area in excess of 5 millire~ to the
total body or 15 millirems to the s~in.

C. For radioactive iodine and radioactive
material in particulate fonn· above back
ground released to the atmosphere:

1. The calculated annuaLtotal quantity of
all radioactive iodine and· radioactive mate
rial in particulate fonn from all light-water
cooled nuclear power reactors at a site
should not result in an annual dose or dose
commitment to any organ of an individual
in an unrestricted area from all pathways of
exeosure in excess of 15 millirems. In deter
mining the dose or dose commitment the
portion thereof due to intake of radioactive
material via the food pathways may be eval
uated at the locations where the food path
ways actually exist; and

2. The calculated annual total quantity of
iodine-131 in gaseous effluents should not
exceed 1 curie for each light-water-cooled
nuclear power reactor at a site.

3. Notwithstanding the guidance in para
graphs C.1 and C.2 for a particular site, if
aQ. applicant for a pennit to construct a
Ught-water-cooled nuclear power reactor

o
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has proposed baseline in-plant control meas
ures 3 to reduce the possible sources of ra
dioactive iodine releases, and the calculated
annual quantities taking into account such
control measures exceed the design objec
tive quantities set forth in paragraphs C.1
and C.2, the requirements for design -objec
tives for radioactive iodine and radioactive
material in particulate fonn in gaseous ef
fluents may be deemed to have been met
provided the calculated annual total quanti·
ty of all radioactive iodine and radioactive
material in particulate fonn that may be re
leased in gaseous effluents does not exceed
four times the quantity calculated pursuant
to paragraph C.l.
(Sec. 201, Pub. L. 93-438, 88 Stat. 1242 (42
U.S.C. 5841»
[40 FR 19442, May 5, 1975, as amended at 40
FR 40818, Sept. 4, 1975; 40 FR 58847, Dec.
17, 1975; 41 FR 16447, Apr. 19, 1976; 42 FR
20139, Apr. 18, 1977]

PART lOO-REACTOR SITE CRITERIA

Sec.
100.1 Purpose.
100.2 Scope.
100.3 Definitions.

SITE EVALUATION FACTORS

100.10 Factors to be considered when eval
uating sites.

100.11 Detennination of exclusion area,
low population zone, and population
center distance.

,ApPENt>IX A-Seismic and Geologic Siting
Criteria for Nuclear Power Plants
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u. S. Nuclear Regulatory Corrnnission
Regulatory Guides

Regulatory Guides are issued to describe
and make availabl.e to the public methods .
acceptable to the NRC .staff ofinlplementing
specific parts of the Commission's regula
tions, to delineate techniques used by the staff
in evaluating specific problems of postulated
accidents, or to provide guidance to applicants.
Regulatory Guides are not substitutes for
regulations, and compliance with them is not
required. Methods and solutions diffel.'ent
from those set out in the guides will be
acceptable if'they provide a basis for the
findings requisite to the issuance or con
tinuance of a permit or license by the Com
mission.

Comments and suggestions for improve
ments in these guides are encouraged at all
times, and guides will be revised, as appro
priate, .to accommodate comments and to re
flect new information or experience. However,
the staff's consideration of comments re
ceived during the inital public corrnnent
period for this guide has resulted in the de
termination that there is no need fora·re
vision at this time.

Comments should be sent to the Secretary
of the COmmission, U. S. Nuclear Regulatory
Commission, Washington, D. C. 20555,
Attention: Docketing and Service Branch.

The guides are issued in the following
ten broad divisions:

1. Power Reactors
2. Research and Test Reactors
3. Fuels and Materials Facilities
4. Envir.onmental and Siting
5. Materials and. Plant Protection
6. Products
7. Transporation
8. Occupational Health
9. Antitrust Review

10. General..

Requests for single copies of issued
guides Ewhich may be reproduced) or for place
ment·· on an automatic distribution list for
single copies of future guides in specific
divisions shou;I.d bemade in writing to the
u. S. Nuclear Regulatory Commission, Washington,
D.G. 20555, Attention: Director, Division
of .Document Control. .

9/79
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DIVISION 1 REGULATORY GUIDES POWER REACTORS (selected)

Number Title

1.3 Assumptions Used for Evaluating the Potential Radiological Consequences of a Loss of
Coolant Accident for Boiling Water Reactors (Revision 2, 6/74).

1.4 Assumptions Used for Evaluating the Potential Radiological Consequences of a Loss of
Coolant Accident for Pressurized Water Reactors (Revision 2, 6/74).

1.5 Assumptions Used for Evaluating the Potential Radiological Consequences of a Steam Line
Break Accident for Boiling Water Reactors (Safety Guide 5, 3/10/71).

1.21 Measuring Evaluating, and Reporting Radioactivity in Solid Wastes and Releases of
Radioactive Materials in Liquid and Gaseous Effluents from Light-Water-Cooled Nuclear
Power Plants (Revision 1, 6/74).

1.25 Assumptions Used for Evaluating the Potential Radiological Consequences of a Fuel Handling
Accident in the Fuel Handling and Storage Facility for Boiling and Pressurized Water Re
actors (Safety Guide 25, 3/23/72).

1.52 Design, Testing, and Maintenance Criteria for Engineered-Safety-Feature Atmosphere Cleanup
System Air Filtration and Adsorption Units of Light-Water-Cooled Nuclear Power Plants
(Revision 1, 7.76).

1.98 Assumptions Used for Evaluating the Potential Radiological Consequences of a Radioactive
Offgas System Failure in a Boiling Water Reactor (3.76).

1.109 Calculation of Annual Doses to Man from Routine Releases of Reactor Effluents for the
Purpose of Evaluating Compliance with 10 CFR Part 50, Appendix I (3/76).

1.112

1.113

Calculation of Releases of Radioactive ~mterials in Gaseous and Liquid Effluents from
Light-Water-Cooled Power Reactors (Revision O-R, 3/76; reissued 5/77).

Estimating Aquatic Dispersion of Effluents .from Accidental and Routine Reactor Releases
for the Purpose of Implementing Appendix I (Revision 1,4/77).

*Design Basis Guidance for Radioactive Waste Management Systems Installed in Light-Water-
Cooled Power Plants

DIVISiON 4 REGULATORY GUIDES ENVIRONMENTAL AND SITING (Selected)

o

Number Title

4.1 Programs for Monitoring Radioactivity in the Environs of Nuclear Power Plants

4.5 Measurements of Radionuclides in the Environment - Sampling and Analysis of Plutonium in
Soil

4.6 Measurements of Radionuclides in the Environment - Strontium-89 and Strontium-90 Analyses

4.11 Terrestrial Environmental Studies for Nuclear Power Stations

4.13 Performance, Testing, and Procedural Specifications for Thermoluminescence Dosimetry:
Environmental Applications

*Under development.

4.15 Quality Assurance for Radiological Monitoring Programs (Normal Operations) - Effluent
Streams and the Environment (For Comment).

o
3.2.2-B2
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U.S. NUCLEAR REGULATORY COMMISSION

REG TORY GUIDE
OFFICE OF STANDARDS DEVELOPMENT

REGULATORY GUIDE 4.1

PROGRAMS FOR MONITORING RADIOACTIVITY IN THE ENVIRONS
OF NUCLEAR POWER PLANTS

A. INTRODUCTION and to ensure that long-term buildup of specific radio
nuclides in the environment will not become significant.

o

General Design Criterion 64, "Monitoring Radio
activity Releases," of Appendix A, "General Design
Criteria for Nuclear Power Plants," to 10 CFR Part 50,
"Licensing of Production and Utilization Facilities,"
requires that licensees provide means for monitoring the
plant environs for radioactivity that may be released
from normal operations, including anticipated opera
tional occ~rrences, and from postulated accidents.

Paragraph 20.l06(e) of 10 CFR Part 20, "Standards
for Protection Against Radiation," prOVides that the
Commission may limit the quantities of radioactive
materials released in air or water during a specified
period of time to ensure that the daily intake of
radioactive materials from air, water, or food by a
suitable sample of an exposed population group,
averaged over a time period not exceeding one year,
would not exceed specified quantities. Section 20.201 of
10 CFR Part 20 further requires that a licensee conduct
surveys 'of levels of radiation or concentrations of
radioactive material as necessary to show compliance
with Commission regulations.

This guide describes a basis acceptable to the NRC
staff for the design of programs for monitoring levels of
radiation and radioactivity in the plant environs.

B. DISCUSSION

Present requirements to keep levels of radioactive
material in effluents as low as practicable (as specified in
10 CFR §50.34a) should ensure that radiation doses to
the public resulting from effluent releases will continue
to remain minimal. The principles presented in this guide
are considered an acceptable basis for establishing
preoperational and operational monitoring programs to
provide information needed to determine whether ex
posures- in the environ~ent are within established limits

A preoperational program should be conducted in the
environs of each proposed nuclear power plant site to
(1) measure background levels and their variations in
environmental media in the area surrounding the plant,
(2) evaluate procedures, equipment, and techniques, and
(3) provide experience to personnel.

Years of experience at various Atomic Energy
Commission facilities have demonstrated that specific
radionuclides behave in known ways under given
environmental conditions. Therefore, analyses of "indi
cator media" can be used to define radionuclide levels in
the environment. The "indicator medium" (or organism)
concept of environmental surveillance involves the
sampling of organisms and media which are sensitive and
reliable measures of the quantities of individual radio
nuclides cycling through pathways. For example, where
the plant-cow-milk-man food chain is determined to be
an important pathway, it may not be necessary to
extensively sample and measure grazing plants and
fodder to keep track of iodine-131 cycling in the food
chain, since sampling and measuring the milk produced
by dairy cows in surrounding areas may be adequate.

After the plant is in operation, a program for
measuring radiation levels and radioactivity in the plant
environs must be maintained on a continuing basis to
assist in verifying anticipated radioactivity concentra
tions and related public exposures. The initial pre
operational and operational monitoring programs should
be designed in accordance with the following criteria:

1. They should be based on the analysis of important
pathways for the anticipated types and quantities of
radionuclides released from the plant into the surround
ing environment;

The guides are issued in the 'ollowing ten broad divisions:

Comments should be sent to the Secretary of the Commission. U.S. Nuclear
Regulatory Commission, Washington, D.C. 20555. Attention: Docketing and
Service Section,

Copies of published guides may be obtained by written request indicBting the
divisions desired to the U.S. Nuclear Regulatory Commission. Washington. D.C.
20555. Attention: Director. Office of Standards Development.

USNRC REGULATORY GUIDES
Regulatory Guides are issued to describe and make available'to the public
methods acceptable te) the NRC staff of implementing specific parts of the
Commission's regulations. to delineate techniques used by the staff in evalu
ating specific problems or postulated accidents. or to provide guidance to appli
cants. Regulatory Guides are not substitutes for regulations. and compliance
with them is not required. Methods and solutions different 'rom those set out in
the guides will be acceptable if they provide 8 basis for the findings requisite to
the issuance or continuance 0' a permit or license by the Commission.

Comments and suggestions 'or improvements in these guides are encouraged
at all times. and guides will be revised. as appropriate. to accommodate com
ments and to reflect new in'ormation or experience However. comments on
this guide. if received withi'n about two months after its issuance. will be par
ticularly useful in evaluating the need for an early revision

1. Power Reactors
2. Research and Test Reactors
3. Fuels and Materials Facilities
4. Environmental and Siting
5. Materials and Plant Protection

6. Products
7. Transportation
8. Occupational Health
9. Antitrust Review

10. General

3.2.2-B3
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2. They should consider the possibility of buildup of
long-lived radionuclides in the environment and identify
physical and biological sites of accumulation that may
contribute to human exposures;

3. They should consider the potential radiation ex
posure tq;important plants and animals;l

4. They should be designed to establish correlations
between levels of radiation and radioactivity in the
environment and radioaCtive releases from plant opera
tion. (A variety of techniques, including measurements
at -control locations, preoperational surveys, and com
parisons of operating versus shutdown levels of radio
activity in the environs may all be useful for this
purpose,) Information of this nature will be of consider
able help in modifying the initial environmental
measuremen ts program.

Data obtained from this program should be used by
the licensee to show that environmental levels are
consistent with those determined from the effluent
radiation monitoring and sampling program. The latter
program is used together with dispersion estimates to
ensure that plant releases to the environment and
radiation doses to the public are maintained within the
numerical design objectives determined to be as low as
practicable.

The Commission's staff has evaluated the types of
information needed to provide supporting evidence for
assessing the performance of the plant with respect to
keeping population exposures as low as practicable and
to verify predictions of concentrations of specific
radionuclides in the environment based on effluent
measurements at the plant. Based on this evaluation and
on a review and assessment of existing licensees'
monitoring and reporting programs, the staff has de
veloped the regulatory position set forth below.

c. REGULATORY POSITION

The program for monitoring radioactivity in the
environs of nuclear power plants should provide suitable
information from which levels of radiation and radio
activity in the environs of each plant can be estimated.

1 A species, whether animal or plant, is "important" if a specific
ca usa! link can be identified or hypothesized between the
nuclear power plant and the species and if one or more of the
following criteria applies: (1) the species is commercially or
recreationally valuable, (2) the species is threatened or endan
gered, (3) the species affects the well-being of some important
species within criteria (1) or (2), or (4) the species is critical to
the structure and function of the ecological system or is a
biological indicator of radionuclides in the environment. A
threatened or endangered species is any species officially
designated as such by the Secretary of the Interior or the
Secretary of Commerce.
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This information also may proVide supporting evidence
in evaluating the performance of systems and equipment
installed to control releases of radioactive material to the
environment.

The basic principles set forth in this guide constitute
an acceptable basis for use in establishing an environ
mental monitoring program. These same principles will
also be used as bas<:;s in developing the licensee's
corresponding technical specifications. Guidance on the
format, content, and preparation of AppendiX B envi
ronmental technical specifications for operating licenses
is presented in Regulatory Guide 4.8, "Environmental
Technical Specifications for Nuclear Power Plants."

1.• Preoperational Program

A preoperational monitoring program should be
initiated two years prior to operation to provide a
sufficien t data base for comparison with operational
data and to provide experience that will improve the
efficiency of the operational program. It may not be
necessary for all media in the preoperational program to
be sampled for the entire two-year period; i.e., for those
media sampled frequently, a six-month or one-year
period is usually sufficient. However, if the sampling
period is not representative, because of abnormal con
ditions, the period may require extension until repre
sentative samples are obtained.

2. Operational Program

Generally, the operational program should be an
extension of the preoperational program to ensure that
data from the two programs are compatible and that a
smooth transition between programs is achieved.

a. Sample Media

Where practical, a suitable indicator medium or
organism in each important pathway should be sampled
and analyzed for the plant.contributed radionuclides
released to the environment. When sampling organisms,
an abundant, readily available species with known habits
should be selected.

Careful attention should be given to sampling
programs to avoid inducing serious stress on populations
of important species. Sampling of large numbers of
organisms could resul t in a temporary decline or
permanent loss of desirable populations. In such cases,
other indigenous but abundant species should be substi
tuted as indicator organisms to provide an estimate of
the radionuclides available to man through natural food
chains. In some instances, properly selected and sampled
vegetation may also provide a good measure of the
radionuclides in a pathway:

o

o
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o Where use of a single indicator medium is impracti
cal, samples of several media from each pathway should
be collected and analyzed. The Commission recognizes
that some pathways do not have more than one
environmental medium; e.g., external radiation expo
sures from clouds of gamma-ray-emitting radionuclides
involve only one pathway - the atmosphere. The actual
number of media to be sampled in each pathway should
be determined on a case-by-case basis for each site. In
some cases, field measurements may be preferable to
collecting samples for laboratory analysis.

The program should include sampling of environ
mental media to estimate radionuclide concentrations in
important biota (see B.3 above). Radiation exposures
(external) and internal doses from short-lived nuclides
may be estimated by calculations (using effluent
measurements and appropriate dIspersion and bioaccu
mulation factors) rather than by routine collection of
samples of environmental media. In some cases, field
measurements at certain locations to establish concentra
tions of specific radionuclides may be necessary,
initially, to confirm predictions.

b. Sampling Frequency

When a radionuclide has a short half-life (minutes
to days), it may be necessary to evaluate concentrations
or radiation exposure by making measurements in the
field (e.g., by use of thermoluminescent dosimeters,
pressurized ion chambers, or in situ gamma spectro
meters).

When a radionuclide with an intermediate half-life
(weeks to months) is released continuously or fre
quently, sampling and analysis of environmental media
in the associated pathway should generally be carried
out at intervals no greater than two or three half-lives of
the nuclide. For long-half-life radionuclides (years),
measurements should generally be made at least once per
year. Where seasonal or other temporal variations may
be evident, the frequency of sampling should be planned
to allow resolution of any important effects.

In some cases, sampling on a continuous basis may
be necessary (e.g., air sampling and continuous measure
ment of cumulative external radiation exposure).
Composites of some selected sample types such as air
mters may be appropriate for measurement oflong-lived
radionuclides.

c. Program Scope

During the initial three years of commercial power
operation (or other period corresponding to maximum
fuel burnup in the initial core cycle), the measurement
program should be relatively comprehensive in an
attempt to verify any projected correlations between

RAD-REA
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radioactive effluents and levels in environmental media.
The extent of measurement of environmental media
should be based on the type, quantity, and concentra
tion of radionuclides expected from the plant as well as
the results ohtained from previous measurements.

If, after this period, the licensee is able to
demonstrate from levels in environmental media or
calculations (using measured effluents and appropriate
dispersion and bioaccumulation factors) that the doses
and concentrations associated with a particular pathway
are sufficiently small, the number of media sampled in
the pathway and the frequency of sampling may be
reduced. An adequate program with emphasis on indi
cator organisms and selected media should still be
continued in order to confirm that the levels of
radioactivity in environmental media remain small.

Results from all individual measurements should
be retained by the licensee along with information on
sampling location and date, sample size (e.g., wet/dry
weight), sampling and analytical procedures, units of
data presentation, and precision and accuracy associated
with individual measurements. Explanations of anoma
lous measurements should be provided.

d. Analyses

Samples should be analyzed for plant-contributed
radionuclides released to the environment. Gross radio
activity measurements alone are generally not adequate
for radiological monitoring. However, gross radioactivity
measurements may be useful to indicate the concentra
tion of a specific radionuclide when such measurements
are shown to be truly indicative of the actual quantity or
concentration of that radionuclide.

e. Quality Control

Control checks and tests should be applied to the
analytical process by the use of blind duplicate analyses
of selected samples. and by cross-check analysis of
selected samples with an independent laboratory.
Quality controls should also be applied to the entire
sample-collection procedure to ensure that representa
tive samples are obtained ang that samples are not
changed, cross-contaminated, or otherwise affected prior
to their analysis because of handling or because of their
storage environment.

3. Detection Capabilities

The detection capabilities associated with measuring
and analyzing radioactivity levels should be established
primarily on the basis of potential human dose. These
detection capabilities will vary depending on the instru
mentation and analytical techniques used. Because of
the need for a preoperational monitoring program,

3.2.2-BS
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detection capabilities for a particular program should be
determined during an early stage of licensing. Every
reasonable effort should be made to achieve detection
capabilities that will detect radiation levels or radio
activity concentrations in pathways that could result in
radiation doses corresponding to a few percent of the
Federal Radiation Council's radiation protection guides
(i.e., a few percent of 170 mrem/yr for whole body dose
to a suitable sample of the exposed population).2
Similarly, the detection capabiIi ty of environmental
measurements should be the most sensitive that is
practicably achievable for measuring plant-contributed
radionuclides in the environment.

2 Federal Radiation Council Report No.1, Background Material
for the Development of Radiation Protection Standards, May
13,1960.
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D. IMPLEMENTATION

The purpose of this section is to provide information
to applicants and licensees regarding the NRC staffs
plans for utilizing this regulatory guide.

This guide reflects current regulatory practice. There
fore, except in those cases in which the applicant
proposes an alternative method for complying with
specified portions of the Commission's regulations, the
method described herein .will be used in the evaluation
of submittals for operating license or construction
permit applications docketed after the date of issue of
this guide.

If an applicant wishes to use this regulatory guide in
developing submittals for applications docketed on or
prior to the date of issue of this gUide, the pertinent
portions of the application will be evaluated on the basis
of this guide.

o

o
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This Environmental Radioactivity Surveillance Guide recommends
methods for conducting a minimum level of environmental radiation
surveillance outside the plant site boundary of 1ight-water-coo1ed
nuclear power facilities. An environmental surveillance program is
presented to achieve uniformity so that the data will be compatible
and subject to singular interpretation. relative to the estimated pop
ulation radiation dose. The basic concepts presented may also apply
to surveillance around other nuclear facilities such as gas-cooled and
1iquid-meta1-coo1ed nuclear power facilities and nuclear fuel repro
cessing plants. However, as additional nuclear facilities of these
types are licensed and operated, additional guides may be needed. This
Guide recommends procedures but does not establish the requirements
for any particular organization for conducting environmental surveil
lance.

Radionuc1ides released with the effluents from nuclear power
facilities become dispersed in the environment and contribute some
radiation dose to the population. Environmental radiation surveillance
programs conducted around nuclear power facilities should as a minimum
provide data which may be used'(l) for population dose calculations
which can be compared with Federal and State standards, (2) for the
evaluation of buildup of environmental radioactivity, and (3) for
public information purposes.

Technical information for development of this Guide was obtained
from radiological surveillance studies conducted by the Environmental
Protection Agency (EPA) at an operating boiling water reactor (1) and
an operating pressurized water reactor (2). These studies provlde
information on quantities and characteristics of radioactive material
released to the environment and on critical pathways by which the
public may potentially be exposed as a result of the releases.
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Appendix C: Excerpts from "Environmental Radioactivity Surveillance Guide," Report ORPjSID 72-2,
U.S. Environmental Protection Agency, Office of Radiation Programs, Washington, D.C.
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Pcsquill Atmospheric Stability Conditions
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Figure 3. Estimated distance, of maximum ground level concentration as a function of
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. (d) Site at 1.5 km based on
condition 'c'

(e) Site at 3 km based on
condition 'D'

(f) Control site at ) 20 km

based on annual
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Figure 4. Air particulate sample sites around a nuclear power facility

based on Posquill atmospheric· stobility conditions.
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Table 1. Offsite surveillance of operating Iight-water-cooled nuclear power facilities

O,,),Jd
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MONITORING

Gross f3, gamma isotopic
analysish monthly. Com
posite for tritium and
radiostrontium analysisc
quarterly

Gross f3, gamma isotopic
analysish and tritium quar
terly

Analysis type"
and frequency

Gross long-lived /3 at filter
changeb

Composite for gamma iso
topic analysis and radio
strontium analysis C quar
terly

Analyze weekly unless ab
sence of radioiodine can be
demonstrated

Gamma dose quarterly

RAD-REA
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status of dis
operations at
sampling)

Continuous collection
filter change as required

Continuous collection
canister changes· as
required

Collection
frequency

Monthly
(Record
charge
time of

Quarterly

Quarterly

Approximate number of samples
and their locations

1 sample from the 3 locations of the highest offsit.. ground
level concentrations

1 sample from 1·3 communities within a 10-mile radius of
the facility

1 sample from a location greater than a 20-mile radius in
the least prevalent annual wind direction"

Same sites as for air particulates

1 or 2 from sources most likely to be affected

2 or more dosimeters placed at each of the locations of the
air particulate samples which are located at the 3 high
est offsite ground level concentrations

2 or more dosimeters placed at each of 3 other locations
for which the highest annual offsite dose at ground level
is predicted"

2 or more dosimeters placed at each of 1-3 communities
within a 10-mile radius of the facility'

2 or more dosimeters placed at a location greater than a
20-mile radius in the least prevalent annual wind direc
tiond

1 upstream
1 downstream after dilution (e.g., 1 mile)

Air particulates

Operation or
sample type

Air iodine

Direct radiation

Surface waterg

Ground water

o

Drinking water

Sediment, benthic
organisms and
aquatic plants

Milk

Any supplies obtained within 10 miles of the facility
which could be affected by its discharges or the first
supply within 100 miles if none exists within 10 miles

1 directly dowstream of outfall!
1 upstream of outfall!
1 at dam site dowstream or in impoundments!

1 sample at nearest offsite dairy farm in the prevailing
downwind direction

1 sample of milk from local dairy representative of milk
shed for the area

Continuous proportional
samples I

Semiannually

Monthly

Gross 13, gamma isotopic
analysish monthly. Com
posite for tritium and
radiostrontium analysis
quarterly·

Gamma isotopic analysis
semiannually

Gamma isotopic analysis and
radiostrontium analysis
monthly·

Fish and
shellfish

Fruits and
vegetables

Meat and
poultry

1 of each of principal edible types from vicinity of outfall
1 of each of the' sample types from area not infiuenced by

the discharges

1 each of principal food products grown near the point of
maximum predicted annual ground concentration from
stack releases and from any area which is irrigated by
water in which liquid plant wastes have been discharged

1 each of the same foods grown at greater than 20 miles
distance in the least prevalent wind direction

Meat, .poultry, and eggs· from animals fed on crops gorown
within 10 miles of the facility at the prevailing down
wind direction or where drinking water is supplied
from a downstream source

Semiannually

Annually
(At harvest)

Annually during or im
mediately following
grazing- season

Gamma isotopic analysis
semiannually on edible
portions

Gamma isotopic analysis an
nuaBy on edible portions

Gamma isotopic analysis an
nually on edible portions

Quality controlt Samples as required for accurate sampling and analysis Minimum frequency-annu
ally

o

a Gamma isotopic analysis means iden\iflcation of gamma emitters
plus quantitative results for radionuclides that may be attributable to
the facility.

h Particulate sample filters should be analyzed for gross beta after
at least 24 hours to allow for radon and thoron daughter decay.

c Radiostrontium analysis is to be done only if gamma isotopic
analysis indicates presence of cesium-137 associated with nuclear
power facility discharges.

"The purpose of this samJ)le is to obtain background information.
If it is not practical to locate a site in accordance with the cri
terion, another site which provides valid background data should be
used.

e These sites based on estimated dose levels, as opposed to ground
level concentrations where the dose may be affected by sky shine,
high plumes, or direct radiation from the facility being monitored.

'These locations will normally coincide with the air particulate
samplers used in the monitored communities.

g For facilities not located on a stream, the upstream sample should
be a sample taken at a distance beyond significant influence of the
discharges. The downstream sample should be taken in an area be
yond the outfall which would allow for mixing and dilution. Up
stream samples taken in a tidal area must be taken far enough
upstream to be beyond the plant influence when the effluent is ac
tually flowing upstream during incoming tides.

h If gross beta exceed 30 pCi/liter.

I Drinking water samples should be taken continuously at the sur
face water intake to municipal water supplies. Alternatively, if a
reservoir is used, drinking water samples should be taken from the
reservoir monthly. If the holding time for the reservoir is less than
1 month, then the sampling frequency should equal this holdup time.
Increases in concentration of activation and/or fission products at
these sources necessitate the analysis of tap water for the purpose
of dose calculations. Additional analyses of tap water may be nec
essary to satisfy public demand.

J See figure 6 for locations on a stream. For facilities located on
large bodies of water, sampling sites should be located at the dis
charge point and in both directions along the shore line.

t The Analytical Quality Control Service of the Surveillance and
Inspection Division (SID) provides low-level radiochemical stand
ards and interlaboratory services to State and local health depart
ments, Federal and international agencies, and nuclear power
facilities and their contractors. The Service operates several types
of cross-check programs for the analysis of radionuclide in envi
ronmental media, such as milk, food, water, air, and soil. The sam
ples are submitted on a routine schedule designed to fit the needs of
each laboratory. Technical experiments are undertaken to permit
detailed analyses of the accuracy and precision obtained by partici
pating laboratories. In addition, low-level radioactivity standards are
provided to the agencies participating in the various programs. Pri
mary and secondary standardization is also performed as needed on
those radionuclides not used on a routine basis.
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Table 2. Detection capabilities associated with analytiCal methods of environmental radioactivity surveillance

Media
and

isotope

Analytical
method

from tahle 3

Sample
size

Minimum
detectahle

levels·

Annual dose
associated
withMDL

(mrem/yr) b

Assumption for
dose model

Critical Annual
organ intakec

300 m3...••••.............••.•••.•••••. 4X10-2 pCi/m3 1.0
Not applicable 620 mrem/yr 20
1 m 3 1 pCl/m3.............................. .002
10-15 ml of condensate .f5 X 10-3 pCi/m3.................. .000013

Ail' particulates:

Gross beta E
""Sr _ F
IJOSr., F
,,·Cs A
137CS A
HOBa·La A

Air gases:

131L............... ......••...... A
Short-lived gases B
S6Kr C
sH (HTO) , D

300 ms 3X10-s pCl/ms .
1,200 ms 5X10-s pCl/m3 .
1,200 m 3 1X10..3 pCl/ms .
1,200 m3 1X10·. pCl/m3 .
1,200 m3 1X10-. pCl/m3 .
1,200 m 3 1X10·. pCl/ms .

0.025
.05
.005
.0025
.0038

Bone 7,300 m S

Bone 7,300 m 3
Bone 7,300 m S

Total body 7,300 m3
Total body 7,300 rns
GI (LL!) 7,300 m3

Thyroid d1,710 m S

Total body Not applicable
Skin Not applicable
Body Tissue 7,300 m 3

Water:

Bone .440 liters

Body tissue 440 liters

Thyroid .440 liters

Fat 440 liters

Bone 440 liters o

....440 liters

.... 440 liters

GI (LLI) 440 liters

GI (LLI) 440 liters

Total body .440 liters
Total body... ..440 liters
Total body .440 liters
Total body.... . .440 liters
GI (LLI) .... ... 440 liters

GI (LLI) 440 liters
GI (LLI) 440 liters
GI (LLI) 440 liters
GI (LLI) ..440 liters

Spleen ...
GI (LL!) ....

100 mL................................ 20 pCi/liter...................... -.32
3.5 Iiters~........................... 10 pCi/liter...................... .082
3.5 liters.............................. 10 pCi/liter...................... .16
3.5 liters.............................. 10 pCi/liter...................... .41
1 liter 1.0 pCi/liter...................... .041
1 liter 1.0 pCi/liter...................... .041
4-5 mL. 200 pCi/liter...................... .018
10-15 mL. 200 pCi/liter...................... .018
10-50 mL. _ 400 pCi/liter...................... .036
200 mL................ 30 pCi/liter...................... .031
500 mL................................ .6 pCi/liter...................... .0006
1 liter................................. 5 pCi/liter...................... 1.4
1 liter.................................. 5 pCi/liter...................... 1.4
1 liter.................................. 5 pCi/liter...................... 1.4
1 liter.................................. 5 pCi/liter...................... 1.4
1 liter................. 1.0 pCi/liter...................... 2.7
1 liter............... 1.0 pCi/liter.. 2.7
1 liter................. 1.0 pCi/liter............ 2.7
1 liter.................. 1.0 pCi/liter 2.7
1 liter 1.0 pCi/liter...................... .03
3.5 liters................. 10 pCi/liter...................... .30
3.5 liters................ 10 pCi/liter...................... .14
3.5 liters 20 pCi/liter...................... .054
3.5 liters............. 10 pCi/liter............. .082
400 mi................... 40 pCi/liter..................... .32
100 mL................. 20 pCi/liter...................... .02
3.5 liters............... 20 pCi/liter............ .27
100 mI 100 pCi/liter............ 1.4
3.5 liters ,.......... 10 pCi/liter 27
100 mL................................ 10 pCi/liter 27
10 liters 04 pCi/liter............ .1
3.5 liters.............................. 5 pCi/liter..................... .071
200 mL............................... 15 pCi/liter...................... .21
200 mL.................. 25 pCl/liter....................... .21

5·,80Co A
5·Co B
ooCo B
,.oBa_La B

H
I

3H J
K
L

HC M
S

··Sr N
o
p
R

.oSr N
o
p
Q

134-, 137C8 B
13·CS C
137CS.......... . C
86Zn B
"'Mn B

D
··Fe. . E
··Fe B

E
13'1................ ... B

F
T

..Zr-Nb B

..Zr G

..Nb G

Milk:

80Sr B
C
D

ooSr.......... . A
B
C
D

131L E
1s·Cs E
137CS E

1 liter .
1 liter
1 liter.
1 liter .
1 liter.
1 liter
1 liter
3.5 liters .
3.5 liters .
3.5 liters .

5 pCi/liter 1.2

1 pCi/liter............ 2.3

10 pCl/liter 50
10 pCi/liter................. .25
10 pCi/liter...................... .11

Bone 365 liters

Bone 365 liters

Thyroid 365 liters
Total body 365 liters
Total body 365 liters

See footnotes at end of table.

o
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Table 2. Detection capabilities associated with analytical methods of environmental radioactivity surveillance
continued

...Co...................... ...A
ooCo A
1a,cs A
137CS , A
··Zn A
"'Mn A
.oFe A
··Fe B'
..Sr C

D
9OSr C

D
E

200 grams 80 pCi/kg .
200 grams.......................... 80 pCi/kg .
200 grams ·80 pCi/kg __ __
200 grams __ 80 pCi/kg __ .
200 grams 160 pCi/kg __ .
200 grams __ 80 pCi/kg. .
200 grams __ 160 pCi/kg .
100 grams __ 20 pCi/kg __ .
200 grams 25 pCi/kg__ __ ..
200 grams 25 pCi/kg , .
200 grams 5.0 pCi/kg__ .. __..__ __..
200 grams __ .. 5.0 pCi/kg .
200 grams __.. __. 5.0 pCi/kg__..__ .

Media
and

isotope

Shellfish (fish):

Analytical
method

from table 3
Sample

size
Minimum
detectable

Ievelsa

Annual dose
associated
with MDL

(mrem/yr)b

.027

.054

.1

.046

.018

.027

.091

.00028
.28
.28
.55
.55
.55

Assumption for
dose model

Critical Annual
organ intakeC

GI (LLI) __ 18.25 kg
GI (LLI) 18.25 kg
Total body __..__ 18.25 kg
Total body 18.25 kg
Total body ..__ 18.25 kg
GI (LLI) . ..__ __..__ ..__ 18.25 kg
GI (LLI) __ __ 18.25 kg
Spleen 18.25 kg
Bone __ 18.25 kg

Bone __ 18.25 kg

• The mInimum detectable levels (MDL) are practical detection
levels. rather than theoretical detection levels. These levels are
characteristic of the analytical procedure and the counting instru
mentation in use. The MDL's listed assume the following instru
mentation: (1) low background beta counter. (2) standard gamma
scan-400 to 512 multichannel analyzer-4-by 4-inch Nal(Tl)
detector, and (3) tritium-liquid scintillation counter. The detection
limit for a specific radionuclide by gamma spectrometry is de
pendent upon the quantities of other .radionuclides present in the
sample. The detection limits tested ate those practically obtained
with the concentrations and mixtures of radionuclides normally
encountered with environmental samples. If only a single radio
nuclide is present in a sample to be analyzed by gamma spectrom
etry. then the detection limits listed could probably be reduced by
a factor of 2. The detection limits for specific nuclides would be
considerably greater t1)an those listed when complicated 'mixtures
are encountered and in particular when certain constituents are
present in relatively high concentrations.

b These values were obtained by a simple ratio relating Radiation
Protection Guides of the Federal Radiation Council (34) to the dose
associated with these Guides. Actual dose calculations resulting from
specific environmental levels should take into consideration addi
tional factors relating to pathways. intake and other environmental
factors as appropriate.

C Intake values assume standard man quantities or other refer-
enced values as folIows:

1. 1 liter of milk per day for a 1-year-old child (17).
2. 1.2 liters of water per day. adult (18).
3. 20 cubic meters of air breathed per day for an adult (18).
4. 4.7 cubic meters of air breathed per day for a l-year-old

child (17).
5. 1.87 kilograms of food consumed per day for total diet of

a teenager (19).
6. 50 grams per day of shellfish (2Q).

d The annual intake of air is for a child (age 1 year). In the
case of 1311. the child thyroid is the limiting factor.

e CaF2: Mn dosimeter encapsulated in 4l1K-free glass or equivalent.
, Assuming temperature of 75" Farenheit and 90 percent relative

humidity.
• The critical organ for OR gas may be the skin. depending upon

the state of the 3R (gaseous or oxide). The body tissue is used
as the most conservative case.

• Assumed worst case mixture of 100 percent of ooCo.
• Procedure B under shellfish is for aqueous solutions so that

preliminary sample preparation is necessary prior to entering
this procedure.

Table 3. Analytical methods for routine environmental radioactivity surveillance

Media Code Analytical method References
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Air.. .A

B
C
D
E
F

Water .__...__....A
B
C
D
E
F
G
H
I
J
K
L
M
N
o
P
Q
R
S
T

Milk. .... __..__..__ A
B
C
D
E

Shellfish. . A
B
C
D
E

Gamma Spectrometry for lodine-131 of Air Filters or Cartridge
Samples (6.2.2.) . . (8)

Dosimeter-External Exposure __._ __ ..__ _ _ __ __.. (13)
Cryogenic Separation and Liquid Scintillation Counting __ (21)
Determination of Tritium in Water _ _ __.__ __ (9.14)
Gross Beta Counting of Air Filters (6.2.1) ..~ __ __ __.... (8)
Oxalate Precipitation (6.2.6) __ __. .__ __ .. .__. (8)

Cobalt and Nickel __ ._.__ ..__ __.. (10)
Gamma Analysis in Water (5.2.6 ) __.. ..__..__. . (8 )
Cesium-Phosphomolybda~Chloroplatinate Method __.. .. . . (10)
Radioactive Manganese (ASTM D2039-69) .__ __. .. __.. __.. (10 )
Radioactive Iron (ASTM D2461-69) .... __... ..._.__....... (10)
Radioactive Iodine Distillation (ASTM D2334-68) ...... -------------- (10)
Zirconium-Niobium-95 __ __ .__. __ (10)
Basic Carbonate' Method (5.2.3) . .. .. __ . (8)
Radioactive Barium (ASTM D2038-68) __.. . . (10)
Radioactive Tritium (ASTM D2476-69) . ..__.._ __..__. . . (10)
Determination of Tritium in Water __ . .. .. (9.14)
Distillation Method-Tritium (5.2.5) __ . (8 )
Carbon-14-Distillation to CaCO. . __ __ __. ..__ __. .. .__ . (10)
Basic Carbonate Method for Saline Water (5.2.2) ...__.__ .... .__. (8)
Radiostrontium in Saline Water (5.2.2) __ . (8 )

~B~a~x:;~~\~~tatls~ro~~~-~O)(5'fii.2)....:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ~ ~ \
Difference Method (Strontium-89) (5.2.2) __ .__.__.__ __ (8)
Carbonate Carbon-14 by Liquid Scintillation Counting . __ .__.._ (l12)
lodine-131 by Ion Exchange and Precipitation .. __._ __ (22)

Reference Method-TBP Extraction (3.2.1) __ __ __. (8)
TCA Precipitation Method-Nitric .Acid Separation (3.2.2) .(8.9)
lon-Exchange Procedure-TBP Extraction (3.2.3) ...__..__.. __. (8, 9)
Batch lon-Exchange Procedure-TBP Extraction' (3.2.3) .. (8)
Gamma Spectrometry on Milk (3.2.4) _ (8)

Gamma Spectrometry of Soft Tissue (7.2.6) . .__..__.. __ (8)
Radioactive Iron (ASTM D2461-69) . ..__... .. .. ..__. . (10)
TTA Extraction Method (4.2.2 ) ..__ __. (8)
TBP Extraction Method (4.2.3) __ __ . . (8 )
RDERP Extraction Method (4.2.1) __ __ ..__ (8)

3.2.2-C9
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SUBCHAPTER F-RADIATION PROTECTION PROGRAMS

i\
:~)

PART 190-ENVIRONMENTAL RADI
ATION PROTECTION STANDARDS
FOR NUCLEAR POWER OPER
ATIONS

Subpart A-General Provilloni

Sec.
190.01 Applicability.
190.02 Definitions.

Subpart 8-Envlronmental Standardl for the
Uranium Fuel Cycle

190.10 Standards for normal operations.
190.11 Variances for unusual operations.
190.12 Effective date.

AUTHORITY: Atomic Energy Act of 1954, as
amended; Reorganization Plan No.3, of
1970.

SOURCE: 42 FR 2860, Jan. 13, 1977, unless
otherwise noted.

Subpart A-General Provisions

§ 190.01 Applicability.
The provisions of this Part apply to

radia,tion doses received by members
of the public in the general environ
ment and to radioactive materials in
troduced into the general environment
as the result of operations which are
part of a nuclear fuel cycle.

§ 190.02 Definitions.
(a) "Nuclear fuel cycle" means the

operations defined to be associated
with the production of electrical
power for public use by any fuel cycle,
through utilization of nuclear energy.

(b) "Uranium fuel cycle" means the
operations of milling of uranium ore,
chemical conversion of uranium, isoto
pic enrichment of uranium, fabrica
tion of uranium fuel, generation of
electricity by a light-water-cooled nu
clear power plant using uranium fuel,
and reprocessing of spent uranium
fuel, to the extent that these directly
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support the production of electrical
power for public use utilizing nuclear
energy, but excludes mining oper
ations, operations at waste disposal
sites, transportation of any radioactive
material in support of these oper
ations, and the reuse of recovered non
uranium special nuclear and by-prod
uct materials from the cycle.

(c) "General environment" means
the total terrestrial, atmospheric and
aquatic environments outside sites
upon which any operation which is
part of a nuclear fuel cycle is conduct
ed.

(d) "Site" means the area contained
within the boundary of a location
under the control of persons possess~

ing or using radioactive material on
which is conducted one, or more oper
ations covered by this Part.

(e) "Radiation" means any or all of
the following: alpha, beta, gamma, or
X-rays; neutrons; and high-energy
electrons, protons, or other atomic
particles; but not sound or radio
waves, nor visible, infrared, or ultra
violet light.

(f) "Radioactive material" means
any material which spontaneously
emits radiation.
, (g) "Curie" (Ci) means that quantity

of radioactive material producing 37
billion nuclear transformations per
second. (One millicurie (mCi)=O.OOl
Ci.) .

(h) "Dose equivalent" melUlS the
product of absorbed dose and appro
priate factors to account for differ
ences in biological effectiveness due to
the quality of radiation and its spatial
distribution in the body. The unit of
dose equivalent is the "rem." (One mil
lirem (mrem)= 0.001 rem.)

(i) "Organ" means any human organ
exclusive of the dermis, the epidermis,
or the cornea.
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(j) "Gigawatt-year" refers to the
quantity of electrical energy produced
at the busbar of a generating station.
A gigawatt is equal to one billion
watts. A gigawatt-year is equivalent to
the amount of energy output repre
sented by an average electric power
level of one gigawatt sustained for one
year.

(k) "Member of the public" means
any individual that can receive a radi
ation dose in the general environment,
whether he mayor may not also be ex
posed to radiation in an occupation as
sociated with a nuclear fuel cycle.
However, an individual is not consid
ered a member of the public during
any period in which he is engaged in
carrying out any operation which is
part of a nuclear fuel cycle.

0) "Regulatory agency" means the
government agency responsible for is
suing regulations governing the use of
sources of radiation or radioactive ma
terials or emissions therefrom and car
rying out inspection and enforcement
activities to assure compliance with
such regulations.

Subpart I-Environmental Standards
for the Uranium Fuel Cycle

§ 190.10 Standards for normal operations.

Operations covered by this Subpart
shall be conducted in such a manner
as to provide reasonable assurance
that:

(a) The annual dose equivalent does
not exceed 25 millirems to the whole
body, 75 millirems to the thyroid, and
25 millirems to any other organ of any
member of the public as the result of
exposures to planned discharges of ra
dioactive materials, radon and its
daughters excepted, to the general en
vironment from uranium fuel cycle op-
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erations and to radiation from these
operations.

(b) The total quantity of radioactive
materials entering the general envi
ronment from the entire uranium fuel
cycle, per gigawatt-year of electrical
energy produced by the fuel cycle,
contains less than 50,000 curies of
krypton-85, 5 millicuries of iOdine-129,
and 0.5 millicuries combined of pluto
nium-239 and other alpha-emitting
transuranic radionuclides with half
lives greater than one year.
§ 190.11 Variances for unusual operations.

The standards specified in § 190.10
may be exceeded if:

(a) The regulatory agency has grant
ed a variance based upon its determi
nation that a temporary and unusual
operating condition exists and contin
ued operation is in the public interest,
and

(b) Information is promptly made a
matter of public record delineating the
nature of unusual operating condi
tions, the degree to which this oper
ation is expected to result in levels in
excess of the standards, the basis of
the variance, and the schedule for
achieving conformance with the stand
ards.

§ 190.12 Effective date.

(a) The standards in § 190.10(a) shall
be effective December 1, 1979, except
that for doses arising from operations
associated with the milling of uranium
ore the effective date shall be Decem
ber 1, 1980.

(b) The standards in § 190.10(b) shall
be effective December 1, 1979, except
that the standards for krypton-85 and
iodine-129 shall be effective January 1,
1983, fOf, any such radioactive materi
als generated by the fission process
after these dates.
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APPENDIX E

PRESSURIZED WATER REACTOR
To further illustrate the required sensitivity and other measurement considerations we also
quote from "Radiological Surveillance Study at the Haddam Neck PWR Nuclear Power
Station," Section 8, Summary and Conclusions (Reference 27). This was a study per
formed around the Haddam Neck reactor in Haddam Neck, Connecticut.

8.1 Radionuclides in Effluents from the
Haddam Neck Station

Radionuclides were discharged by numerous
pathways in small amounts relative to effluent limits.
The largest constituents among radioactive effluents
were lH, mostly in liquid waste, and 13lXe, mostly in
airborne waste. These observations appear to be
generally applicable to large PWR nuclear power
stations, except that less lH is discharged when the fuel
is clad in Zircaloy instead of stainless steel. Lesser
discharges of many radionuclides, including 13lXe, have
been predicted when additional waste treatment is

discharges reported by the station operator and the
discharge estimates presented in the Environmental
Statement for the station; any differences in individual
values are discussed in Sections 3 and 4. The largest
discrepancy concerns calculations based on a 'model'
plant: the amounts ofdischarged gaseous radionuclides
are similar to those predicted for 0.25 percent of fuel
elements releasing radionuclides to the coolant,
although this value was only 0.02 percent at the
Haddam Neck station.

The estimated amounts of radionuclides in airborne
effluents during the second half of 1970 and the first
half of 1971 are as follows:

Radionuclides in airborne effluents, Ci/yr

Radionuclide

(1)

Waste gas
surge sphere

(2)
Vapor

container
air

(3)
Primary
auxiliary
bldg air

(4)
Steam jet
air ejector

(5)
Fuel bldg

air

(6)
Primary

vent
stack

(7)
Turbine
bldg air

JH 0.007 0.18 4.3 0.081 2.3 12. 150.
"c 0.032 0.18 <2. 0.051 0.3 <3. <10.
"'Kr na na na 6.6 na na na
"Kr 29. 77. 9.1 12. 0.8 26. 43.
"Kr na na na 10. na na na
uKr na na na 17. na na na
'UooXe 0.4 0.3 na 18. na na na
'''Xe 130. 120. 650. 1,100. <12. 1,500. <400.
'''Xe 0.50 na na 58. na na na
Ill} 0.0007 na na na na 0.013 na
Long-lived 0.0003 na na na na 0.003 na

particulate

note: na = not analyzed

o

applied to meet 'as low as practicable' criteria for
design objectives.

Results of the effluent measurements in this study
are summarized below, based on the information in
Sections 3 and 4. For simplicity, they are given as
annual releases. Because these values were obtained by
occasional sampling, they should be considered only
indications of the magnitude of radionuclide
discharges. Exact values must be derived from frequent
or continuous measurements at the many waste
streams or discharge locations. The totals (see Sections
3.3.13 and 4.3.3) are comparable to the annual

The values in data column 6 include the same
wastes as those in columns 3, 4, and 5, and also
discharges from the blowdown flash tank, which could

. not be measured separately. The JH and I·C values are
for all forms of the radionuclides, but distinctions
between tritiated water and gases, and between I·C in
COl and other gases, are made in Section 3 for several
of the waste streams. A small amount of·'Ar was also
observed in one of the gaseous wastes. The presence of
tJ. Kr, ItKr, IJI·Xe, IJ""Xe, 1J7Xe, and IJ'Xe in curie
amounts was inferred, although these radionuclides
could not be measured. Short-lived progeny of noble

3.2.2-El
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gases, such as "Rb, and relatively short-lived iodine
isotopes, such as lUI and 1351, were also indicated to be
present. Some of the listed values in ventilating air were
noted to be uncertain because too few samples were
collected. A few totals are incomplete because a
contributing waste stream could not be sampled.

The tabulation suggests that the usual program of
radioactive gas measurements at the air ejector and in
waste tanks can account for a large fraction of the
discharges. Discharged ventilating air, however, also
carries radioactivity by a variety of pathways. The
radionuclide compositions of the various effluents
differ widely.

The estimated amounts of radionuclides in liquid
effluents during the same period are as follows:

Radionac:lides in liquid effluents, Ci/yr

Reactor system Secondary system waste

Radionuclide waste blowdoWD ~

'H 8 I 10' 6 I 10' 2 I 1(1"
"c 3 I 10" 6 I 10"
"Na ND 2 I 10"
up 5 I 10" 7 X 10"
"Cr 3 I 10" 2 I 10"
"Mn 1 I 10" 2· I 10"
"Fe 4 I 10" 4 I 10"
"Fe 8 I 10" (6 I 10")
"Co 6 I 10" (2 I 10")
"Co 4 I 10" 2 I 10"
"Co 2 X 10" 1 I 10"
"Ni 6 I 10" (2 x 10")
"Sr 4 I 10" 1 I 10"
"Zr 5 x 10" 2 x 10"
"Nb 3 I 10" (2 x 10")
"Mo < 1 I 10" 3 I 10"
""Ag 3 I 10" ND
"'I 4 2
IllI 1 x 10" 2
Inl ND 8 x 10"
IJ3Xe 2 I 10' ND
"'Cs 1 I 10" 8 x 10"
I ..Cs < 1 I 10" 2 X 10"
"'Cs 2 I 10" 8 I 10"

note: ND-not detected

Tritium was assumed to be the only radionuclide in
water leaking from the secondary system, although no
confirmatory measurements were made. The values in
parentheses were inferred as described in Section 4.3.3.
Unlisted radionuclides, such as "Sr, were not detected
in any effluent samples; less-than values for some are
given in Section 4.3.3.

The bulk of the effluent radioactivity was
discharged from the reactor waste system. A few
radionuclides, however, were in higher amounts in
secondary system blowdown, which is discharged
without storage or treatment.

RAD-REA
Appendix E
Page 2

8.2Radionuclidesin the Enyironmentat
the HaddJlJ11 Neck Station

Radionuclides at low concentrations from the
station were found in various media sampled in the
aquatic environment:

(1) The radionuclides JH and IJII were in water at
concentrations of approximately 10 pCilml
and 1 pCilliter, respectively. The
radionuclides 51Co and I:J.4Cs were at
concentrations between 0.1 and 1 pCilliter.
Samples with these contents were obtained in
the coolant water discharge canal and within a
few kilometers of its mouth in the Connecticut
River (see Sections 4.3.4 and 5.2).

(2) Numerous radionuclides were in algae,
plankton, and aquatic plants collected at the
mouth of the canal and nearby in the
Connecticut River. Iron-55 had the highest
concentration in these samples, at 41 pCilg
wet weight (see Section 5.4).

(3) Fish caught in the canal contained JH, I'C, 1311,
1J4Cs, and IJ7Cs. The highest concentration, of
JH, was 2.9 pCi/g wet weight of tissue,
compared to a background value of 0.6 pCilg.
One sample of shad, which swim up the
Connecticut River for a brief period to spawn,
showed a similar increase in JH concentration,
but contained no other radionuclides
attributed to the station (see Section 5.5).
Oysters and clams from the mouth of the
Connecticut River had no elevated levels of
radionuclides (see Section 5.6). No shellfish
were found in or near the coolant canal,
although their presence had been reported.

(4) Sediment from some locations that accumulate
silt along the east bank of the Connecticut
River at and just above and below the mouth of
the canal contained 54Mn, 57Co, 5ICo, 6OCO,
IJ4Cs, and IJ7Cs attributed to station effluents.
The presence of 5ICo was usually most
apparent; its highest concentration was 13.5
pCi/g (see Section 5.7).

Radioactive effluents and direct radiation from the
station could not be readily detectt;d in the terrestrial
environment. No radionuclides attributed to the station
were found in well water from just beyond the station
boundary, in vegetables from nearby gardens, in milk
from nearby dairy farms, or in the meat of deer killed
near the station (see Sections 7.2, 7.3, 7.4, and 7.6). The
following special measurements showed radionuclides
or radiations from the station in the environment: o

3.2.2-E2
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(1) The thyroid of one dairy cow that had grazed
on a hill 3.3 kIn distant from the station
contained 21 pCi of 1311 (0.4 pCilg thyroid) at
the time when the 1311discharge from the stack
was approximately 10.3uCiis (see Section 7.5).
A second thyroid, from a cOw that had grazed
at the same distance but at a lower elevation
and during lesser 1311 discharges, contained no
detectable 1311( < 2 pCi).

(2) While gas from the surge sphere was
discharged for this purPOse, the presence of
IJJXe in ground-level air was observed with a
large, thin NaI(TI) detector (FIDLER) with
pulse height discrimination to count the
characteristic 81-keV gamma rays.
Measurements of lJ3Xe at a stack discharge
rate of approximately 2,000 uCiis were
possible on site. By collecting 0.5 m3 of air,
lJ3Xe and 15Kr were detected in ground level air
at concentrations of2 x 10'3 uCilm3and 4 x 10.3

uCilm3, respectively. Indications of lJ3Xe
during releases from the waste gas surge
sphere could occasionally be obtained ofT-site
with the FIDLER survey instrument. Such
measurements were not sufficiently sensitive to
detect the much lower amounts of gaseous
radioactivity discharged continuously from
the stack (see Section 6).

(3) Measurements with survey meters beyond the
station boundary showed no observable
increase over the background radiation
exposure of approximately 8 uRlh (70
mRlyr). Extrapolation of elevated radiation
exposures within the boundary suggested that
the highest exposure rate at nearby habitations .
was 0.3 uRlh (2.6 mRlyr) due to direct
radiation from the station. The exposure rate
was estimated to be lower at the nearest
population center, but higher on the
Connecticut River, where persons would be
exposed only briefly (see Section 7.7). The
source of the radiation is believed to be stored
radioactive waste.

On the basis of the observed effluent and on-site
measurements, the highest population radiation doses
were computed to be from consuming fish caught in
and near the coolant-water discharge canal and from
external radiation due to stored wastes and gaseous
discharges:

(1) fish consumption (Section 5.5.5) may have
resulted in 3 mrem/yr to bone, 6 mrem/yr to
thyroid, 0.4 mrem/yr to GI tract, and 0.3
mrem/yr to the total body;

(2) direct radiation (Section 7.7.4) may have
resulted in 3 mrem/yr to the total body;

(3) airborne discharges (Section 3.3.14) may have
resulted in 0.5 mrem/yr to the total body.

The computations-particularly those of the dose from
fish consumption-utilized several assumptions that
require checking. The external radiation doses would
be lower if adjusted for shielding and occupancy factor.

8.3MonitoringProcedures

The following procedures were demonstrated in
this and previous studies for monitoring effluents and
environments of PWR stations:

(I) measurement of effluent radionuclides other
than the long-lived ones readily detected by a
gamma-ray spectrometer; of particular
interest, in addition to usually measured 3H,
"Sr, and 9OSr, are 14C, 33p, and "Fe;

(2) measurement of 3H and 14C in their various
gaseous species. Other recent studies suggest
the inclusion of species measurements for
radioiodine in air and radiocobalt in the
aquatic environment;

(3) surveillance of sediment with submersible
gamma-ray detectors to indicate "hot spots"
for detailed sampling and analysis;

(4) use of concentration devices to collect ionic
and insoluble radionuclides from water for
measurements at concentrations of 10,10
uCilml;

(5) use of bovine thyroids to detect lJII at very low
concentrations (equivalent to 0.02 pCilliter
milk) in the terrestrial environment;

(6) use of specialized survey instruments for
detecting low levels of lJ3Xe (400 pCilm l

) in
ground-level air;

(7) collection of fish that are under conditions of
relatively restricted mobility in the
environment to study their uptake of
radionuclides.

8.4 Recommendations for
EnyironmentJdSurveillance

The observations in this study support previously
presented recommendations that assessment of
population radiation exposures from routine facility
operation be bilsed on measuring the radioactive
effluent and radiation flux at the station.
Environmental radionuclide and radiation levels
attributable to station operation were generally too

3.2.2-E3
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variable, obscured by the radiation background, or near
instrumental detection limits to be measured precisely
for evaluating exposure. Measurements at the source
must include all significant pathways and radionuclides
during the entire period of operation; critical
radionuclides can be missed by monitoring only the
obvio~ effiuents and the easily measured

J
radionuclides, or by ignoring the effects of changes in
the operating cycle. Detailed studies of in-plant
radionuclide pathways are needed for selecting an
optim~program for sampling and analysis.

Environmental measurements were found to be
useful for supporting and confirming the population
radiation exposures computed from on-site monitoring,
and for providing these computations with numerical
factors applicable to the site. Such measurements, if
performed reliably, can also be reassuring in
demonstrating that no unexpected radioactivity is in
the environment. For a station and site such as
Haddam Neck, the following measurements provide
useful information:

(l) confirmation ofcritical pathways
a) measure critical radionuclides in fish caught

in and near the coolant canal

RAD-REA
Appendix E
Page 4

b) measure external radiation exposure rates
on site and the decrease of the exposure
rate as function of distance to off-site
locations

(2) determination of numerical factors for
computing doses
a) compute X/Q values by measuring 133Xe

concentration in ground-level air relative
to the release rate at the station

b) observe long-term accumulation of
radionuclides in aquatic environment and
possible transfer to the food chain

(3) assurance that no significant exposure exists
from unforeseen sources or occasional
operational occurrences
a) measure radiation exposure at nearby

habitations
b) measure radionuclides in milk, food, and

drinking water obtained in immediate
vicinity ofstation.

This program by EPA and cooperating groups will
be concluded with a similar study at a commercially
operated BWR nuclear power station. Generic
radiological surveillance studies at other facilities in the
nuclear fuel cycle are under consideration.

o

o
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APPENDIX F
BOILING WATER REACTOR

In order to illustrate the required sensitivity and other measurement considerations we
quote from "Radiological Surveillance Studies at the Oyster Creek BWR Nuclear Generat
ing Station," Section F, Summary and Conslusions (Reference 10). This was a study
conducted between 1971 and 1973 around the Oyster Creek reactor in Ocean County,
New Jersey.

7.1 Radionuclides in Effluents from tbe
Oyster Creek Station

Radionuclides were discharged by numerous
pathways in small amounts relative to effluent limits.
The most abundant constituents among radioactive
effluents were 3H, 61 percent in liquid waste, and the
radioactive noble gases, mostly in airborne wastes. Also
in the liquid wastes, the activation products SICr, !'Mn,
55pe, 6OCO and 134CS and fission-produced 131 1, 133Xe,
135Xe and 137Cs were discharged in relatively large
quantities. These observations appear to be generally
applicable to large BWR nuclear power stations.

Results of effluent measurements in this study are
summarized below, based on the information in
Sections 3 and 4. For simplicity, they are given as
annual releases. Because these values were obtained by
occasional sampling, they should be considered only
indications of the magnitude of radionuclide
discharges. Exact values must be derived from frequent
or continuous measurements at each discharge
location.

The estimated amounts ofradionuclides in airborne
effluents during the second half of 1971 through the
first halfof 1973 are as follows:
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Radionuclides in liquid effiuents, Cilyr

The values for stack discharge in data column 5
reflect radioactivity from individual waste pathways,
columns 1 through 4. Effiuent radioactivity from
reactor startup, not included since it was not measured,
is expected to be a minor contributor. The 'H and I·C
values are for all forms of the radionuclides'
distinctions between tritiated water and gases and
between "c in CO2 and other gases are made in Section
3 for most pathways. The amounts of radionuclides in
some waste streams were inferred when their
contributions were expected to be significant. Short
lived progeny of noble gases, such as "Rb and I3ICs, and
relatively short-lived iodine isotopes, such as I'll, 13'1,
1341 d 13s1an , were also expected to be present.

Most stack radioactivity resulted from the air
ejectors on the main condensers. Ventilation air
contributed most of the 'H effiuent. Much of the "N
and short-lived noble gases in stack discharge came
from the turbine gland seal condenser.

Airborne effiuents are expected to yield a total
body dose of 2.3 mrem/year toan adult residing where
the highest annual average concentration occurs (see
Section 3.3.10). The closest resident is estimated to
receive 0.39 mrem/year, and a member of the closest
population group, 2.1 mrem/year. (Actual dose would
be lower since residential shielding and occupancy
factors were not considered.) Dose to persons fishing in
the discharge canal 700 hrs per year is expected to be
about 0.1 mrem/year.

The estimated amounts of radionuclides in liquid
effiuents during the period from August 1971 to
November 1973 are as follows:

7.2 Radionuclidesin the Aquatic
Enyironmentat the Oyster
Creek Station

t --o

o

II

NO
NO

7 x 10....

5 X 10-'

NO
NO
ND

2 Xi 10-'
4 X 10-'
9 x 10....
4 x 10....
9 x 10....

NO
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5 X 10-'
2 x '10-'
9 x 10-'
I X 10-'
5 X 10-'
9 X 10-'

I
2
4
3 X 10-'
4 X 10-'
3 X 10-'
3 X 10-'

"'Rh
""Ag
"'Sb
IJ'I
IJJI
'''Xe
"'Xe
IJ·Cs
IJ7Cs
'40Ba
'<lee
'44Ce
"'Np

Note: NO - not detected

The bulk of the liquid effiuent radioactivity was
discharged from the waste sample tanks after treatment
and storage. Only a snull quantity, generally less than
5 percent, was discharged directly from the laundry
drain tanks to the discharge canal. For the 17
radionuclides which could be compared with annual
discharges reported by the station operator; agreement
was reasonable except for the relatively low measured
quantities of l'!lNp, "Sr and "Sr. Further evidence of
agreement was derived from the ability to predict
radionuclide concentrations in the circulating coolant
canal during discharge from pte-discharge
measurements of the sample test tank contents and
appropriate dilution factors (see Sectil)l14.4).

The results obtained in this study reflect the
operations and conditions at the statioh during the
study period, October 1971 to November 1973.
According to the station operator, the replacement of
original fuel and improved fuel c1addmg pertormance
since the study period has significantly reduced otT-gas
release rates. Further reduction of radioactivity in the
otT-gas from the steam condenser air ejectors will be
realized when the plant is fitted with an extended
radwaste treatment system. Radioactivity in liquid
effiuents have also been reported by the station
operator to have decreased due to improvements in the
radwaste treatment system.

Radionuclides from the station were found at low
concentrations in various media sampled in the aquatic
environment:

(1) The following radionuclides discharged by the
station were at concentrations greater than I

Waste sample Laundry drain
tank tank

4 x 10' I X 10-'
8 X 10-' I x 10....
6 X 10-' 2 xlQ....
5 x 10-' 3 X 10-'
4 x la' 2 x la'
6 x 10-' 4 X 10-'
7 X 10-' 4 X 10-'
5 X 10-' 4 X 10-'
9 X 10-' 5 X 10-'
I X lO- l NO
5 X 10-' NO
5 X lO- l NO
I X 10-' 3 x 10....
I X 10-' 3 x 10-'
2 X 10-' I X 10-'
2 X lO- l 2 X 10-'

2 X 10-' NO
I X lO- l 2 x 10....

Radionuclide

'H
"c
"p
"Cr
S4Mn
"Fe
s'Fe
s'Co

"Co
"Cu
"Zn
"As
"Sr
"Sr
"Zr
"Nb
99Mo
"'Ru
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pCilliter in the coolant canal: 'ICr, soMn, MCo,
"Mo, l3II, 134CS and 137es. In addition. SlCo,
"Fe. 95Zr, "Nb, 141Ce and I+.tCe were detected at
concentrations between 0.1 and 1.0 pCilliter.
Concentrations of 90Sr in water from Barnegat
Bay and the intake and discharge canals were
generaUy near background levels. Manganese
54 and lOCo were measured at levels up to 2.2
and 4.0 pCilliter, respectively. in large water
samples (76-380 liters) collected from the
canals and bay. They were associated mostly
with suspended material. Predicted
radionuclide concentrations in the coolant
canal during discharge agreed usually with
measurements (see Section 5.2).

(2) Radionuclides found in station effluents were
observed in macro-algae and aquatic grasses
collected from all sites in the bay and canals.
The predominant radionuclides were soMn
(0.2-26 pCilkg) and MCO (0.2-45 pCilkg).
Some samples contained 51Cr. SlCo, I06Ru, 134CS
and 137Cs in quantities slightly exceeding
background.concentrations. Highes~

concentrations were observed usually in G.
verrucosa, followed by U. lactuca and C
fragile. Radionuclide concentrations varied
significantly with season of the year,
presumably resulting from variations in
atmospheric fallout, plant growing periods,
and time of sample collection relative to
discharge. The concentrations of soMn and
MCO in algae reflected relative amounts
discharged and indicated little uptake from
sediment. Algae proved to be sensitive
indicators for monitoring radionuclides when
water concentrations were below detectable
levels (see Section 5.3).

(3) Manganese-54 (to 34 pCilkg) and MCO (to 54
pCilkg) were predominant in fish muscle.
Their concentrations generally increased with
greater station discharges and decreased with
distance from the mouth of Oyster Creek.
Small quantities of 134CS were detected in fish
that also contained 137Cs above background
levels (see Section 5.4).

(4) Similar concentrations ofMCo were detected in
shellfish muscle and fluid, ranging from
120-260 pCilkg. Almost all MCo in fluid was
associated with protein. Although not
detected in clam muscle, the shells of clams
from Barnegat Bay contained twice as much

RAD-REA
Appendix F
Page 3

90Sr as those from the background area, 190 vs.
105 pCilkg. Barnacles collected from both
~na1s contained soMn, SlCo, MCo, 90Sr and
137Cs from the station, and, being fixed in
position. they provide good indicators of
station discharges. Differences in
concentration in barnacles from the discharge
and intake canals indicated that 10 to 15
percent of the station effluent is recirculated.
The radionuclide of highest concentration in
clams was naturally-occurring Zl8po, 230 to
500 pCilkg muscle, which is not attributed to
reactor operations. An average 21Gpo/2lGpb
activity ratio of 9 indicated clam food (algae
and plankton) was the probable source of the
Zl8po (see Section 5.5)..

(5) No effluent radionuclides were detected in
crab muscle, gills, gut or stomach, although
the exoskeletons of some from Barnegat Bay
contained more soMn and "Sr than
background samples. Because the exoskeleton
is not eaten and is periodically molted, little
useful information can be obtained from these
analyses (see Section 5.6).

(6) In sediment, MCo was the most widely
distributed radionuclide, ranging from 0.26 to
18.6 pCilg in the discharge canal to less than
detectable quantities at the extremities of
Barnegat Bay. Some sediment contained soMn,
134CS and 137Cs in excess of background. The
highest MCO concentrations occurred in
sediment from the wide area of the discharge
canal that consisted of clay minerals and
organic matter of low density. Core samples
indicated that soMn and MCO were deposited to
at least 6 cm, and possibly to 12 cm below the
surface. The underwater probe proved to be
useful for locating areas of radioactive buildup
above 0.5 pCi MCo/g (see Section 5.7).

Except for a few elements, the ability to determine
concentration-factors (CF) was not possible at Oyster
Creek. Water concentrations were generally
undetectable and, except for barnacles, effluent
concentrations were unuseable due to uncertainty in
the amount of dilution occurring in Barnegat Bay with
its complicated hydrology (see Section 5. Ll). In a few
cases. however, it was possible to estimate CF's for this
site when the concentrations were constant and
measurable. In other cases, the magnitude of published
CF's could be evaluated from measured sample
concentrations and knowledge of station discharges.
CF's derived from this study are:

9/79
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Element or
radionuclide

Fe
Sr
Ca
K

'
l7Cs
"Mn
"Co

Aigaet Grasses

5000 6200
0.9 1.7
1.4 1.9

14 10
13 23
NO NO
NO NO

Fish Whole
muscle whole Clams barnacles

700 1850 NO· NO
0.5 4 NO 1600··
1.8 19 NO NO

15 II 7 NO
30 23 NO 100
NO NO < 1000 800
NO NO 600 1000
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o

• NO - not determined.
··Based on "Sr.
t The average CFs for the three species of algae are given,

but significant species differences were noted for K and
Il7Cs.

Published CFs of 100 and 600 for 'OCo and 54Mn,
respectively, in fish do not satisfy the observed data.
The CF for 54Mn is probably too high and may be
nearer the value for 'OCo. Also, the CF for 54Mn in clam
meat was shown to be < 1000 rather than the
published value of 12,000. The difficulties associated
with the utilization of concentration factors are
discussed in detail in Sections 5.4.4, 5.4.5, 5.5.3 and
5.5.4.

The highest popu1ation radiation doses from liquid
discharges were computed from the annual average
coolant canal concentrations to be from consuming fish
caught in and near the coolant-water discharge canal.
Fish consumption may result in 6 mrem/yr to bone, 0.9
mrem/yr to the GI tract, 1 mrem/yr to thyroid and 0.3
mrem/yr to the total body. These doses, although
much greater than those based on measured
radionuclide concentrations, are less than 5 percent of
the limit recommended by the Federal Radiation
Council and are almost entirely due to 32p, 1311 and lJJI.
These radionuclides were generally not determined
with sufficient sensitivity or in sufficient samples offish
or clams to confirm the calculations and should,
therefore, be measured (see Section 5.4.5). Naturally
occurring lIOpo is a major contributor to the total clam
ingestion dose, and, although its content in fish was not
measured, a similar situation may apply to fish. It
would be desirable to determine this radiation
background dose from consuming seafood whenever
the dose due to nuclear operations is evaluated.

7.3Radionuclidesin tbe Terrestrial
Environmentat tlJe Oyster
Creek Station

Gaseous radioactive effiuents and direct radiation
from the station were detected in the terrestrial

environment. No samples of milk or food were
obtained since they are not produced near the station in
significant quantities due to poor soil conditions. The
following measurements of radionuclides or radiation
from the station in the environment were made:

(l) By collecting large volumes of air during
routine stack discharge, lJJXe was measured in
ground-level air at concentrations ranging
from 3 x 10-3to 3 X 10-2uCilm\ and 15Kr at 3
x 10-4 uCi/m3(see Section 6.2.5). Other short
lived gases would have been detected if
analysis was initiated promptly. The short
lived progeny of88Kr and I3'Xe were measured
by drawing 133 m3 of air through particulate
filters and immediately analyzing them.
Particulate or gaseous 1311 could not be
detected during brief sampling periods
although large volumes ofair were sampled.

(2) Measurements of radioactive gases from the
stack were made near the station with a
muscle-equivalent ionization chamber, a
pressurized ionization chamber and portable
Nal(Tl) survey meters. The plume was readily
detectable above the background radiation
level. Computed radiation exposure rates at a
location 1.5 km from the stack were two to
three times higher than the measured rates
(see Section 6.2.6).

(3) A muscle-equivalent ionization chamber
mounted in a helicopter was used to measure
radiation exposure rates in the plume of
radioactive gases from the stack. This
technique was shown to be useful in measuring
the rise of the plume and its vertical and
horizontal spreading. Exposure rates
computed with models generally exceeded
measured values (see Section 6.3). o

3.2.2-F4
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(4) Direct radiation from station buildings
measured with survey meters and a muscle
equivalent ionization chamber along the
station boundary ranged up to 1.8 uRlhr (16
mRlyr) above the background radiation
exposure of approximately 4.3 uRlhr (38
mRlyr). Extrapolation of elevated radiation
exposure rates within the boundary to distant
sites gives a result comparing well with
measurements. The exposure rate at the
nearest residence is estimated to be 0.08
mR/yr. The annual population dose to
persons driving along Rt. 9, the eastern site
boundary, is estimated to be 0.034 man-rem
(see Section 6.4).

(5) Long-term radiation exposures in the station's
environment were measured with
thermoluminescent dosimeters. Measured
levels above the natural radiation background
were correlated with estimated exposures
computed from a model (see Section 6.5).

7.4 MonitoringProcedures

The following procedures were demonstrated in
this study for monitoring effluents and environments of
BWR stations:

(1) analysis by gamma-ray spectrometry with
Ge(Li) detectors of multiple radionuclides in
samples of primary coolant and effluent water
before discharge and dilution, and in otT-gas
from reactor coolant and in various airborne
waste pathways;

(2) measurement of effluent radionuclides other
than the long-lived ones readily detected by
gamma-ray spectrometry; of particular
interest, in addition to usually measured JH,
89Sr and 9OSr, are "C, J2p and "Fe;

(3) collection of ionic and insoluble radionuclides
in fresh and sea water by concentration from
400-liter volumes for measurements at
concentrations as low as 10-10 uCilml;

(4) collection and analysis of food samples,
including fish, clams and crabs;

(5) collection and analysis of environmental
media that serve as indicators, including
aquatic grasses, algae, barnacles and sediment;

(6) surveillance of sediment with submersible
gamma-ray detectors to indicate "hot spots"
for detailed sampling and analysis, and the
superiority of sediment sampling by hand
(diver) rather than by dredge;

(7) measurement of JH and I·C in several gaseous
species;

(8) use of portable 5- x 5-cm NaI(Tl) survey
meters as sensitive detectors of the plume from
the stack; .

(9) use of muscle-equivalent ionization chamber
and pressurized ionization chamber for
quantifying the radiation exposure rate during
brief periods within or beneath the plume;

(10) use of thermolumineseent dosimeters to
quantify the average long-term radiation
exposure rate from the plume;

(11) use of pressurized ionization chamber, large
15- x 23-cm NaI(Tl) detector and
spectrometer, muscle-equivalent ionization
chamber with Shonka electrometer, and a
portable 5- x 5-cm NaI(TI) survey meter to
measure direct radiation from the station;

(12) use of helicopter to characterize plume shape
and dispersion;

(13) collection of large volumes of environmental
air and applying separation techniques for
measurement of IJlXe and 8sKr at very low
concentrations, (applicable also to short-lived
noble gases);

(14) collection of 88Rb and IJ8Cs in environmental
air on filters with high-volume samplers, and
analysis by gamma-ray spectrometry; and

(15) use of measured release rates at the station,
meteorological data and transfer coefficients
to estimate radionuclide concentrations 10

samples for comparison with measured or
minimum detectable values.

In addition, the following procedures were
demonstrated 10 a previous study for monitoring
environments of BWR stations:

(1) collection and analysis of drinking water and
food samples, including vegetables, milk,
rabbits and deer; .

(2) collection of radioiodine from 22.5-liter
volumes of milk on anion-exchange resin, and
analysis by gamma-ray spectrometry; and

(3) use of bovine thyroids to detect u'I at very low
concentrations (equivalent to 0.02 pCilliter
milk) in the terrestrial environment.

7.5Recommendations for
EnvironmentalSurvei1l8l1ce

The fundamental objective of an environmental
surveillance program is to measure radiation dose rates

3.2.2-FS
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and radionuclide concentrations in the critical
exposure pathways in order to determine radiation
doses to individuals and selected population groups
from operation of a nuclear facility and to determine or
confirm compliance with applicable standards. Other
objectives are to confirm estimated environmental
concentrations based on effiuent data, determine any
accumulation of long-lived radionuclides in the plant
environs, and respond to public concerns and inquiries.

The recommendation for radiological surveillance
programs conducted by nuclear generating stations to
meet the above objectives, based on observations in this
study and those at Dresden I BWR, and the Yankee
and Haddam Neck PWR's, is that all radioactive
effiuents be analyzed to obtain in detail their
radionuclide content. Environmental radionuclides
and radiation levels attributable to station operation
are generally too variable, obscured by the radiation
background, or near instrumental detection limits to be
measured with sufficient accuracy for evaluating
exposure. The measurements at the source must
include all significant pathways and radionuclides
during the entire period of operation; critical
radionuclides can be missed by monitoring only the
obvious effiuents and, as in the case of 32p, the easily
measured radionuclides, or by ignoring the effects of
changes in the operating cycle. After all radionuclides
in the effiuent have been quantified and all critical
pathways identified, analyses can be limited to the
radionuclides at highest abundance and, of greatest
health significance in environmental samples from the
critical pathways. Additional samples for analysis
should include only media that are known or observed
to concentrate radionuclides discharged by the station.
As knowledge of the environment increases and the
pattern of radionuclide discharges is established, fewer
measurements will be needed. However, significant
changes in station operation or radionuclide content of
effiuents will require at least a brief return to more
detailed analysis.

The environmental program must be evaluated
periodically to consider modification in response to
changes in effiuent radioactivity, new patterns of
population distribution and environmental use, and
increased knowledge of the behavior of radionuclides in
the environment.

Adhering to these recommendations will insure a
radiological surveillance program that will provide the
necessary information to satisfy the above objectives at
a lower cost than many current programs that include
non-pathway type samples or samples that continually
contain either less than measurable quantities or
concentrations indiscernible from the natural radiation
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background. Also, the recommended program will
generate on-site transfer coefficients and concentration
factors providing a better and more pertinent basis for
calculating exposures at the site from station effiuent
data than most published values.

Environmental measurements at the Oyster Creek
Station were found to be useful in developing the
environmental surveillance recommendations
described above, for supporting and confirming the
population radiation exposures computed from on-site
monitoring, and for providing these computations with
numerical factors applicable to the site. Such
measurements, if performed reliably, can also be
reassuring in demonstrating that no unexpected
radioactivity is in the environment. For a station and
site such as Oyster Creek, the following measurements
provide useful information:

(I) confirmation ofcritical pathways
a) measure inhalation and external radiation

exposure rates from the plume at off-site
locations,

b) measure direct radiation exposure rates
on site and the decrease of the exposure
rate with distance to off-site locations,

c) measure critical radionuclides in fish,
clams and crabs caught in the intake and
discharge canals and in Barnegat Bay;

(2) determination of numerical factors for
computing radiation doses
a) determine the soluble and insoluble

radionuclide fractions in liquid effiuents
and in the discharge canal,

b) confirm or ascertain applicability of
aquatic concentration factors,

c) compute XIQ values by measuring 133Xe
or other radionuclide concentrations in
ground-level air relative to the release
rate at the station;

(3) utilization ofenvironmental concentration loci
a) measure critical radionuclides in marine

grasses, algae and barnacles to determine
the extent of contamination in the aquatic
environment;

(4) assurance that no significant exposure exists
from unforeseen sources or occasional
operational occurrences
a) measure radiation exposure at nearby

habitations, canal banks utilized by
fishermen and beaches in the immediate
area,

b) measure radionuclides in seafood and
water collected from the immediate
vicinity of the station,

()
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c) if agricultural practices change in the
vicinity of the station, measure
radionuclides in milk and food products.

7.6SuggestedFuture Studies

The following studies at nuclear facilities are
suggested on the basis of the previous four field studies:

1) develop more sensitive technqiues for
measuring radioiodines in various chemical
forms in airborne waste pathways through the
station and in environmental air;

2) develop techniques to measure gaseous
radionuclides, such as uaKr and 1J1aXe that
emit only low-energy photons, while being
part ofa noble gas mixture;

3) examine the effect of radioactive waste
treatment on discharge practices in order to
evaluate the cost of reducing the radionuclide
content ofeffiuents;

4) characterize the physical-chemical states of
radionuclides in liquid wastes discharged to·
the environment and determine changes

occurring after mixing with environmental
waters;

5) measure critical radionuclides In

environmental samples that are difficult to
analyze, such as 32p in Oyster Creek fish, to
confirm hypothetical concentrations based on
station effiuent analysis;

6) perform a radiological surveillance study at a
high temperature gas-cooled reactor (HTGR)
similar to previous studies except focus effort
on the gaseous effiuents and their impact on
the environment;

7) perform a surveillance study at a multiple
reactor site to determine modeling parameters
for dual stack releases and the existence of a
scaling factor - quantities discharged vs.
power generation; and

8) perform studies to validate atmospheric
dispersion models used in dose assessment at
sites with different meteorological and
topographical characteristics.

These studies will further determine the
environmental impact of nuclear facilities and develop
better environmental surveillance iechniques.

3.2.2-F7
9/79



9/79

()



I

-~-

.... ; •• ..J

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

i
'.,.,.;t

CONTENTS

-;,J

RAD-FRP
Spent Fuel Processing/

Contents
February 1979

9/79

II. C. Nuclear Spent Fuel Processing

1. Introduction

2. Spent Fuel Radioactivity

3. Spent Fuel, Reprocessing, and Waste Facilities

a. Spent fuel storage

b. Fuel reprocessing

c. Waste disposal

d. Recycle fuel fabrication

4. Radioactivity Control Systems

5. Radioactive Emissions, Exposures, and Regulations

6. Monitoring Techniques

7. Surrnnary

8. Acknowledgments

9. References

3.2.3-i





INSTRUM~Nl'AiTIOM,j
FOR ENVIRONMENTAL

MONITORING

.; .i
; RAD-FRP

Spent Fuel Processing
;February )9?Q

Fig: L. Possi~ilities for spent fuel handling.
'~I>ertt LWRfu€)l is hOw being placed 'in
'stora~'e; reprocessing ,recycle, .an~··

. 'disposalare not yet occ;urringona
la:rge~calei .. .

u. s; connnerdal expetiencewithspertt
fuel hartdling hasiIiCltided a large nlUllbeI-o£
spent fuel storage sites, a single re~'

processing plant, and no disposal facilities.
That reprocessing plant, owned by Nuclear
Fuel Services (NFS) 'and located at West Valley,
New York, began operations in 1966 with a
capac'i'tyoflMl'HM (metric tolU1eof heavy
metal; i;e.',urimilUll ahd plutonilUll) per day;
By 197h this plailtdosed fot improvements .
and yXpansionto-Z:to3MrnM!day. However, a
dec:ision.was·subsequentlymade to close·the
plant permanently. this plant has provided
thevonlycommertial'U. S.·experiencewith
repr6cessingopetations and the resulting
effluents. .

.'IWoothetplants have been constructed
butnot'operatedl . The first was the General
Electric Midwest Fuel Recovery· Plant·· (MFRP)
at'Morris, .UlionoiS. MFRP was scheduled
to begifi opera.tioIl during 1973; . However,
after"dlfficulties'discovered'during preoper~
ationar testing , General Elettricchose not
to operate the plant.·So far, it has only
be~n.used for spent fuel storage.

Pi 5 M1'HMjdayplant; the BarrtwellNuclear
Fuel PlailV (BNFP),hasbeenbuiltat Barnwell,
soath Carolina by Al1ied.~General Nuclear
Seririces.AIthough thefadlities for sep
aratingplutOilitmi,uranium, ahd wastes. have
been'completed, .construction of facilities for
s6lidifyingwastes~ fotconverting plutonilUll'
to the prcrper fonn, and for handling materials
26:iltaillina.'tedwithtransuranics has not begun,
pendingdedsiOIisorr thetecycle of pllitOn1lUll
ahd on· criteria for wast'eforms,aswellas
on the licensirig of reprocessingpeYse. .

.....•..... Tht!s further development of 'Commercial
reprocessing and related forms of fuel fabri-

G. Nuclear Spent Fuel Processing' .

1. 'IntroduCtion

Nuclellrreactor .fuel i~' routiUely r~~
moved, after som€;! period of us~, from there~

actor and rep;J.aced by. fresh' fuel ~ "the. "spent"
fue~ "that· is. removed, however '. still cOlltains
substantial amounts "ofusefulft.I§l, materials,
including uranilUll, plutoniUrfi,and even thorilUll
(?hould this come intouse) ~ Moreover,this
fUE)lcontains most of the radioaCtivity that ..
wa$:pre?~nt at the nuclearpower plant.
Choo?ingwhat to do withtpi? fuel. directly
addresses two related questions: .how. or
whether to make use of the fiss.1onablematerial
reIllaining .in '. the, fuEll; ...•. ahd' what ,to •do with the
la,rge amountof radiQat,ti'vitycontaJned there-
ili, ..

}s. su#es'tedin Fig. 1; :fu(91 :remO\TEld. fiom
lll.l¢l¢a,r ,power plants is preserttlybeing'left
in $towge, most 6ftellat tpe pbwerp.lant site.
How~\Ter, fO:r light,-water reactors (LWRS) it has
p~en .anticipated that tpis ... ftJel:.wollldbe, repro-

,ces?~d both..to· extract'uraniUffianc1. pJutonium
ah4, to.conSl:lptrate the. :remaining 'lllrgeamopnts
ofradioactivewllste into' a. £orm"sUitable ,for
disposal. '. Recycling. tlie'uran,ilUll an,d plutoj}ilUll
illtofresh fuel would reduce the demand on
fitiinilUll resourcE':s by about ~O% . Until .re'-:
cently, .. it was.thollght that the cost of're~

p:roces~ingwas more. than offs~tby the savings
re$ultillg. from reduced purchases from uranium
suppliers. '. In addition, it appeared that con
sol~dating the .radioactive .Wqst~s into .. Ii· se~
lected type' of matrhwoulclresult ina super
ior disposal fonn, from the. point of view of

.vollUlle al1d,. more ':importantly, stability..... Fin
~llly, experience with reprocessing' .andre<;:Ycle
WOuld provide a natural precedent for the.
liquid-metal fast breeder reactor (LMFBRF
fuel cycle, whiCh requires that plutonilUll be
recycled..

111 retentyears, irttteasingattention has
been. given bOth to the possibility of avoiding
or d!eferrmg' recycle (by storing or disposing
of fueldiiectly;seeFig.lJ and toalterna
tive fo.rmS ofreprocessirtg; .. This€;!Xpansionof
options.·has resulted frOm diverse.' factors, .
iricluding: therecognition.thataicurrent
uranilUll' prices recycle ,is economically marginal;
increased interest in theenVironmehtal as
pects of spent fuel repro.cessiilgand!or· dis.~.·
posal; . and substantially decreased projections
of nuclear growth. ·.This last factor could re
duce the depletion Tilte of uranilUll resources
and thetebythe need for abreeder,and coUld
al~9·'make .alternative recycle schemes IUore
attractiVe; . The impTicatipns ofbasingnuc1ear
pdweron a'commerce in'plutonilUll, a Il1aterial'
th~t may also be used in nU9~arweapons, .have
also strongly affected the inter13st in altema
tives to the plutonitiffirecyc1.e that was orgin-
ally conceived. ' .

3.2.3-1
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cation and waste disposal must await a de
cision in favor of this direction for com
merical nuclear power. In the meantime, the
need for spent fuel storage capacity increases,
if only on an interim basis, while the need
to develop and choose a satisfactory means
for final disposal of nuclear wastes continues.

The questions proposed above are being
urgently considered, both in the United States
and abroad. They have been set forth in great
detail in a nwnber of reports of goverrunent
agencies. Plutoniwn recycle in LWRs is ex
amined in Ref. 1, waste disposal in Ref. 2,
and the LMFBR program in Ref. 3. However,
these reports arose largely out of a milieu
that pr~swned plutoniwn recycle and the in- 4- *
troductlOn of breeders. More recent studies 6
by other entities have examined a broader
range of possibilities, with special emphasis
on the implications of reduced growth rates
on alternative fonns of nuclear power , and on
the risks of nuclear weapons proliferation.
Alternatives for spent fuel handling and
storage are considered in Ref. 7. Reference
8 gives an elementary summary of various pos
sibilities and attendant issues.

2. Spent Fuel Radioactivity

As indicated in the section on nuclear
reactors, an LWR now discharges about 30 Mg
(metric tons) of fuel annually, containing
billions of curies of radioactivity. This
radioactivity is a major concern, regardless
of the ultimate fonn of the fuel cycle. The
amounts discharged are extremely large and, as
indicated in Fig. 2 (:EromRef. 9), substantial
substantial amounts persist over not just
decades - the lifetime of a nuclear power
plant - but millenia - the length of hwnan
history. However, the amount of radioactivity
does decrease relatively rapidly after re
moval of the fuel from the reactor. To facil
itate subsequent handing and processing (if
any), it had long been preswned that LWR fuel
would remain in at-reactor-storage for a
cooling period of 150 days.

As was seen in Table 1 of Section II.B
on nuclear reactors, most of the radioactivity
present in the discharge fuel is fissIon pro
ducts, and the bulk of the remainder is acti
nides, including uraniwn, plutoniwn, americium,
and curiwn. The bulk of the inventory consists
of radionuclideswith very short half~lives.

However, a sufficiently large portion have half
lives of years or more, so that large amounts
of radioactivity persist •. Of the predominant
fission products, xenon and iodine decline
very rapidly in amount (within months); the
rare earths and the "Zr-Sb" class (Fig. 2)
then dominate untp a few years pass, after
which 90Sr and 13 Cs contribute the largest
amount for the first few ~enturies (with 85Kr
and certain of the rare earths making some

contribution during this p'eriod). After the
sharp decline in total radioactivity occurring
in the first few centuries, a plateau is
reached that lasts millenia. This arises from
certain fission products, as well as from
actinides such as 239Pu (24,000 year half
life). Note,however, that Fig. 2 only dis
plays 0.5% of the plutoniwn, the amount that
nominally would remain in the ''high-level''
wastes were reprocessing to occur.

Such considerations give a rough indica
tion of the need for sequestering the radio
activity in the spent fuel. Note that some.
of the major fission product contributors
to the total radioactivity are radionuclides
of maj or concern for routine emissions (I, Kr,
Xe) or accidental releases (Sr, Cs) from nu
clear power plants. However, whether for emis
sions or for waste isolation considerations,
amounts of radioactivity are not necessarily
a direct measure of biological significance.
Thus, for example, 3H and 1291 are not major
contributors to the total radioactiVity, nor
is l4C even shown in Fig. 2. As a minimum,
a hazard index must consider the relative bio
logical significance of the various nuclides.
The usual maximum permissible concentrations
(MPCs) could serve in as part of such an
index. This simple approach would not, how
ever, give any weight to the probability that
radionuclides considered would reach hwnans.
As noted in Ref. 4, it is difficult to con
struct a completely satisfactory hazard index.
It is interesting to note, though, that fol
lowing a sharp decline that ends after about
1000 years, MPC-based ingestion hazard indices
change relatively slowly with time - only about
an order of magnitude over the period one
thousand to one million years (Ref. 4, particu
larly Figs. 7Bl and 7B2). This is consistent
with the fonn of the curves in Fig. 2.

Returning to curies amounts, we may note
that, for periods approaching the length of
mankind's history, large amounts of reactor
produced radioactivity need to be isolated
from the biosphere. The annual feed to a
uraniwn-fueled LWR contains only about 100 Ci,
in the fonn of 238U and 235U. The annual dis
charge contains billions of curies and this
decreases to less than 1000 Ci (exclusive of
the plutoniwn) only after about 1000 years.
(The 4Xl06 Ci annual plutoniwn discharge, if

,not recycled, decreases to about 2xl04 Ci by
1000 years.) Thus from the environmental
point of view several needs have to be con
sidered: 1) short to mediwn tenn possibil
ities, whether spent fuel storage or reproc
essing, that adequately handle the fuel for
periods of years to decades; 2) mediwn term
waste disposal that effectively isolates the
great amoW1t of radioactivity, largely fis
sion products, that remains for hundreds of
years; and 3) very long term isolation of
radioactivity, both fission products and
actinides, that remains after this period.

o

*Sometimes the reference numbers appear as
9/lWerscripts.
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Fig. 2. Radioactivity produced in year by a 1000 MWe
Light Water Nuclear Power Plant (Ref. 9).
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3. Spent fuel, Reprocessing, and Waste
Facilities,

a. ~p~nt fuel storage. Most spent'd
fuel is presently storedll.t reactor sites.
However. this ;capacitY::i.sb~pr~fpres,'sedand
because of thl? much slower,thari anticipated
development of' reproc~Ss'Mg",i:ip~',I'~cyde - a
clear need has arisE:llJ.:for+Hge~s,}:9ra~e
facilities at;whichsp~htf!i~:I;,<;9'uldremain

for more than a year or s,q,,'pe,rliaps ,~~sades.
Such facilities, w1l;::i.cll )l~x:h~,FJ,'l.vaY ffdm re
actor sites, J;leed not differ/greatly from q.t~

reactor~storage, which places"spent fuel' '
assemblies in,water pools for cooling ,arid, ,
shielding. However. for relativelylong,-term
retrievable storage. methods fqrdry stp;<:l.ge
may be feasible. because of :I;ower co()ljJlg/
shielding req~irements. and,iittr<,!.ct:i,:vli/be-'
cause of simpler maintenanie.,,"kdeslZ'ription
of pool storage may be fOlmq..,riJ. env~r6nmental
statements and safety an~lygis reports for
nuclear power: plants. Ref¢rence 7/4~scusses
alternative for LWR speilt/fuel h~dling and
storage. ' , ", '

<:.

AADi1FRl?
Spen~cEu~liPr°cessing
Page '4"

" b. fuel reprocessin&. The prime func
L'tion of Fl, ,reprocessing plant 1S to dissolve the
'spentfueVandseparate;"the resulting solution
into waste and fuel streams. Such separation
has been performed for more than three decades,
but usually in military: facilities whose aim
is to extract plutonium;fRr use in weapons.
The techniqueemployed'fot light-water reactor
fUE:llwouldp,El" ajt~r5"or 6 months storage, to

,dissolve the Jiiel in nitric acid, then to
s;t;l:',ipout' and purify;'llfamum and plutonium.

,:"the remaining; n,it~i<;:ad.(iysolution, containing
both fissiq1!:proq,uctsand activation products,
is often,r~f~rred/to,as:"highlevel wastes".
ffowev~;t;'beyond this iseparation, a related
:ft1Jlf~tqn:thatwbuld/or<i:in,arilybe performed
at a'reprocessing complex'is to convert both
waste and product/streams tb forms that are
sU'ltable for their disppsa1:or use. A func
t~onal diagram Of a repr9cessing plant that
lhcludes such conversions is, given in Fig. 3.

Fofuraniuin the product would be UF6,
ithe chemical form needed for feed to uranium
'enrichment plants. The: apPtbpriate product

;.. _". l

o

___ FEDERAL REPOSITORY

~. --,." ..

LOW LEVEL
WASTE

FEDERAL REPOSITORy....- TREATMENT
&

PACKAGING

Fig. 3. Simplified flow diagram of Reprocessing
Plant Complex (Ref. 1).

3.2.3-4
9/79

C)

o



J '.

~.J ".)

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-FRP
SpenfFuel Processing
Page 5

for plutonitnn would ·be plutonitnndioxide (PuOz) ,
the chemical fofm.·usedil1.freshfuel. In fact.·
10 CPR 71.42 (Ref. 10) requires that plutonitnn
be shipped in a'· solid fonn, sO that such, con~
version'is effectively requiredatthere~

processing plant. However,su:fficientuncer
tainties still exist that the builder of· a re~
processing plant (such as that at Barnwell)
does not. have. design criteriaf9r this.conyer~

sion. For example'jtor~ucetheweapons
usabi~it;y of .transporte<l material,rep:~wessors
may be required tomix theplu:toniuml4;th a
larger amount of uranitnn.

Similarly,large uncertainties.existfor.
the high level wastes. 10 CPR 5.0, ApPendix F,
specifies that high .1~velliqVidradiol'l,ctive
wastes be, convertedto,$olici fonnwithinS
years of generation and •transferred to .a
federal repository within 10. Years;, However,
a fonnfor disposal has, riOt been specified, so
that - even ifreproces~ing ,itsel£were,
approved- it "could "not, proceed bec~use"design
criteria for waste conversion £adlitiesare '
not available. The possibility' given ;most
attention is vitrification,i.e. ,drying the
wastes'and incorporating theiniUto a glassy
material.

theprocesses:foI',the separations£acility
have been slUllJl1arized in 'Ref. , 11 as £ollo\\,s: .

" . :.Typically, a' fuel recovery process
entails shearing the fuel (to ru:Pture
the corrosion-resistant sheath and ex
pose the fuel), dissolution of the fuel
in nitric acid, separation and purifica
tion of theuranitnn' and plutonitim by
solvent extraction and ion exchange,
aridconversiOri of the product nitrates
to oxides suitable for refabrication
into fuel elements ...

"The spent fuel is transported from the
reactor, to the reprocessing plant in heavy,
shielded casks. The cask is unloaded ina

. water-filled pool, and the fuel is .stored
under water, which'servesboth as' a trans
parent radiation shield and asa coolant.
The fuel elements to be prdcessedare trans;..'
ferred to a head-end cell and sheared into
two-inthlengths·toexpose theiihnercore,
which is then leached withnitricacid;in
batch-dissolving tanks. The leached hulls
constitute a solid waste that is ultimately.
disposed of by land.buria.l. The nitrica.cid
solutio:rrdf the fuel,·containing'the'uranium,
plutonium} and nearly allof· the fission
products; is the feed solution fOrthesblverft
extraction process. ,. .

"Solvent extraction processes exploit
the wide differenceinconcentratiOhdistri~

bution between two imIlliseiblephases- the
organic and the aqueoUS. Nearly all major
fuel reprocessing facilitieselllploysome
fonn of the Purex process, which makes use

9/79

of the organic .complexing compound,·· tributyl
phosphate (l'BB), .in an inert hydrocarbon di
luent. ..,When this grganic .mixture is .brought
intocol.ll1tercufreri'tcon'!:act with •• ·the aqUeous
feed soluti.on; the TI3Pextract::;both the
uranitnn:anq.the.p:)ol.1tonitnitiptotheorganic .
phase;, .leaviIlgthe:ri:;~;j.ol1andcorrosiori
prOducts' behind' in,the aqueous phase.

"'..'In addition to the primary process,
there are many auxiliaty.operations: treat
mentofthesolvent toprovid,e for its reuse,
recovery of nitric acid from the aqueous
streams, management of'the gaseous, liquid,
and solid waste Elffl1.,lents, and the specialized
techniques andeq~:i.pJiientrequired'for"process
control and personnel prqte!=tion." '.

1}s.s4gge$tEld in>this:cli~ctlf~tpn,r~di6"
~ctive'-waste from a reprQcessirig"'plantwQuld
include, not only the Jiigh level waste that
draws most attention,'buttp.e· c,ladding.hulls,
a variety of low level waste streams •(see
Fig. 3), and various kinds of contaminated
material. A final residue to be consideredts
the reprocessing equipment itself.

c. Waste disposal. An approach to
waste disp6salhasnotlJeenchosen. 'Although
considerable effort has been expended on this
question, both on methods for solidifying or
encapsulating wastes and on selection of dis
posal sites, a sufficiently detailed under
standifig'oftherequirements or consequences
of longtenildisposal'doesnot exist to specify
criteria for wastefOnnor site' design ..••... More
over, . most work has. presumed 'that reprocessing .
would occur and that the.material·ofconcern
is "high level waste"intheusual.,sense, Le.,
radioactivity separated from the spent fueL >

Reference 12p:rovides •a useful summary of re~

cent understanding of such high'level'waste
management.

As typically conceived,such wastes would
be incorporatedinto·a.glass-like matrix, en~

capsuled,' then buried in salt domes, fonnations
that testify to the<lil.ckofgroundwaterby
their very existence and may be appropriate
sites, if undisturbed by hwnan activity. On
the other hand, serious attention is' being
given,both. ih,the,U; S. and ,abroad, . to the
possibilityqfstorage,ingranitic,fonnations.
(See;·.'for· example, Ref. ,2 and.·4). An.'artist 's
conception of a salt ~based' repository is •. given
in Fig. 4 (fromRef.lZ).

Relatively little attention has been
given, until recently, ;to the possibility of
direct, disposal of spent fuel;. In' principal,
such disposal could occur ,'after encapsulation
of the fuel, at sites such as mentioned above.
From. the point· of' view of possible emissions,
this approach would differ, from that involving·
reprocessing in two maj or respects. First;
the uranitnndioxidepellets, encased in zir
caloy cladding, is a substantially different

3.2.3-5
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4. Radioactivity Control Systems

d. Recycle fuel .fabrication. The
products of a reprocesslllg plant would be used
to produce fresh fuel. Basically the same
processes are involved as for production of
ordinary uranitun oxide fuel. The steps from
oxides of uranitun and p1utonitun to fuel rods
are (Ref. 1):

RAD-FRP
Spent Fuel Processing
Page 6

The primary emissions from stored spent
fuel are the relatively volatile fission
products discussed in the section on nuclear
reactors. For extended storage, the emission
of greatest significance is 85Kr. At power
plants, this emission is not controlled
(although more short-lived noble gases are re
duced by holdup). Presumably 85Kr would also
be released from storage f~ci1ities, particu
larly since the release rate (Ref. 1) is esti
mated to be rather low, about 1 Ci per year
per metric ton of stored fuel.

- blending of feed powders (Pu0Z, UOZ'
MOX, or recycled scrap)

- pretreatment of mixture by comminution,
compaction, and granulation

pelletizing
- sintering of the pellets
- grinding of the pellets to finished

dimensions
- cleaning and drying the pellets

loading the pellets into fuel rods,
decontaminating the rod ends, and
welding the end caps

decontamination of the rod, if necessary
- inspection of the rod for integrity.

These rods are then assembled into bundles for
insertion into reactors.

On the other hand, the reprocessing plant
frees all the radioactivity of the fuel from
its solid matrix. Strict measures must be
taken to control this large amgunt of radio
activity, both to protect the operating per
sonnel and to minimize releases to the environ
ment. Because of the intense gamma radiation
from the fuel material, chemical processing
equipment is heavily shielded, and relies on
remote control and maintenance. Moreover,
process and waste streams are carefully con
fined and treated. Figure 5 shows the efflu
ent control systems associated with the process
flow shown in Fig. 3. The principle means of
control are summarized by the following ex
erpts from Ref. 11:

Several mixed-oxide (MOX) fueled fabrica
tion plants have operated in the United States
(Table 1), although not all of these are now
active. Some of these have used nitrate as the
feed material although, as noted above, new
regulations require shipment of p1utonitun in
a solid (oxide) form.

':A':"-~-.,.-.','~~ TRU LEVEL
STORAGE

2000 ACRES;
2100 FT. DEEP

Artist's conception of waste disposal site.
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matrix for containing radioactivity than the
glass'-like substances that are the usual end
product, for solidifying liquid high level
wastes. The effect of this difference on the
risk from possible leaking or leaching of this
radioattiVi:t)' is not now understood. Secondly,
the fuel would retain the plutonitun that, in
reprocessing, is recovered to be recycled.
Again, the significance of this for the bio
sphere is not understood. These uncertainties
arise from insufficient study either of the
stability of various waste forms and disposal
methods for times and conditions of interest
or of the modes of radionuclide transport from
sites of the type being considered. See
Ref. Z for further discussion of disposal
possibilities.

The choice of waste disposal mode, whether
spent fuel or reproce~singwastes, depends on
more than purely "envirorunental" considerations.
It also depends on the perceived value of re
processing from the point of view of nuclear
demand and iIranitun resources and on external
considerations, such as the effect that re
processing and recycle may have on the pro
liferation of nuclear weapons. In any case,
implementation of either reprocessing or
spent fuel disposal would probably be pre
ceded by interim storage of the sort suggested
above, either pool storage or newer dry methods.
This question is being given the urgent atten
tion of concerned parties; see, for example,
Ref. 7.

Fig. 4.
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Table 1. Existing MOX Fuel Fabrication Plants (Ref. 1).
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Fig.,S. Generic Reprocessing Plant Effluent Systems (Ref. 1).

"Radioactive gaseous wastes from these
operations are treatedchemically~ as,well as
by filtration, sorption; <lJld scrubbing in ,
order to reduce their radioisotope content to
levels that can be discharged tb the atmosphere.
The aqueous radioactive wastes that contain
essentially all the fission products are
generally concentrated by evaporation <lJld
stored on an interim basis in underground
tanks. The evaporator overheads are
sufficiently decontaminated of radioisotopes '
to permit their discharge to the environment
under existing regulations.

"Processing plants are designed to ensure
containment of airborne radioactivity by
providing increasing levels: of vacuum in
three successive envelopes so that all air
leakage flows from areas of low to those of
high contamination potential.

"Off-Gas Treatnient. Because of its
higher radioactivity and chemical fumes
content, the dissolver off-gas in most
radiochemical plants is tr~ated, in turn,
for nitric acid recovery, f9r iodine removal,
and for removal of residual' acid Jumes before
being blended with the off~gas from the
vessels in the balance of the plant. The
vessel off-gas is usually scrubbed with
caustic, dried, and filtered through one

roughing and two high-efficiency filters
(HEPA,asbestos-glass fiber paper, 99.97%
DOEef£iciency).

"Iodine in most of its chemical states is
removed from gas streams by reaction with
AgN03 impregnated on ceramic packing and by
scrubbing with Hg (N03) 2-HN03 or caustic
solutions. However, organic iodides,
partiCularly methyl iodide, can be removed
most efficiently by catalytic decomposition
an4 sorption on silver, copper, or iodine
impregnated charcoal. The efficiency of
iod,ineremoval units is sharply dependent
upon the concentration of the iodine, but
99.5%i5 a commonly quoted design efficiency
incases where organic iodides are not
re&oved. The efficiency of charcoal
impregnated with potassium iodide has
been quoted at 99.99%.

"All off-gas streams from the plant are
blended with the cell ventilation streams and
passed through a sand filter, a deep-bed
fiberglass filter, or a bank of high-efficiency
particulate air filters before being monitored
and discharged up a stack.

"Outgassing of Volatile Fission Products.
One of the most difficult problems in repro
cessing is that of containment of the volatile

o
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fission products, especially 1311. The volatile
fission products (iodine, ruthenium, tel~urium,

cesium, tritium, krypton, and xenon) have been
fOlll1d-tbVblatilize from oxide fuel atmbderate
temperatures (4S0 to 7S0°C)."

'lAlthougll. the noble gases are cMmicallY
inert; they can be concentrated by llryogenic
distillation, absorption in .• nuqrocarbons,. or
diffusion' thr()ugh permselediVeriiembrane.
The concentrated noble gasescbuld then be
compressed and stored, or immobilized with
foam· (plastic, glass, or metal), assuming
tna,.t this method can be .2hown to be practical.

"CeIl and Vessel Off'"Gas. The ce11
ventilation and vessel off-gas systems are
primary sources of routine and accidental
releases of radioactivity. The recycle of
ga~from both systems isfea$ible. and will
minimize thEl volume of off-gas needing.·
routil1e 'treatment. Recycle will probably
be economical, and the use of an inert cell
atmosphere may become practical. This would
practically eliminate the possibility of
solvent fires in process cells.

"LiqUid and Solid Wastes. It Can be
anticipated that all radioactive liquid
wastes from fuel reprocessing will be
evaporated and blended to yield only two
streams :.a high~level waste consisting
of a highly concentrated .,solutionoffission
products and actinides, and a low-level
aqueous waste that has been sufficiently
deContaminated of radioisotopes topermit .
it to be either discharged to the environment
or recycled to the process. The conventional
practice of accumulating aqueous solutions .
of fission products in underground storage
tanks will probably be curtailed because
of the difficulty in providing safe con
tainrnentof the more concentrated solutions
derived from reprocessing highly exposed
power-reactor fuels. Adequately.engineered
storage systems may be so complexand.expen
sive, as compared with the cost of early
solidification of· the. wastes, that liquid
storage systems will be limited in capacity
merely to. those surge volumes needed for
plant flexibility. ,. Under these' circumstanc:es ,

,liquid. waste inventories in storage would
represent, at most, only a few weeks (or months)
of plant operations."

TI:I.b1e2· (Ref. 1) summarizes the major
waste systems for, .thethree plants that have
existed:NFS,tvIFRP, and BNFP.Notethat,
although the NFS plant permitted both gaseous
and liquid releases, the more, recent plants are
designed to release .qnlyvolatileradionu~

clidEls, principally<tritium, .noble gases, and
l4C. As. discussed belOW, the amounts of ,.
t1'itilunand,8SKr,releasedare much greater
than that emitted at nuclear power plants. '
ReferenCe. .1 has a brief summary of possible
improvements.in control technology, based on
a more complete treatment given in Ref. 13.

The Environmental Protection Agency has con
sideredsuchtechnology in detail (Ref. 14)
for use in setting standards. (see below) . An
American Physical Society study group has
recommended~ that technology be developed
for' sequestering 3H, l4C, and 8SK in a stable
fOnll. Should a breeder be introduced, improved
iodine removal would be required if - as has

,. been, anticipated - the fuelW"ere reprocessed
onlya short time (less than S Qlonths) after
disCharge. '

Disposal sites for SIlent fuel or solid
high-level,waste from reprocessing have not,
of course, been operated•. The e£;fluent con
trol is expected to consist ot HEpA filters
to, remove radioactive particulates.. The
principal routine effluent would be very small
amounts of tritium and 8SKI' .

The operations performed at the fuel
fabricatiorlplant (Seeseetion3d), are me
chanica1 and leave the' plutonium in dioxide
(powder or ceramic) form. Workers in the plant
are protected by confining these operations to
lightly-shielded sealed (glove)b6xes. Emis
si0115. ,lYe contrQlled by carefully designed
HEPA filtration systems.

S. '. Radioactive Emission, Exposures, and
Regulations

Of the spent fuel handling facilities
discussedabove~ th~Teprocessingplant emits
by far the largest amount of radioactivity,
an amount that, per gigawatt;'year, is far
greater than power plant emissions. Essen
tially all of the tritium, 8SKr,and 14C con
tained in the fuel is released. As discussed
in Ref. 41, "The gases are released in the
early stages of reprocessing, usually during
chopping or dissolution. 8SKr is released in
th(;) chopping and dissolving stages and goes
into th!;loff-gas system. Under current prac
tice, some. of· th(;) trititun .is.· released from
fuel or cladding during dissolutioncm.d goes
into solution as HTO with only asmaU frac
tion(l to 10%) going ip;tothe off.,gas system.
The remainder of 3His. retained by the Ziroaloy
hulls. 1291 exists in a wid!;lvarietyof chem
ioal .forms within the. fueL and· accordingly is
relea~ed in many forms, put usually as ele
mental,iodine or organic iodid(;)s. It has been
foundla:rgely,in the off-gas, but significant
amounts can enter aliql,lid effluent stream if
one exists. l4C is produc(;)d as an activation
~rodlJct .from, the action of nel,ltrons. on: the

70 naturall
l3

0ccurring;as a constituent of
U02, and on C and l4N impurities. Its chem
ical fonn in the fuel or. cladding is unknown,
although it is believedthat.its release to
off-gas would be as CO or C02" .

In Table 3, from Ref. 1, the amounts of
tritium,aSKr, and 14C that could be released
without the incorporation of additional con
trols are estimated. ,Decontamination factors
are presumed for the other radionuclides and
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Table 2. Fuel Reprocessing Plants- -Maj or Waste Systems 1

High Level Other than High Level

RAD-FRP
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Page 10

(\\,-_..)

Solid Wastes

Stored onsite
in drums in
impervious
clay deposits

Controlled release to
creek

Liquid Wastes

Stored onsite as
neutralized
liquid in tanks
in vault*

Gaseous Effluents

To atmosphere via
iodine scrubber,
HEPA filters,
61 meter stack

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING
~-

Plant

NFS

MFRP To atmosphere via
iodine scrubber,
sand filter,
91 meter stack

Converted to solid.
Stored onsite in
containers under
water in storage
basin. **

Stored onsite in tanks
in vault as immobile
salt cake

Stored onsite
in underground
lined vault

BNFP To atmosphere via
iodine scrubber,
silver zeolite
adsorber, HEPA
filters, 100 meter
stack

Stored onsite as
acidic liquid in
tanks in vault***

Stored onsite in tanks
in vault

Stored onsite
in concrete or
steel drums

Note: Information in this table has been complied from the safety analysis reports for these
facilities.

***

*Plans to add tanks for storage of high level radioactive liquids in acidic conditions for
ultimate conversion to solids and transfer to a Federal storage facility.

** Prior to shipment to Federal storage facility.

Plans for solidification of high level radioactive liquid wastes for transfer to Federal storage
facility.

lTable reproduced from Ref. 1

these depend strongly on the control technology
(cf. Ref. 13 and 14). The amounts cited are
released in the gaseous effluent system. Cur
rent designs incorporate radwaste systems that,
rather than making controlled releases to
liquid effluent streams, retain and recycle
liquid and solid radioactive materials, ulti
mately for shipment to waste sites. However,
as noted in Table 2 and discussed below, older
plants (such as the NFS facility) had both
gaseous and liquid radioactive effluents. For
the radionuclides that are not controlled,
such as tritium or 85Kr, one would expect
estimated releases such as those given in
Table 3 to correspond closely to experience
at operating reprocessing plants.

Because of their transport properties in
the environment, the releases of 3H, l4C, and
85Kr are relatively quickly dispersed gener
ally throughout the earth's atmosphere. Thus
they can result in world-wide exposure com
mitments. Reference 11 has made estimates of
the worldwide buildup of tritium and 85Kr
(Fig. 6), assuming a rapid growth of nuclear
power and associated reprocessing activities.

However, because of its much longer half-life,
the relatively small Curie amounts of l4C
released can eventually contribute a larger
dose commitment. 4

Table 3 also gives estimates of (whole
body) population dose commitments associated
with a year's operation of the model reproc
essing plant of Ref. 1. Reference 1 also
estimated the annual dose to the individual
living nearest the plant (assumed distance:
1300 meters) to be about 8 mrem/yr (whole .
body). (See Tables IV E-9 to E-13 in Ref. 1
for details). Finally, Ref. 4 estimated the
average dose rate as a function of time of
operation of a standard reprocessing plant,
given in Fig. 7,

Although no reprocessing plants or large
scale mixed oxide fabrication plants are now
operating, some regulations applicable to
their emissions or resulting exposures have
already been formulated. The NRC review pro
cedure for fuel reprocessing and fabrication
plants utilizes Section 3 of the Regulatory
Guides, including 3.10, "Liquid Waste Treat-

o
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Table 3. Estimates of Radioactive Releases from Reprocessing
Ci/yr from 2000 MTHM/yr Model Plant (Ref. 1)

Gases (including entrained matter)
3
H

l4C
85Kr
90Sr

106Ru
1291
1311
Other fission products
U
Pua
PuS
24lAm
243Am
242em
244em
Population Dose Commitments (person-rem)
Occupatlonal
U.S. Population
Foreign Population

Total

U02 Fuel

1,030,000

1,360

22,800,000
0.32

8.13

1.91
7.5
10 -3

2.23 x 10
0.05
1.28
8.13 x 10-4

6.44 x 10-5

8.49 x 10-2

6.11 x 10-3

1,250
18,800
12,200
32,250

MaX + U02 Fuel

1,040,000

1,300

21,900,000

0.31

8.77

1.98

47.8
10
2.69 x 10-3

0.07
1. 76
1.33 x 10-3

1.54 x 10-4

1.66 x 10-1

2.27 x 10- 2

1,350
18,600
11,700
31,650

\,
"-.J

ment System Design Guide for Plutonium Proc
essing and Fuel Fabrication Plants", 3.12,
"General Design Guide for Ventilation Sys
tems of Plutonium Processing and Fuel Fabri
cation Plants", 3.18, "Confinement Barriers
and Systems for Fuel Reprocessing Plants",
and 3.32, "General Design Guide for Ventila
tion Systems for Fuel Reprocessing Plants".
Guides specifically applicable to monitoring
are discussed in the next section.

The EPA standard for the uranium-fueled
nuclear fuel cycle, 40 CFR 190, sets limits for
emissions and (general public) exposures, ex
clusive of mining, but including processing.
It is evident that this standard, with its
limit of 50,000 Ci/GWe-yr on 85Kr emissions,
presumes noble gas control equipment at the
reprocessing plant. Moreover, the 1291 limit
of 5 mCi/GWe-yr will require an order of mag
nitude improvement in decontamination (c.f.
Table 3). The basis for this standard is
discussed in Ref. 15.

In addition to standards that apply to
particular facility types, more generally
applicable standards, such as 10 CFR 20
(Standards for Protection Against Radiation)
and Regulatory Guide Section 8 (occupational

exposures), must be considered in the design
and operation of fuel handling facilities.
See "Introduction" and "Nuclear Reactors"
sections for discussion.

We note in closing that radioactive emis
sions from the fuel cycle depend significantly
on whether or not fuel is reprocessed. For
example, in an LWR system without reprocessing,
most of the tritium, 14C, and 85Kr releases
from the fuel cycle are avoided. On the other
hand, the 222Rn and other emissions associated
with mining and milling are increased by about
30%, as are related occupational exposures.
In a fast breeder system, mining and milling
is virtually eliminated, but the volatile fis
sion products are released at reprocessing; a
particular problem for fuel that is reprocessed
soon after removal from the reactor is the high
concentrations of 1311, with its 8-day half
life.

6. Monitoring Techniques

The capability to monitor radiation
fields and radionuclide emissions at fuel
handling facilities is important, both for the
protection of workers at these facilities, and
for evaluating impacts on the environment and,

9/79 3.2.3-11
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The basic requirements for monitoring at
fuel handling facilities are not dissimilar
from those at nuclear power plants. This is
particularly true of occupational exposure
monitoring, since dose limitations are the
same at all nuclear facilities and, in the
cases of concern, exposures arise from exter
nal radiation. In general the emissions will
be found to be significantly greater at re
processing plants, where larger quantities of
radioactivity are present and could be re- '
leased (under different conditions) than at
power plants. Similarly, a plant fabricating
plutonium-bearing fuel has a significantly
greater potential for transuranic releases
than a power plant. However, this is a rela
tivelYl1arrowproblem,bec:ause dftherelative
uniformity of material at a fabrication'plarit,
which can be controlled by relianceonparticu
late filters and monitored bya.1phadEitE3ction
systems (see Plutonium section). Because of
the greater likelihood of emissions this sec
tion emphasizes effluent and environmental
monitoring at fuel reprocessing plants.

The principal guidance for:fuelre
processing P~ant,monitoring is NRC RegUlatory
Guide,RG 4,16; i'Measuring, EvalUation, and
Reporting Radioactivity in. Releases of Radio
active Materials inLiquid and AirbOrne Efflu
ents, from Nuclear Fuel Reprocessing and Fab
ricatioIl Plartts". 'Th.isgeneral guide l in
turn, depends on other documents (including
publications of industry startdards) for de- '
tailed information on monitoring program de
sign and measurement requirelllents. Considera
tion also has to be given to the emission and
dose'limltationscited above.

AAIl~FRP

spent Fuel Processing
Page 12

Some gtddance on 'monitoring' emiss ions
from,,', and, environmental •. concentrations. around,
reprocessing plants" is. available from the
tl1r~e. connnercialplants ,thathave been built,
as iVel+asfrclm many of the facilities that '
have beenoperatM in' the weapons, program.
However,it is important to note that future
connnefcial reprocessing facilities would be
operated in such a way that'radionucoides are
emitted only in the gaseous effluent stream
(much a~at the Barnwell facility). Further
more, j~dging from present EPA regulations,
cOntrols techniques would have to be applied
toradionuclides (such as 85Kr) that fiadnot
been controlled in earlier facilities. It is

ultimatelY,onmembers·of the general public.
The .mostimffiediate goal is to assure compliance
of the facilitywith the applicable limitations
on exposures or emissions, discussed above.

,Monitoring requirements at the facility are
therefore oriented toward providing a long~term

record, as- 'well as a short ~ term warning of ab
normal operation leading to unusually large'
exposures or releases. Monitoring the environ
ment provides a direct record of the increases
in radiation levels or radionuclide concentra
tions in the vicinity of those facilities. '

1890 2000' 20101930

~
3H

production
rate

f
3~CUrieS/yeOr)

•. accumulated
• (curies)

1970

85Kr accumulated (curies)

85Kr production
rate

5 (CU ries/year)
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102 103
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7. Global whole body dose rate increment
due to T ye<'trs ofoperatioriof a reference
(1500 Mg/y) .' LWRreprocessing plant with. no
engineerecltetehtion.of'effluents (ftom-
Hebel et al.,ReL 4; with pemiss ion by
AfueticanIhstitute 6f Physics ©1978).

u 2::J
c

108.9
u
0...

0+-
0

(/)
Q)...
::J

U

Fig. 6.. Estimatedprqduction of 85Kr and 3H
(Ref.ll) :

Fig.
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aJSQ ;ust;)ful to keep in Ijlind;that, although
stack monitoring techniques for reprocessing.
plants may have general similarities to those
forotherJa,cHities,including power plants,
a sigp.i£icantclifft;)renc~ isintrodl.lceel by the
:(i,tct.:that; thegas~ous e£fluent lUaYOe rel11
ttY\31ycorrosive.b~cause of thenat1,1re,of the,
basicppera,tion,at.a;.reprocessingp1ant.;which
inv01yes. the dissolution of. the. spent f1,1el .in,
nitric acid.

,,,ThedisCl,lssion thatJollows eIJPhasizes
statkmo:uitoripg .';'a,ild ~~rivironniel1ta.lmeasure

ment?, ;It a1S9 sUll1llla,rizes tMef:EJtient ni6:ti
itoringsystemsat NFS,MFRP, and':I3NFP'"as
well, as ,the Xes1.l1 ts .of enviroDJJlEmtal moni
toringa,t t.hefirst.

La.,AirborneEInissions., Table 3in~
.clicatl=ld ' the ,expected•emissions , all via: ,the
gasouseffluent; from a large reprocessing
plant, ,Tbeon1ylarge plant'nowexisting in
the Un,itedStatesis the>:I3arnwel1 facility,
and. we" will' indicate::itsstack monitoring
capab:lLities, ialthoughJthe plant has not' be,en
pl;lt intooperation;,;Allcon'tinuous,. stack"
measurements·; a ti, Barnwell·.; areperfonned, on the
stream from a single sampling 'nozzle ,as in
dicated in Fig. 7 (fromReL l6)y, Because the

onlycoljlffiercial.plant,tohave'operated,inthe,
United States is the NFS Facility, we will
also slUllJUarize the results of environmental
monitQring,in its vicinity; the NFS facility
released both gaseous, and liquid radioactive
effluents.

Krypton..85~ Fora reprocessing plant that
does not controlnoblegases~ the 85Kr'monitor

, may:,be regarded to be a! process, monitor,,'since
the amount released. may be predicted solely on
the basis' of the: fueFhistol'y. Hence ,a simple
sodium~iodide, basedmonitor such as indicated
in Fig. 8 merely provides a check on the plant
operatlOnby measuring a weak ganunarayofthe
large 85Kr flux. On the other hand, 'for facil
ities that control 85Kr, more sensitive mon
itorswould be required. See Section IV for
85Krinstrumentation. .

Studies (Ref..17) by the Northeastern
Radio16gicalHealth·Laboratory.(NERHL), pal.'t
oftheU. S.. Bureal.lofRadiologicalHealth~,
confirm that ,virtually a'll of the ,85Kr' for a
particUlar reprocessing,i::yclewas :emitteddh
rectIy from ;the stack atNFS . At. BNFP ,'con...
servativecalclllationsyield 6mrem!;yearpo~

tential skinexposur~'at thesite boundary
(Ref..18). .: SiJIlilar doses have been: estimated

,
, 'I
"'" - - - -JL·_-'---"--_-'-'--l,

, ..~....
- ..-'" '.-.. -.'. . . ..... '. '.' ", ..............•. "'. '.' .•'..' •.

._ •..1.'.' c_. -.. •.• .

0-'
1-:'···' " ','. '," .- .. .' .. '
, "- ,.'.

- '-;..' - .. '..
" : ... , - .,- .-' ."
1- _ ..': c_. ; ,.' ..... __ . - _

~ \ Isokinetic Nozzle
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Fig. 8. ~NFP Main
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on the basis of the NFS emission data (Ref.
19) .

Trititnn. For plants such as BNFP, all
the trititnn from the fuel is released via the
stack, primarily as water vapor. At BNFP,
trititnn may be monitored off-line by drawing
a sample of liquid condensate from the de- 
hlDllidifier (Fig. 8), from which water can be
separated for laboratory scintillation countin~

(See Section IV for a discussion of trititnn
monitoring). However, the tritilDll emissions
can also be estimated from fuel history, since
it is not controlled. At NFS, most of the
trititnn was relegated to liquid wastes (Ref.
17), discussed below.

Iodine-129 and -131. Because of the high
efficiency of iodine scrubbed/absorbed in the
off-gas system, only a small fraction of these
isotopes will normally be emitted from the
plant. Because of the large amounts of iodine
available, compared with applicable standard,
it is important that the iodine output be
monitored to verify the continued effective
ness of the waste treatment system. The
monitor at Barnwell consists of silver zeolite
absorber, on which buildup of 1311 is observed
by a sodium iodide detector. See Section IV
for a discussion of iodine monitoring, both
stack and environmental.

For spent fuel that has not been stored
for a long period, the short-term iodine activ
ity released at reprocessing is predominantly
1311. This isotope could cause particular dif
ficulty in a breeder system since the fuel
may be reprocessed within a few months of
discharge. For the longer term, l29r is
the greater problem, persisting because of
its very long half-life - either in the en
vironment or in the residue from the iodine
control system. Particular attention has
£een given to environmental concentrations of

291 in the vicinity of the NFS facility
(Ref. 20), where however the iodine control
system was neither highly efficient nor con
sistently operated.

Particulates. Airborne radioactive par
ticles are usually removed from the gaseous
effluents by filtration, the effectiveness of
which is checked by the particulate monitoring
system. A class of particular interest at
reprocessing plants is the transuranics,
especially plutonitnn. Although it is expected
that these transuranic emissions can effec
tively be controlled by filter systems, the
strict limitations on concentrations prompt
effective monitoring. At Barnwell, only gross
particulate monitoring would be performed:
a gamma monitor uses a soditnn iodide crystal,
and an alpha monitor uses zinc sulfide scin
tillators. A more sophisticated and sensitive
system for transuranic monitoring using alpha
spectroscopy has been developed at Lawrence
Livermore Laboratory.2l See Sec. IV for a

discussion of plutonitnn monitoring instTlDllen
tation.

Reference 22 reports emission of approxi
mately 4 mCi/GW-yr of particulate alpha activ
ity from NFS operations, substantially greater
than the EPA limit of 0.5 mCi/GW-yr. Reference
20 reports measurements of alpha and beta par
ticulate activity at NFS site perimeter sta
tions.

Other radionuclides (gross monitors and
laboratory analyses). Monitoring systems
have ordinarily not been designed for contin
uous monitoring of radioactive species other
than those mentioned above, although others
may be of interest. Measurements of such
radionuclides may be made by using laboratory
analysis of samples taken at the stack. One
such radionuclide is carbon-14, whose emissions
may be estimated on the basis of fuel history,
if controls are not implemented. Overall
estimates of other species (such as 89Sr ,
106Ru) may be obtained from the liquid con
densate monitors and the particulate monitors:
these are often not very effective limits, so
that laboratory analyses are necessary as
part of a complete monitoring program. Ref
erence 16 summarizes the status of airborne
effluent monitoring at fuel reprocessing and
waste management facilities.

b. Liquid Effluents. Large
reprocessing plants such as that at Barnwell
are designed to release no radioactive liquid
effluent, and the MRFP was similarly designed.
The NFS had no such control and we shall in
dicate some results of environmental moni
toring in the vicinity of NFS. However, even
for plants as now conceived, effluent and en
vironmental monitoring for possible liquid
releases is prudent. These may depend on
gross alpha and beta monitors, as indicated
above for particulates, and on laboratory
analyses of liquid and environmental samples.

At NFS, the major source of low level
liquid waste was the "condensate from the
series of evaporators which are used to con
centrate high level liquid waste and to re
cover the acid" (Ref. 23).

The low level liquid wastes passed from
the main plant into interceptor tanks, then
into a series of three lagoons, and finally
into the environment at Erdman's Creek, which
flows eventually into Cattaraugus Creek, which
flows downstream into Lake Erie some 39 miles
away. Precipitation and sedimentation of
insolubles, as well as holdup for the decay
of short-lived species, are the important func
tions of the interceptor and lagoon systems.

The fate of liquid discharged from the
system can be divided into several areas:
Some of the radionuclide activity flowed down
Carraraugus Creek to Lake Erie: some settled

9/7)9
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Table 4. Radionuclides Contributed to the
Environment in Liquid Effluent from NFS (Ref. 24)

Percent of 10 CFR 20
Quantity Discharged Concentration Limit r
May to October 1969 in Cattaraugus Creek Water

Radionuclide (Curies) June 17, 1969 November 4, 1969

Tritium 1700 1.1 0.10

Ruthenium-l06 52 5.2 0.75

Cesium-137 8.0 0.008 0.15

Cesium-134 2.0 <1 <1

Strontium-90 8.3 17 23

Cerium-144 0.16 <1 <1

Promethium-147 0.092 <1 <1

Zirconium-95 0.0016 <1 <1

Cobalt-60 0.20 <1 <1

Antimony-125 0.59 <1 <1

Manganese-54 0.0027 <1 <:i.

Plutonium 0.0018 <1 <1

Uranium 0.032 <1 <1

Gross Alpha 0.048 <1 <1

--""-==-..o

out onto the bottom of the creek bed; some made
its way into the biosphere through plant and
animal takeup (small animals which drink the
water; fish; aquatic-plant takeup); and
perhaps some became airborne through evapora
tion.

The NERHL, during 1969, took measurements
at several points in the liquid system and also
studied creek bed samples. 24 For periods
during this relatively active year at NFS,
Table 4 shows radioactive discharges, as well
as concentrations as a percentage of maximum
permissible concentrations.

7. SUIlIDlary

The handling of spent fuel may involve a
variety of facilities providing for spent fuel
storage, fuel reprocessing, mixed oxide fabri
cation, and geologic disposal. Monitoring re
quirements for spent fuel are not dissimilar
from those for power plants. However, be
cause fuel reprocessing plant free the radio
activity contained in the fuel rods, the possi-

bility of radioactive discharges and the cor
responding monitoring requirements are more
severe at such plants. We have sUllIDlarized
anticipated reprocessing emissions, noting
their dependence on control design, and have
indicated the monitoring instrumentation that
has been designed for these facilities. More
detailed information on monitoring specific
radionucldies is presented Division IV of this
volume.
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matically the GSD is expressed (Ref. 3) as:
Am. N. P.

GSD =: 1 1 1
EN. P.

1 1

In the 1970 study (Ref. 2), the pre
liminary data show a reduction in GSD from 55
to 36 mrem per capita, a substantial improve
ment which is largely attributed to improved
collimation of x-ray beams.

One key set of statistics (Ref. 2) is
that in 1970, 129 million individuals made 179
million visits, and received 210 million medi
cal examinations in which 650 million films
were exposed. These figures were all some 20%
to 30% greater than those of 1964. A breakdown
of the 1964 statistics into the various cate
gories is shown in Figure.l.

the average gonad dose to persons
age i who receive x-ray examinations,
the number of persons in the popu
lation of age i who receive x-ray
examinations ,
the expected future number of child
ren for a person age i, and
the number of persons in the popu
lation of age i.

p.
1

N·1

Because GSD has not generally been
available for radiation sources other than
diagnostic radiology (e.g., environmental and
occupational exposure), and because it gives
no indication of somatic dose, the exclusive
use of this index in the reporting of popula
tion exposures has significant disadvantages.
(Somatic dose is that which effects the indi
vidual directly.) However, GSD has turned out
to be a reasonable measure of total dose, in
that several other of the indices seem to be
roughly proportional to the GSD over wide ranges
of variables.

The total GSD for medical roentgeno
graphy to the U.S. population in 1964 was
estimated (Ref. 1) to be 55 mrem per capita,
with an average of 0.53 diagnostic medical
examinations per capita in that year. Thus,
the avera~e examination produced a GSD of 104
mrem. Ra iographic procedures accounted for
96% and fluoroscopic procedures 4% of the diag
nostic-medical GSD. 82% of the GSD was to males,
16% to females, and 2% to fetus. Figure 2 shows
the 1964 U.S. distribution by age and sex,
while Figure 3 shows the distribution by type
of examination. Both figures are taken from
Ref. 1.

1. INTRODUCTION

2. SOURCES OF X-RADIATION EXPOSURE

This section on X-Radiation is intended
to provide background information about the ex
tent of radiation exposures due to the use of
x-radiation in modern medical and industrial
practice; also discussed are the various types
of x-radiation and their measurement. For di
rect discussions of instruments and instrument
comparisons, the reader is referred to the
section "Gamma and X-Ray Monitoring Instrumen
tation" elsewhere in this volume. The follow
ing section should be viewed as complementary
to the instrumentation section.

The number of x-radiation sources in the
world today defies accurate quantification.
Since the discovery of x-rays by W.K. Roentgen
in 1895, their use in industrial and medical
applications has become nearly ubiquitous,
and new applications are continually being de
veloped or exploited.

a. Medical and Dental X-Radiation
Exposures

A U.S.P.H.S. study, "Population Dose
from X-Rays, U.S., 1964" (Ref. 1) contains a
thorough documentation of medical x-ray dose
levels received by the population in that year.
A 1970 renewal of that study is currently
(Spring, 1972) in final review (Ref. 2). In
addition, the Environmental Protection Agency
is undertaking a comprehensive study (Ref. 3)
of population exposures to all sources of radi
ation (medical, occupational, environmental),
which is also in final stages of review and
revision. The methods of quantifying medical
x-ray dosages differ among various researchers.
One concept is the "whole-body dose", which is
the easiest to understand, but difficult to
interpret since exposures are seldom to the
whole-body. Another is the "genetically signi
ficant dose", in which esposures which are
genetically significant are weighted heavily,
while exposures to body extremities or to
individuals of non-reproductive age receive
little weight. A third concept is the dose to
individual organs (e.g., thyroid doses from
dental diagnostic procedures). We shall not
attempt to give detailed data here on all-oI
these categories or their significance; how
ever, we shall try to highlight some of the
findings to demonstrate the extent and nature
of medical x-ray exposures. For purposes of
general comparisons, the doses from dental
radiology and use of radiopharmaceuticals will
also be discussed.

)

Genetically significant dose (GSD)
is an index of radiation received by the gene
tic poor:--This index permits comparisons
between diverse national surveys and serves as
an important measure of x-ray exposure. Mathe-

~--
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FIGURE 1. Estimated Annual X-ray Experience of the Population by Number of Persons,
Visits, Examinations and Procedures, and Films or Exposures, United states, 1964.
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United states, 1964.
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Other contributions to GSD are smaller.
Diagnostic uses of radiopharmaceuticals in 1966
amounted to 0.26 mrem per capita, distributed
over an exposed population of about 1 million
people, only about 1/8 of whom were under age
30. Radiation therapy contributed an estimated
5.6 mrem of GSD, of which 0.6 was from radio
pharmaceuticals and 5.0 from x- and gamma
radiation (administered to about 75,000 indi
viduals) .

Total

Natural
100 1------------- Medical

FIGURE 4. Summapy of Estimated Avepage WhoZe
Body Radiation Doses in the U.S. (mpem/pepson).
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0.6
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FIGURE 5. Estimated Pepcent Distpibution of
Radiogpaphic Examinations by Body Apea,
United States, 1964. The totaZ numbep of
examinations peppesented hepe is 105 miZZion.
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Data on average doses to other organs are
harder to determine. The 1964 average dose to
bone marrow was 59 mrem/capita from medical
radiology, 1.2 mrem from dental radiology, and
0.5 mrem from radiopharmaceuticals. The num
ber of individuals exposed to medical radiolo
gy was 67 million, for which sample the average
dose was 165 mrem to the borte marrow. To the
th~Oid the corresponding figures are 26 mrem
(m~ical radiology), 18 mrem (dental radiology),
and 225 mrem (diagnostic pharmaceuticals).

An accurate estimate of the average soma
tic dose is more difficult. However, Ref-.-3--
has calculated an average somatic dose in 1970
of 73.6 mrem per capita, 72 of which is from
medical radiography and the remaining 1.6 from
radiopharmaceuticals and occupational exposures.

Another index of total genetic dosage is
the average gonad dose. The mean gonad dose
in 1964 was 83 mrem per capita, distributed
similarly to the GSD (Ref. 1).

Other statistics are also of interest.
Figure 5 shows the 1964 distribution by body
area of radiograuhic examinations, while Fi
gtlre 6 shows the number of films per examina
tion for selected hody areas. ~ote that for
abdomenal examinations a very large fraction
of the examinations consisted of four or more
films.

Figure 7 shows the 1964 fractional distri
hution hy type of facility and supervision:
note that only 60.8% of the procedures were
under the supervision of a radiologist, and
that the mean exposure/film seems to vary sig
nificantly depending upon the type of facility.
For abdomenal examinations, Figure 8 shows
that the mean exposure/film was twice as high
when these examinations were performed in pri
vate offices by practitioners other tllan radi
ologists.

In addition, Figure 4 (Ref. 3) shows an
estimate of the average dose per capita to the
whole U.S. population from each of the various
sources of exposure. Extrapolations to the
year 2000 are also shown, but of course these
must be understood merely as probably projections.
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b. Occupational Exposures to X-Radiation

The widespread use of x-radiation in
medicine and industry has made estimates of
total occupational exposures difficult.
Reference 3 indicates an average annual dose
of 320 mrem/capita (for about 195,000 non
federal medical x-ray workers) and 125 mrem/ca
pita (for 171,000 non-federal dental x-ray
workers). About 38,000 radium workers receive
an average of about 540 mrem/capita, and about
50,000 radioisotope workers receive about 262
mrem/year.

The industrial dose rates are less
well documented. Reference 3 tabulates a total
of about 24,500 industrial workers of all kinds
in agreement states (1970), with a mean expo
sure of 274 mrem/capita. It is probable that
the number in non-agreement states is roughly
comparable, making the total somewhat above
50,000 workers in the U.S. (The agreement
state concept is explained in detail in
"Particle Accelerators" elsewhere in this
volume. )

Another estimate (Ref. 4) placed the
number of units used for x-ray analytical work
(diffraction studies, x··ray spectrographs, x
ray fluorescence) at "several thousand", based
upon 1968 numbers in Pennsylvania and New York
State of 311 and 258, respectively. Perhaps
another few thousand are in use in the rest of
the world. Of the 311 in Pennsylvania, the
total number of accidently exposed persons in
1968 was found to be 15, of whom 9 suffered
clinical symptoms and 2 severe injury (Ref. 4,
5). Data from Sweden (Ref. 4) indicate com
parable accidental-exposure rates, perhaps a
little higher. From these data, one concludes
that the probability of sever injury from a
given unit is of the order of 1/100 per unit
per year, and 3 or 4 times higher for non-severe
injuries with clinical symptoms. The number
of "high" exposures (at or near 5 rem/year)
from which no clinical symptoms result is un
known. From a genetic viewpoint these exposures
have an insignificant impact on the genetic
pool, but their significance from an occupation
al-safety viewpoint is large.

c. Other Sources of X-Ray Exposure

X-ray exposures which are neither
medical nor occupational in nature are not well
quantified. Some of the specific sources are
from color television receivers in private homes;
from cold cathode gas discharge tubes, used
for demonstrations in school science classes;
from x-ray exposures to those passing by ac
celerators and medical facilities; and from
high-voltage electronic devices (e.g., klys
trons) which function improperly so as to leak
x-radiation.

Some limited surveys have been made
of these potential x-ray sources, thus the

Bureau of Radiological Health surveyed cold
cathode gas discharge tubes in 1969 (Ref. 6); in
formed manufacturers of three tube types which
were found to be emitters of excessive radiation
(Ref. 7); and then published a performance stan
dard in the Federal Register to prevent future
problems (Ref. 8). A similar B.R.H. program
followed the discovery of problems with some
color TV receivers (Ref. 9,10).

There seems to be little good data on
possible exposures to passers-by near medical
and accelerator x-ray sources. Proper safety
engineering prevents such exposures, but its
application is not universal. The desirability
of instrumentation to estimate these levels is
obvious; possibly, every source of x-radiation
should be required to measure and report on its
"environmental impact", through the use of inte
grating devices (TLD's, film) placed in adjacent
rooms, buildings, and trees, for example. At
the present time, this is not required of many
x-ray sources.

3. SAFETY ENGINEERING AND LICENSING

Most medical and industrial sources of x
radiation in the U.S. are subject to 11cense by
the several states (Ref. 11). Practices vary
widely, ranging all the way from regular licen
sing and surveillance of essentially all sources
to almost complete lack of regulation. Similar
ly, there are wide differences in the licensing
or certification of operators of x-ray equip
ment. Only a few states (e.g., California)
have a significant program of certification for
all medical x-ray workers; in California, even
physicians are subject to this certification
(Ref. 12). The licensing of individual indus
trial x-ray workers is practically non-existent.
This is a situation in urgent need of improve
ment, since a majority of large accidental ex
posures is due to human error rather than
mechanical failure (Ref. 4). Fortunately, pro
gress is being made in these various areas.
Under the 1968 U.S. Radiation Control for Health
and Safety Act (PL 90-602), the U.S. Bureau of
Radiological Health is empowered to set perfor
mance standards for electronic products which
emit radiation. Proposed performance standards
were published in the Federal Register for x-ray
diagnostic equipment in the healing arts on
8 October 1971 (Ref. 13), and for x-ray emissions
from color TV receivers on 25 December 1969
(Ref. 9).

A large reduction in total human exposure
to x-radiation can be gained by correct use
and maintenance of properly constructed equip
ment. As an example, we quote Dr. J.C. Vi1lforth,
director of the B.R.H. (Ref. 7): "Inadequate
collimation of the x-ray beam still continues
to be the primary source of our concern in the
use of medical x-ray machines ... Following the
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data obtained in the 1964 X-Ray Exposure Study,
it was determined that the genetically signi
ficant dose from medical radiation could be re
duced from 55 to 19 mrad/year, if the x-ray
beams were limited to the area of the film."
This is a problem of collimation, and yet (to
quote Dr. Vil1forth agam) , "we have recently
completed a radiation survey of USPHS hospitals
and clinics. Of the 31 hospitals and clinics
surveyed, only 63% had adjustable collimators
available on their x-ray equipment."

Figures 9 and 10 illustrate the serious
ness of the collimation problem. In Figure 9

ALL BODY AREAS

the 1962 mean ratio of (beam area/film area) is
shown for selected body regions and types of
facility (Ref. 1). It can be seen that in all
categories the mean beam size exceeded the film
size, in many cases by factors of 2 or 3. The
1970 preliminary data (Ref. 2) show some im
provements in this regard, but the problem is
still significant. In figure 10, the 1964 dis
tribution of dental films by beam diameter is
shown: note that although a 3- inch maximum is
recommended by the NCRP, 21% exceed this maxi
mum (the fraction exceeding the limit was 55%
in 1960, so progress is being made) .
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TABLE 1. Estimated Mean Exposure per Film by
Type of Radiogmphio Examination, U.S., 1964
(froom Ref. 1)

TABLE II. Estimated Mean Exposure per DentaZ
FiZm by Type of Examination, U.S., 1964
(from Ref. 1)

Improved training of users (including
physicians, medical technicians, and industrial
workers) is equally important: in this regard,
the B.R.H. is undertaking a pilot undergraduate
"X-Ray Science and Engineering Project" at
Oregon State University (Ref. 7), including the
development of course manuals and the evalu
ation of survey equipment and medical x-ray
equipment. This must be complemented by im
provements in medical and nursing education
programs. There has been a series of Annual
National Conferences on Radiation Control
(Ref. 11, 14) devoted largely to such questions
as safety, licensing, electronic product quali
ty, and reduction of radiation exposure levels.
Also, the ICRU (Ref. 15,16), NCRP (Ref. 17,18)
and ICRP (Ref. 19) have published documents
containing recommendations for the installation
and use of x-ray equipment. In the industrial
sector, the U.S.P.H.S. has published documents
such as "Radiation Safety Recommendations for
X-ray Diffraction and Spectrographic Equipment"
(Ref. 20), and sponsored a Symposium (Ref. 21).

The relationship of the safety engineering
problem to instrumentation is largely an in
direct one: instruments for measuring para
meters such as radiation beam intensities,
leakage sources, collimation halos, and shield
ing adequacy are only part of the larger
radiation-protection problem. However, these
areas can affect the choice and use of instru
ments, for example in shielding-adequacy or in
beam-halo studies. More important, regulations
(Federal or State) on equipment performance
obviously constitute a direct mandate for in
struments capable of measuring the radiation
levels.

4. SPECIFIC MEASUREMENT ASPECTS

Type of Examination

Head and Neck

Thorax

Chest, photofluorographic

Chest, radiographic

Shoulder
Thoracic and cervical spine

Other chest and thorax

Upper abdomen

Lower abdomen

Extremities

Type of Examination

Bitewing
Full Mouth

Periapical
All other

Mean of above

Mean Exposure (mR)
at skin entrance

279

504

45

213

1265

1657

796

784

117

Mean Exposure (mR)
at skin entrance

1249

1059

1201
1301

1138

There are a number of specific problems
with the measurement of x-radiations of various
kinds. Direct-beam measurements, for example,
present problems quite different from those of
stray beams or leakage-slit sources. Many of
these problems have been discussed in "Gamma
and X-ray Monitoring Instrumentation" elsewhere
.in this volume. Here we shall limit the dis
cussion to the intensities, beam sizes, ener
gies, and exposures from the various X-ray
sources.

Again we rely on the 1964 X-ray Exposure
Study (Ref. 1). Table I shows the mean expo
sure levels (milliroentgen at skin entrance)
for various categories of radiographic examin
ation. Similar data for various dental films
are shown in Table II. It should be emphasized
that these are mean values, and that deviations
from these means may be large. Practice varies
so widely that differences as large as factors
of ten can be found in some categories, with
extremes on both ends still within what would
be called "standard practice". These numbers
are presented more for their tutorial value
than for any direct usefulness in measurement
or choice of instrumentation.

Of more importance is the ener~ distribu
tion. There does not seem to have een a com
prehensive survey of the energy distribution
among medical x-ray procedures. However, with
a couple of exceptions most medical diagnostic
procedures are in the region above SO kVp.
Only in soft tissue radiography (such as in
mammography) is lower energy x-radiation common:
20 to 30 kVp is typical. Another low-energy
application is in superficial therapy (such as
acne treatment) where energies as low as 5 kVp
are used. At the high-energy end, energies
above ISO to 175 kVp are rarely found, although
there is some use of several-MeV linear accelera
tors for diagnostic chest studies. Dental diag
nostic equipment is also almost exclusively in
the 50-100 kVp range.

From these comments, it is clear that for
a large portion of the surveys one requires an
instrument (an ion chamber, typically) whose
energy response is flat down to at least SO keV;
and one also needs a way of measuring low-energy
x-rays for the specific applications such as
x-ray analytic sources, soft tissue radiography,
and superficial therapy.
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5. SUMMARY

In this section, we have tried to outline
the extent of radiation exposures due to the
use of x-radiation in the United States. Di
rect discussion of instruments can be found in
the section "Gannna and X-ray Monitoring Instru
mentation."

The principal conclusion is that medical
and dental x-radiation, principally for diag
nostic purposes, produces the largest dose to
man of any man-made source of radiation today.
While unnecessary exposures have been reduced
significantly in the last two decades, there
is still much reduction which can be achieved.
This is mostly through the more wide-spread
application of collimators, sensitive film,
and proper technical training. Perhaps a fac
tor of 2 or 3 might be gained below the levels
found by the 1964 X-Ray Exposure Study (Ref. 1),
without any significant technological break
through. Further large factors can be achieved
through dramatic improvements in the equipment
used in radiography, but that subject is out
side of the scope of this survey.
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E. Mining and Milling of Uranium Ores

1. Introduction

In this section, we give an overview of
the radiological problems associated with the
mining and milling of uranium ores, activities
that are increasing with the rising worldwide
demand for nuclear fuel. Requirements for
radiation-measuring instrumentation are
emphasized, noting how specific aspects of the
mining and milling industry have created the
need for unique instrumentation. Radiation
protection guides and general radiological
safety considerations are also summarized.
Although this section is devoted to uranium
mining and milling, many of the same consider
ations apply to the extraction of other ma
terials, particularly thorium but also (be
cause of the pervasive distribution of
uranium and thorium) non-nuclear materials,
such as the Florida phosphates. Ore mining
and processing enhances the contact and dis
tribution of natural decay chain radionuclides
in the biosphere.

We attempt to emphasize the important
radiological impacts and the reSUlting instru
mentation requirements for the uranium in
dustry, giving little attention to measurement
problems that are not unique to the industry
or that are of very restricted interest. We
therefore discuss primarily measurements in
side underground mines, of radon-222 and its
daughters (or of the "Working Level" a
quantity defined for occupational exposures)
and measurements outside mills (e.g., mill
tailings) of radionuclides in air and water.
We will also discuss briefly external y mea
surements, bioassay, and airborne particulate'
monitoring. In many respects, this section
complements that on "Radon and its Daughters",
which includes detail on the properties of
radon, its decay chains, and other physical
considerations. The section on "Radium" is
also of interest, largely because of its
presence in mill tailings. Since these radio
nuclides tend to be a-emitters, we also refer
the reader to "Alpha Particle Instrumentation"
(Section III.B)

2. Environmental Radiation Hazards

Although there are other environmental
impacts associated with mining and milling
(Ref. 1), we will discuss only those that
derive from radioactivity. The details of
uranium mining and milling techniques may be
found elsewhere (Refs. 2,3). Briefly, uranium
is extracted principally from underground or
surface (open pit) mines, although solution
mining is becoming more widespread (Ref. 4).
Milling ores from mines involve crushing,
leaching, extraction, and conversion operations.
Radiological hazards may arise from uranium, or
its daughters most importantly, 238U, 235U,
234U, 230Th, 226Ra, and Radon and its daughters.

(See Table 1 and Section IV.G, ''Uranium''.) In
mining and milling, a, 13, and y radiation
from these nuclides can be important with
hazards arising primarily from internal ex
posure and to a lesser extent from external
radiation.

The hazards from exposure to 13 and y
radiation, uranium dusts and surface contam
ination in open pit mining for uranium are
about the same as those encountered in under
ground mining (Ref. 5), but underground
mining has more significant problems associ
ated with radon and radon progeny. Although
mining operations will release radioactivity
in the air, with proper ventilation it can be
dispersed and will dilute rapidly in the atmo
sphere. Radon is a noble gas, unlike its
precursors,. therefore it can easily become
airborne. The airborne radionuclides consist
of radon and its daughters, which constitute
the most serious hazard, and long lived a-
emitters, which are present in dusts of the
mine atmosphere from the decay chain of nat
ural uranitmi. Where underground mines are
poorly ventilated and radon can collect, radon
and its daughters have been found to pose sub
stantial radiological hazards for uranium
miners. Ganuna radiation levels greater than
2 mrem/hr sometimes pose an external hazard
even in lower grade mines due to buildup of
2l4Bi (RaC') (Ref. 6). The other members of
the uranium series, with less mobility and
long half lives, do not ordinarily pose a com
parable hazard, either from external exposure
or from internal exposure due to respiration or
ingestion of these nuclides in the mineral
dusts.

Mine effluent wastes include liquids,
solids (particulates and tailings), and gases.
The liquids are mostly water from mine drainage
and water used in drilling. Solid waste is
primarily waste rock and low-grade ore.
Leaching of mine tailings will be an additional
source of low-level liquids waste. Since
radon is soluble to a certain extent, sometimes
water seeping into a mine may be a source of
radon. About 1% of Ra in the ore is soluble
and can also be contained in water, resulting
in con~amination if it is discharged directly
to the environment from mining operations.
Contamination of surface or ground water could
cause a potential exposure from drinking water
to be important. Although ground water impacts
and disposal of liquid wastes are the primary
environmental concerns associated within-situ
solution mining, similar problems associated
with conventional mining and milling operations
are actually larger. When a 0.1% grade of ore
is assumed, an estimated maximum of 16 tons of
solid waste per ton of produced yellowcake
would be generated by solution mining compared
with 1000 tons of radioactive wastes (tailings)
associated wi th conventional milling methods.
In addition, the tailings from conventional
operations contain almost all the 226Ra and
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other daughter products associated with the ore,
whereas only < 3% of the radiwn in the ore is
brought to the surface during in situ
mining (Ref. 7). In order notto negate any
advantage gained from smaller quantities of
radioactive materials reaching the surface
envirornnent, deposition of the solid wastes
generated must be carefully planned to prevent
proliferation of small waste disposal sites.
We see that the mining process exposes previ
ously inaccessible uraniwn so that the daughter
activities, particularly radiwn and radon,
have a greatly increased probability of trans
port to the general envirornnent. The primary
population at risk is the uraniwn miner.

Uraniwn is extracted by a milling opera
tion that uses sulfuric acid (or, less often,
an alkali) to leach the uraniwn from ore that
has been crushed and ground. The uraniwn is
subsequently recovered from solution by sol
vent extraction or ion exchange. Its product
is a semi-refined uranium compound called
"yellowcake" which is the feed material for
the production of uraniwn hexaflouride. The
uraniwn mill produces large volwnes of both
solid waste, basically tailings from the ore,
and liquid waste. from the various mill
processes. When initially discharging its
waste, the bulk of the wastes is a mixture
of the solids and liquids forming a slurry for
easy movement to the disposal site. Most of
the non-volatile uranium decay daughters are
relegated to these waste streams.

Volatile daughters, notably radon, may
escape throughout the milling operation.
Airborne particulates may be released from
yellowcake drying and packaging operations
(depleted in uraniwn daughters), crushing and
grinding operations, and the ore storage pads.
However, over the long term, the principal
source of radon and its daughters is the de
cay of longer-lived uranium daughters, most
importantly 230Th and 226Ra, present in the
waste tailings (Ref. 8). These two radio
nuclides can also have direct radiological im
portance, either because of their presence at
relatively high concentration in the liquid
milling effluents (Ref. 2) or because of their
presence in tailings allowing them to become
airborne in particulate form (Ref. 8). Air
borne releases from the milling process thus
include both particulate matter and gases.
Low stacks are the means by which these dusts
or gases are discharged to the atmosphere
from milling operations.

The liquid effluent from a process mill
consists of waste solutions from the leaching,
grinding, extraction, and washing circuits of
the mill. The radioactive daughter products
of radon may be present in small concentra
tions. Since the concentrations of 226Ra and
230Th are about an order of magnitude above
specified liquid limits in federal regulations
10 CFR 20 (Ref. 9), considerable effort must

be exerted to prevent any release of the mater
ial from the site. The solid and liquid waste
is stored as a slurry in a tailings retention
pond which should be constructed to prevent
discharge into the surface water system and
to minimize percolation into the ground.

The tailings retention system or "tailings
pond" will have a radiological impact on the
envirornnent through (1) the air pathway by
continuous discharge of radon-222 gas
(2) external exposure through y rays given off
by decay of radium-226, radon-222
daughters (primary 2l4Bi), and (3) through
air, water, or food pathways if radium-226
and thorium-230 are blown off dried areas ·of
the tailings ponds by wind or are leached from
the pond into surface waters (Ref. 8).

When a retention system involving a dam
is initially put into use, because all the
waste is under water, it is expected that
there will be small losses of radioactive
slurry waste as seepage through and around the
dam. Radiwn-226 is a radionuclide of concern
because levels as high as 32 pCi/~ have been
found in seepage from current operating mills
(Ref. 2). Unless the impoundment area is lined
with an impervious material, considerable
quantities (10% - >80%) of the liquid effluent
from the mill will leak out through the bottom
of the pond (Ref. 10). This is a potential
problem requiring continuing monitoring pro
grams to insure that there is no significant
movement of contaminated liquids into the
offsite envirornnent.

Toward the end of the operating lifetime
of a tailing retention system, some of the
tailings will no longer be under water and
will dry out to form a beach. Wind erosion
can carry off tailings material from these
beaches as airborne particulate matter. The
amount of radioactive particulate material re
moved from the tailings beach by wind erosion
depends on the area and topography of the
beach, the wind velocity, and particle size
distribution of the tailings (Ref. 8). Long
lived alpha-emitting radionuclides U-238,
Th-230, and Ra-226 are some of the source terms
and the most significant contributors to the
lung dose. Since the airborne particulate
effluent discharges of tailings dust (as well
as calcinated yellowcake and ore dust) are con
sidered insoluble aerosols when they are in
haled, these aerosols tend to remain in the
pulmonary region of the lung so that the lung
becomes the critical organ when the radiation
dose is calculated. A recent study (Ref. 11)
has indicated that windblown tailings from in~

active unstabilized tailings piles have caused
elevated y exposures >25 mrem/yr at distances
up to one mile from the pile. However, the in
halation pathway is considered to be the criti
cal pathway because levels of control sufficient
to limit radiation exposure through inhalation
will also prevent exposures through the

3.2.5-3
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ground deposition whole body exposure pathway.
From the exposure point of view, the primary
concern of tailings piles is long-ran2e at
mospheric diffusion of the noble gas 22Rn
and resultant air concentrations of daughters.
Radiation exposure to radon gas and radon
daughters constitutes over 98% of the environ
mental impact of such piles (Re~. 12). A
recent study (Ref. 13) was undertaken that
provided estimates of inhalation dose from
222Rn, 2l0Pb, and 2l0po to the population in
the Western U.S. resulting from unit releases
of 222Rn from tailings piles. Table 2 is
taken from that report. Due to lack of proper
treatment in the past>significant problems
have arisen from inactive uranium milling
sites (Ref. 14,15). Table 3 summarizes the
hazards from tailings. Compared with other
types of nuclear waste, uranium mill tailings
are generated in large volume, about 10-15
million tons annually (Ref. 16) and are long
half-life, low-level radioactive wastes
(Ref. 17).

In the absence of very large controlled
areas, or unless individuals live more than 1
mile from the tailings pile, the pile tailing
source term must be kept very low by using
preventive measures. Many studies (Refs. 18
23) have been done to determine the source
terms and ambient .levels from the tailings
piles, both active and inactive. In addition,
studies on transport and distribution in the
environment have also been carried out (Refs.
24,25).

In summary, for the entire mining and
milling process (including after shut-down)
the potential critical pathways to be con
sidered are inhalation of a-emitting radioac
tive airborne particles and radioactive gas,

deposition of airborne radioactive particles
causing whole body exposure from y rays, and
radioactive contamination of surface and/or
ground water by seepage from the tailings
pond or by discharge of process water, and
potentially the food pathway via airblown
deposition or irrigation with contaminated
water. The reader should be aware that
mining and milling each significantly impact
different groups of populations. Mining tends
to be an occupational exposure problem, while
milling tends to affect the general population
exposure level.

3. Units of Exposure

Radiation protection guides for most
radiation exposures are expressed in the
familiar units: For external whole-body ex
posures or exposures of specific organs, the
limits are stated in absorbed dose equivalent
(rem); and for radionuclide concentrations in
air and water, the limits are stated as maxi
mum permissible concentrations (in llCi/cm3, for
example).

For the purposes of radiological protec
tion of the lungs in the uranium mining in
dustry, a specialized unit of exposure to
radon-222 and its daughters has been developed.
This is the Wopking Level (WL), defined as
"aily combination of radon daughters in one
liter of air that will result in the ultimate
emission of 1. 3xl05 MeV of alpha energy"
(Ref. 26).

The reason for the specialized unit is
mainly operational: the WL is a concept
having validity in any mixed concentration of
radon and its daughters, whether or not they
are in equilibrium. Just as important, it

Table 2. Population dose ~er unit radon release to inhabitants of the United States
from inhalation of 2 2Rn, 2l0pb, and 210Pb in 1978. (From Travis et a1.,
Ref. 13, with permission by American Nuclear Society © 1978.)

Release site

Casper, Wyoming

Falls City, Texas

Grants, New Mexico

Wellpinit, Washington

aDose to bronchial epithelium of tracheobronchial tree.
bDose from uniform distribution of radionuclides in organs.

3.2.5-4
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Table 3. Principal radionuclides involved in the exposure pathways from
tailings piles to man. (From Goldsmith, Ref. 14, with permission
by Nuclear Safety © 1976.)

Pathway Radionuclide Pathway Processes Exposure Hazard

Radon 222
Rn 1- Diffusion to pile surface Inhalation of daughters s

diffusion
2. Atmospheric transport of 222Rn,
3. Inhalation 2l0pb 2l4pb, ,

2l4Bi , and 2l4po

Airborne 230Th 1- Resuspensionfrom pile Inhalation of air-
activity surface borne activity

2. Atmospheric transport carried by respira-
3. Inhalation ble particles
4. Body surface contamination

Terrestrial 226Ra 2l0pb 1- Resuspension from pile Ingestion of,
surface 226Ra and 2l0pb2. Atmospheric transport

3. Deposition on soil or foliage
4. Uptake by plants
5. Uptake by animals
6. Consumption of contaminated

plants, meat, and milk
7. Consumption of contaminated

soil

Aquatic 226Ra , 2l0pb 1- Dissolution of radionuclide Ingestion of
in pile 226Ra and 2l0pb

2. Migration through soil to
water

3. Migration in water
4. a. Uptake by aquatic organisms

b. Consumption of aquatic organisms
5. a. Use of water for irrigation

b. Uptake by plants
c. Consumption of plants

6. Consumption of contaminated drinking water
7. Immersion in contaminated water

External 226Ra daughters 1- Attenuation by pile material External exposure
gamma 2. Air-distance attenuation to gamma radiation

3. External exposure produced b2" the
decay of 2 6Ra and
its daughters

a cumulative exposure. It is defined as fol
lows: "Inhalation of air containing a
radon daughter concentration of one W1 for
173 working hours results in an exposure of
WLM" (Ref. 27).

4. Epidemiological Data

Today, there seems to be little doubt
about the epidemiological evidence connecting
uranium mining and lung cancer. This is true
despite some disagreements about the detailed
conclusions which can be drawn from the avail
able evidence. Holaday (Ref. 28) has written

3.2.5-59/79

lends itself to practical measurements in the
mines.

We note that the W1 considers only radon
222 daughters and not radon gas itself. This
is because radiation dose to the lung comes
primarily from the retention in the lung of
the daughters. Radon itself is chemically
inert, is not preferentially retained, and
hence gives substantially less dose to the
lungs.

An extension of the WL concept is the
''Working Level Month" (WLM), which expresses
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ades studied. However, measurements in 108
U. S. mines in 1956 and 231 mines in 1966 re
vealed the following distribution by WL
ranges (Ref. 26):

In the mid-1950's a sizeable fraction of .
miners were exposed to atmospheres at cumula
tive levels in excess of 100 WLM per year.
Substantial progress was subsequently made
(and is still being made) in reducing WL values
in mines as is seen in Table 4. For 1977,
about 89% of uranium mines had concentrations
less than 1 WL, with most of the remainder less
than 2 WL.

o

19% 44%
25% 42%

33% 9%
33% 4%
23% 1%

Fraction of U. S. mines
in WL Range

1956 1966WL Range

Less than 1.0 WL
1.0 to 2.9 WL
3.0 to 4.9 WL
5.0 to 10.0 WL
Greater than 10.0 WL
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an excellent historical account of the uranium
miners' radon exposure problem. (This account
is part of the May 1969 issue of Health Physics,
which issue is entirely devoted to various re
ports in the same field of study (Ref. 29).
The epidemiological data were reviewed in 1967
by the now-defunct Federal Radiation Council
(FRC) (Ref. 26), and again in 1971 by the
National Institute for Occupational Safety and
Health (Ref. 28). The FRC noted "a clear
association between exposure to radon daughters
in mine air expressed as cumulative WLM and
the number of lung cancer deaths in the study
group," and this is confirmed in more recent
reviews (e.g., Ref. 31). Figure 1 (from
Ref. 26 ) shows some of this· evidence,
indicating increased mortality at cumulative
exposures greater than 1000 WLM.

The FRC indicated that there seems to be
a synergistic association with cigarette smoking
as well. Of other possible agents that might
cause lung cancer (silicon, hydrocarbons,
longer-lived radioactive materials such as
thorium or uranium) none seeIJl to have support-
able epidemiological evidence. .
(Ref. 26).

One of the principal difficulties in these
epidemiological studies was determining the
average WL in uranium mines over the two dec-

Fig. 1. Observed and expected annual lung
cancer mortality per 10,000 mines and
95% confidence limits in relation to
exposure (Ref. 26).

40e i,/,/
.l:.±<~~ ~ ~ 1 ~~~.~~~~~.~ Lo.

o 1,000 2POO 3,000 4,000 5,000 6,000

CUMULATIVE WORKING LEVEL MONTHS

Although the association between radon
daughters and lung cancer was first identified
in underground uranium miners, radon also
occurs in other types of mines, and recent
evidence (e.g., Ref. 33) links resulting ex
posures to increased incidence of lung cancer.
Based upon such evidence, radiation protection
guides have been established.

5. Radiation Protection Guides, Criteria,
and Standards

In the United States, the wi and WLM
concepts are used for exposure to radon and
its daughters. (A limit for radon-222 gas
itself is typically not considered separately,
because of the general recognition that the
impact of the radon daughters is the more im
portant consideration.) Mining standards are
promulgated under the authority granted to the
Secretaries of Labor and of Health, Education,
and Welfare (HEW) by the Federal Mine Safety
and Health Amendments Act of 1977 (Public Law
95-164). The operating standards for mines
are given in Title 30 of the Code of Federal
Regulations Parts 55, 56, 57, and 58.
Standards regarding radiation in underground
mines are given by 30CFR57.5-35a through
30CFR57.5-47a. Table 5 paraphrases the cur
rent radiation standards. These standards,
now considered the operational guidelines for
exposure of miners to radon daughters, provide
that exposure to radiation other than the in
halation of radon daughters must be considered
separately. The usual occupational limits
apply, that is, 5 rem/year for whole body ex
ternal exposure, and so on. These limits have
been discussed in detail in the introduction
of this volume (see Section I.D).
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Table 4. Radon daughter concentration and its
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1975

1976

1977

Average Concentrations

0.71 WI..

0.58 WI..

0.51 WI..
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Average Exposures

5.68 WIM

4.64 WlM

4.08 WIM

Table 5. Current radiation standards, underground only (February 17, 1978). (Ref. 6)

57.5-37

57.5-38

57.5-30

57.5-40

57.5-41

57.2-42

57.5-44

57.5-45

57.5-46

57.5-47

9/79

Mandatory. Mine atmospheres shall be sampled to determine if hazardous concentrations
of radon daughters are present. Where potentially hazardous concentrations are found,
or known sources of radon exist, each active work area shall be sampled as often as
necessary by a qualified person.

Mandatory. No person shall be permitted to receive an exposure in excess of 4 WIM in
any calendar year.

Mandatory. Except as provided by standard 57.5-5, persons shall not be exposed to air
containing concentrations of radon daughters exceeding 1.0 WI.. in active workings.

Mandatory. (a) Where uranitun is mined, if measurements in areas indicate exposure to
concentrations of radon daughters in excess of 0.3 working level, complete individual
exposure records shall be kept for all employees entering these areas.
(b)....

MandatoQ". Smoking shall be prohibited in all areas of a mine where exposure records
are requlred to be kept in co~liance with standard.

Mandatory. If levels of permissible exposures to concentrations of radon daughters
different from those prescribed in 57.5-38 are recommended by the Environmental Pro
tection Agency and approved by the· President, no employee shall be permitted to receive
exposures in excess of those levels after the effective dates established by the Agency.

Mandatory. The wearing of respirators approved for protection against radon daughters
shall be required in environments exceeding 1.0 WL and respirator use shall be in
compliance with standard 57.5-5.

Mandatory. Inactive workings, in which radon daughter concentrations are above 1.0 WL,
shall be posted against unauthorized entry and designated by signs indicating them as
areas in which approved respirators shall be worn.

Mandatory. Where radon daughter concentrations exceed 10 WL, respirator protection
against radon gas shall be provided in addition to protection against radon daughters.
Protection against radon gas shall be provided by supplied air devices or by face
masks containing absorbent material capable of removing both the radon and its daughters.

Mandat0ia' Gannna radiation surveys shall be conducted annually in all underground mines
where ra ioactive ores are mined. (a) Surveys shall be in accordance with American
National Standard ANSI N13.8-l973, entitled "Radiation Protection in Uranitun Mines",
Section 14.1 page 12, which is hereby incorporated by reference and made a part hereof.
(b) Where average gannna radiation measurements are in excess of 2.0 mR/hr in the working
place, gannna radiation dosimeters shall be provided for all persons affected, and
records of ctunulative individual gamma radiation exposure shall be kept.
(c) Annual individual gannna radiation exposure shall not exceed 5 Rems.

3.2.5-7
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The International Commission on Radio
logical Protection in Publication 24 (Ref. 34)
outlines the principles of monitoring and
limitation of radiation exposure in uranium
mines, based on the ICRP guide (Ref. 35) recom
mending that the annual average concentration
of 222Rn and its daughters should not exceed
30 pCi/~ in occupational settings. This re
sults in a little less than 4 WLM in a year.
Quoting from ICRP Publication 24 (Ref. 34):

"For the purpose of radiation protection
in mines, it is understood that this limit
refers to 222Rnin equilibrium with its
short-lived daughters, where the daughters
release, through their decay to 2l0Pb, an
alpha-energy equal to that released by the
daughters of 30 pCi/~ of radon in
equilibrium with its daughters (3.9xl04
MeV/~) .

"The annual limit of exposure to radon
daughters can therefore be expressed as
a time integral of alpha-energy concentra
tions: 2000hx3.9xl04 MeV/~ = 7.8xl07
MeV h/~. An additional quarterly re
quirement is that the exposure in a
quarter of a year should not exceed
3.9xl07 MeV h/~."

In addition, the ICRP limits the annual
exposure to pure 222Rn, ~ely to 6xl06 pCi
h/~, (Ref. 34). This corresponds to an average
conc~ntration of 3xl03 pCi/~. This limit is
applicable in situations where the potential
alpha energy of the daughters is a small frac·
tion of the value in equilibrium, such as may
result from the use of respirators, and from
air filtration or electrostatic precipitation
of daughters. Also, the ICRP limits uranium
ore dust; the operational limits employed are
based on the total alpha activity of the long
lived nuclides present in the dust, under the
assumption that these nuclides are all members
of the 238U series (excluding radon and its
daughters) in secular equilibrium. It has
taken into account the fact that only five
ninths of the relevant disintegrations are
alpha. The annual operational limit for alpha
activity in ore dust is 70 pCi h/~; the
quarterly limit is 35 pCi h/~, (Ref. 32)
corresponding to the average c~ncentrations

of 3.5XlO-2 pCi/~ and 1.75xlO- pCi/~, re
spectively.

We note here that there is no explicit
guideline for exposure of the general public

, to radon and its daughters. However, the ICRP
has reconnnended in its general overview that
individuals in the general public should be
limited to exposures that will not exceed the
risk of 0.5 rem whole body exposure in a
year (Ref. 36).

The Environmental Protection Agency regu
lations (Ref. 37) requires that operations of
mining and milling be conducted such that the
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annual dose equivalent to any member of the
public does not exceed 25 millirem (0.025 rem).
The EPA further regulates the mining and
milling industry by requiring that all opera
tions which can possibly contaminate surface
and/or ground water that is used for drinking ,
water adhere to the standards set by the
National Interim Primary Drinking Water Regula
tions for Radioactivity (Ref. 38). In order
to provide for the regulation of uranium mill
tailings under the Atomic Energy Act of 1954,
the U. S. Congress passed the Uranium Mill
Tailings Radiation Control Act of 1978 (Ref.
40). This Act charges the Environmental Pro
tection Agency (EPA) with the promulgation of
health and environmental standards for uranium
mill tailings and the Nuclear Regulatory Com
mission with insuring proper waste management.

6. Safety and Monitoring Codes

The complexity of adequate radiation
protection in uranium mines and mills has '
motivated several codes of practice, which
we shall mention briefly here.

The U. S. Bureau of Mines has issued a
two volume handbook (Ref. 41) which is a
prime source of detailed reconnnendations on
aontroZ of exposures in underground uranium
mines. The main strengths of this compila
tion are detailed discussions of ventilation
practices, mine planning, sampling procedures
for measurement, .and the Kusnetz method for
measuring WL (see "Radon and Its Daughters",
Section IV.E). 'This handbook is highly recom
mended to any reader interested in the fine
points of exposure control.

, '

The International Atomic Energy Agency
(IAEA), jointly with the International Labor
Office (ILO) has published a Code of Practice
(Ref. 42), which outlines the general duties
of mine employees and employers for radiation
safety. It recommends a maximum permissible
dose equivalent of 15 rem/year to the bronchial
mucosa of the lung. It also describes pro
cedures for medical surveillance; protective
measures (ventilation, dust abatement, safety);
and protection equipment. The lAEA/ILO Code is
accompanied by a Technical Addendum giving de
tailed considerations for control of radon and
daughters; for monitoring radiation in mines;
and for radiation protection in uranium and
thorium mines and mills.

In addition the !ABA and ILO have issued
a manual (Ref. 43) for the guidance of those
responsible for the regulation, management,
and operation of uranium and thorium mines and
mills. The manual (IAEA ,Safety Series No. 43)
follows and supplements !ABA Safety Series
No. 26, and is intended as an operating manual
with particular emphasis on implementation
methods. The scope of the manual is limited
to occupational hazards in mining and milling,

o
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but includes a section in which liquid, solid,
and gaseous wastes produced by the various
processes are identified although not treated
in detail. For the monitoring and control of
such radioactive wastes, the reader is re
ferred to the lAEA Code of Practice on the
Management of Wastes from the Mining and
Milling of Uranium and Thorium Ores, the first
part of IAEA Safety Series 44 (Ref. 44). The
Code of Practice identifies wastes, presents
environmental problems and sets out minimum
requirements for their competent management.
The second part of Ref. 44 is a Guide to the
Code, indicating ways in which the requirements
of the Code may be met.

Another code of practice, ANSI N7.l,
was published in 1960 by the American National
Standards Institute, (Ref. 45) with a revision,
ANSI N13.l, in 1972 (Ref. 46). ANSI N7.l con
tains details of air and breath sampling pro
tective measures, and medical procedures. The
1972 revision contains more recent techniques

and suggestions for ventilation, air sampling
patterns, record keeping, and control responsi
bilities. Most important, it contains sug
gested procedures for measuring gamma radia
tion, radon gas and radon daughters.

Another code of practice is the 1957
U. S. Public Health Service Publication 494
(Ref. 47). Also, the 1963 lAEA Symposium
(Ref. 48) contains much information on con
trol and monitoring procedures.

The Nuclear Regulatory Commission has
issued a guide (Ref. 49) describing programs
it finds acceptable for measuring, evaluating,
and reporting releases of radioactive materials
in liquid and airborne effluents from typical
uranium mills. The radiological effluent
monitoring program is summarized in Table 6.
The NRC has also released a guide (Ref. 50)
useful in the preparation of environmental
reports for uranium mills.

Table 6. Summary of proposed NRC radiological
effluent monitoring program for uranium
mills. (From Hickey, Ref. 51, with permission
by American Nuclear Society © 1977.)

9/79

Sampling Location and Frequency

A. AIRBORNE

Site Boundary, continuous

Drier Stack, Semiannual

Other Stacks, Semiannual

B. LIQUID

Discharge Point, Continuous

Wells, Quarterly

On-site Water Bodies, Quarter~y

Tailings Seepage, Quarterly

3.2.5-9

Type of Analysis

230U-natural, Th,
226

Ra
222

Rn
2l0pb, ,

U-natural, 230Th ,
226

Ra
'

U-natural

U-natural, 230Th ,
226Ra

U-natural, 230Th,
226Ra

U-natural, 230Th ,
226Ra

U-natural, 230Th,
226Ra

~
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7. Instnnnentation Requirements

There are five different classes of
measurements within the uranfum mining and
milling industry:

i. Measurements of Working
Levels, to ensure the radiological protection
of miners.

l.J. • Measurements of the
individual radionuclides (radon-222, and each
individual daughter separately) by ventilation
engineers and safety officers to aid in the
design of adequate safety systems. Also in
this class is the detennination of the uncom
bined fraction of Radium-A. None of these
measurements has become widely used in the
uranium industry.

iii. Measurements. of other
sources of occupational radiation exposure.
These include external gamma radiation,
particulate airborne radionuclides, thorium,
uranium, and radium. At present, these latter
measurements are not widely perfonned.

In addition, there are two other classes of
measurements:

iv. Measurements of bio
assay media (for example, urinalysis). These
can be valuable indicators of radionuclide
body burdens. They are principally used at
mills, and much less often at mines.

v. Measurements of the
radiological impact of mines and mills on the
envirorunent. These include measurements in
waste waters; in ambient air near mill
tailings; in soil samples; and in plants
and animals.

The uranium mills' envirorunental radio
logical impact can be important, while that
of uranium mines is nearly always minor by
comparison.

We shall discuss these categories sep
arately below, outlining the requirements on
instnnnentation.

a. Measurements of Working
Level. The most obvious requirement for
occupational protection is the measurement
of Working Level. Indeed, as mentioned above,
the original choice of WL as a measure of ex
posure was largely operationaL

Direct measurements of WL itself can now
be made by the well-established but time-con
suming and approximate Kusnetz method; by the
Tsivoglou method; and by more rapid but less
accurate methods using Instant Working Level
Meters. In addition, when thoron is present,
the potential alpha energy (working levels)
from thoron daughters should be detennined by
methods outlined in a publication (Ref. 52) by
the Mining Enforcement and Safety Administra
tion (predecessor of MHSA) (Ref. 52). In
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mines containing thorium, its daughters will
be present, including radon-220, comparable
to radon-222, the distant daughter of uranium
238. These are all discussed in "Radon and Its
Daughters".

The instnnnentation needed for the proper
measurement of WL should be sensitive down to
at least 0.03 WL (10% of the present average
guidelines of 0.33 WL), and be capable of mea
suring WL in the range of about 0.1 to L 0 WL
with accuracies of BO to +20%. It should be
reliable in the working conditions found in
mines. This implies ruggedness, convenience,
portability, and small size and weight. When
detennining exposure, a rapid readout is not
important whereas for ventilation engineers
it can be important (the Kusnetz method re
quires 45 minutes, start to finish).

Several devices have been proposed (Ref.
53) for monitoring individual exposure of
persons to radon and, more importantly, to
radon progeny attached to aerosol particles.
A working level dosimeter has been developed
and tested (Ref. 54). Its response is linear
over several decades of cumulative working
level exposure and the limit of sensitivity
is about 1.4 WL-h as long as controlled con
ditions exist; in a mine envirorunent trouble
with the operation of the pump exists. Sev
eral "instant working level meters" are
available commercially (e.g. MDA) or are in
various stages of development (e.g., Kerr
McGee, Argome National Laboratory).

b. Measurements of Individual Radio
nuclides. Another class of measurements J.S

the separate detennination of individual radio
nuclide activities in the radon chain; prin
cipally, radon-222; polonium-2l8; lead-2l4;
and bismith-2l4. If simple instnnnentation for
these were available it would enable industrial
hygienists and ventilation engineers to assess
the extent to which a particular atmosphere
is in equilibrium.

There are several methods for measuring
padon-222 aotivity. Two common methods are
by using a "Lucas chamber" or by the "two
filter" method, but neither is entirely satis
factory. Sensitivities are adequate (better
than 10 pCi/liter in each caSe) but each suf
fers from some drawbacks, and a truly satis
factory radon gas monitor is still required
and unavailable.

Measurements of various individual padon
daughtepsare desirable, and are possible.
Very good sensitivity for the daughters of
radon can be obtained by the Thomas modifica
tion of the Tsivoglou method (Ref. 55). Sensi
tivities as low as pCi/~ for each daughter
can be obtained (Ref. 56). Unfortunately, mea
surements camot now be made "i'ith simple,
portable instnnnents. In any case the desired
instnnnents should be capable of measuring
individual daughter activities, at levels in

C)
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the range of 10 pCi/liter. Use of air filters
and alpha spectroscopy is possible but diffi
cuIt. All of this is discussed in "Radon and
Its Daughters" (Section [V.E)

c. Measurements of Other Oc~
tional !JxP6sures. There are several 0 er
occupatlonal measurement problems besides the
measurement of radon and its daughters. In
most cases, instruments adequate for this
occupational radiological surveillance are
available. This includes:

(1) ExternaZ beta and gamma
radiation. These can be adequately measured
with personnel dosimeters or hand-held meters
described elsewhere in this voltnne (see "Per
sonnel Dosimetry," "Combination Instrumenta
tion," "X-and Gamma Radiation," and "Beta
Particle Instrumentation"). Gamma measure
ments are required by 30 CPR 57.5-37 for
underground measurements only. At the, present
time, there are no surface standards, but
work is in progress for developing them
(Ref. 6).

(2) Beta radiation in water.
See "Beta Particle Instrumentation" for dis
cussions of these measurements, which, if re
quired (mainly at mills) can now be adequately
performed using any of a variety'of instruments.

(3) Uranium and thorium. The
measurement of these nuclides in air and water
is discussed in the section on ''Uranitnn''.
Adequate instrumentation exists for most of the
measurements required to monitor occupational
exposures, which occur mainly at uranitnn mills.

d. Measurements in Biomedical Media.
One common approaCh to measurlng occupational
uptake of radionuclides is bioassay. The most
common procedure is urinaZysis; techniques
have been developed for radioactive uranitnn,
raditnn, polonitnn, and lead in urine (Ref. 48).
Other possible measurements include analysis
of exhaled breath for radon and tissue assays
for raditnn and thoritnn (Ref. 57).

Typical specific activities requiring
measurement are small. For example, workers
exposed to 20-30 WL for about 3 years ex
hibited 5-10 pCi of lead-2l0 (RaD) per 24
hour urine sample (Ref. 58). In Japanese
workers chronically exposed to 1-10 WL
(Ref. 59) levels of urinary polonitnn-2l0
(RaF) were in the range of about 0.05-0.5
pei/liter. Another study (Ref. 60) indicates
that exposure at 1 WL results in polonitnn-2l0
urinary excretions of about 0.25 pCi/day.
Uranitnn concentrations in urine at levels
near 100 jlg/liter were found in still another
study (Ref. 61). It needs to be pointed out
that correlations of WL with 2l0Pb and 2l0Po
in urine are difficult to interpret if there
is ignorance of the concentrations of 2l0Pb
and 2lOpo in the'ambient air.'

Other media which have been studied in
clude blood, hair, and whiskers. However,
none of these shows enough quantitative corre
lation to be used for true mOijitorin¥ Bur
poses: from measurement of 21 Pb or 1 Po in
these media, predictions of mean WL exposure
are accurate only in the ±50% range at best
(Ref. 62). Fortunately, this is adequate.
However errors almost as large are also found
for urinalysis correlation with WL. The
activity levels found in whiskers were a few
pCi of RaD per gram, for current exposure in
the range of 0.2-0.7 WL (Ref. 62).

Measurement techniques for these small bio
assay activity levels are usually wet-chemical
analytical methods. These are typically quite
sensitive, but are expensive, susceptible to
analytical errors, and are very laborious.
They are discussed in Voltnne 4 ("Biomedical")
of this Survey. The NRC has issued a regula
tory guide (Ref. 63) that stipulates an approved
bioassay method for uranitnn mill workers.

e. Measurements in Environmental
Media. Uranitnn ffilnlllg and mill111g actlvitles
may produce measurable radiological impacts
on the immediate vicinity. Among the mea
surements required are the following:

(1) Measurements of radon gas ex
haled from mill tailings, exposed ore bodies,
and occasionally from concentrated (processed)
uranium products. Because radon gas is con
stantly being produced by decay from the parent
chain, its activity level must be evaluated
periodically. Radon measurements in the range
of a few tenths to a few hundred pCi/liter of
air are typically required.

(2) Measurements of radium,
uranitnn, and thoritnn in surface water, ground
water, waste water and ores, and mill tailings.
The processing of ore may augment the naturally
occurring levels of these radionuclides in local
water. Both the short-term and long-term
effects must be quantified. In particular,
leaching from long-standing tailings can
sometimes produce significant contamination in
waters whose direct contamination is otherwise
small. Typical natural raditnn-226 concentra
tions in surface waters near uranitnn-rich
regions range from 0.05 to 0.3 pCi/liter
(Ref. 64). Natural uranitnn content is the
range of 3 to 10 jlg/liter (approximately 2 to
6 pCi/liter); its contribution to gross-alpha
levels is typically ten times greater than
that of radium-226. Sill has developed a
method for the determination of thoritnn and
uranitnn isotopes in ores and mill tailings
(Ref. 65).

(3) It has become known that
the long-lived a-emitters contained in air
borne particulates can present a potential
exposure. Some specific radionuclides that
should be measured are 226Ra, 230Th, 238U.
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Recently, Kor-das and Phelps reviewed the mea
surement techniques for such radionuclides
(Ref. 66). Yule has developed an on-line mon
itor capable of detecting less than one maximum
permissible airborne concentration, MPCa, of
these hazardous aerosols in less than one-
half hour (Ref. 67).

~,

Unfortunately these techniques involve
bulky apparatus and are not simple portable \
instruments •

(4) Measurements in biological
media. These include aquatic biosystems, local
grasses and other flora, animal species. and
soils. These media can be indicators of en
vironmental reconcentration mechanisms. They
are performed around mills more often than
around mines, and even then the measurements
are now usual for research rather than for
routine surveillance. Typical radium activ
ities in soil of 0.1 to 5 pCi/g occur naturally
in uranium areas. so measurement techniques
must be sensitive to at least that level
(Ref. 38). Reconcentrations of.radium have
been studied in a number of aquatic biota.
and reconcentration factors (activity in
medium/activity in water) of 500 to 1000 have
been found in algae as aquatic insects. with a
factor of 3 typical for fish flesh and 100
typical for fish bone (Ref. 64). The reader
is advised to consult LBL-l. Volume 4. Bio
medical for procedures.

8. Sunnnary and Conclusions

The purpose of this section has been to
outline (1) the extent of the radiological
hazard and environmental impact resulting
from the uranium mining and milling industry;
(2) the radiation protection guides and codes
of practice developed in response to this re
sult and (3) some (brief) discussion of the
instrumentation needed to monitor the radio
active pollution. This section is partly a
companion to the section "Radon and Its
Daughters" (elsewhere in this volume). in
which 'instrumentation is discussed in detail.
(other sections are also mentioned above.)

The epidemiological situation for uranium
miners can be' summarized briefly by noting
that there is no real doubt as to the problem;
that exposures as large as those connnonly ex
perienced decades ago will certainly not be
allowed to recur; and that present standards
and radiation protection guides seem to be
adequate for the protection of the miners, if
properly applied.

The monitoring situation around uranium
mines can be surmnarized as follows: Through
research and development that has been· going
on. a more sophisticated approach to the entire
measurement problem has become available.
Such an approach emphasizes three areas:
automated measuring instruments with direct
readout and recording capability; improved
portable survey instruments; and sensitive
personnel dosimeters.

At uranium mills. the principal measure
ment problems concern occupational exposures
(bioassay measurements and external-exposure
data) and environmental impacts. Both bio
assay procedures and radionuclide measurements
in the environment are in need of further de
velopment. so that their use can become more
widespread without undue economic impact.
Especially ill the case of radionuclide in the
environment. the need is for measurement tech
niques for routine use in surveillance... to
day .such measurements are still largely confined
to research studies.
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1. Absorbed dose rates at 5 em depth in
a 30 em thick slab of tissue, from various
components of the cosmic radiation at
solar minimum and at 55°N. (From NCRP,
Ref. 2, with permission by National
Council on Radiation Protection and
Measurements © 1976.)

may also refer to high energy solar radiation)
and is taken to include both the energetic pri
mary particles impinging on the earth's atmo
sphere 'and secondary particles generated by
resulting interactions.. The galactic radiation
at the top of the atmosphere is composed
largely of protons (87%) and alpha particles
(11%), with about 1% each of heavier nuclei and
electrons. Energies range at least to 1020
eV, but the bulk are at lower energies (108
to lOll eV). The spectrum falls rapidly with
increasing energy, roughly as 1/E2 for the
higher energies. At the lower end of this
energy range (esp. 106 to lOll eV) galactic
radiation may be augmented substantially by
particles ejected from sun during period~ of
flare activity (Ref. 7).

'0'

,O·,-------=-9TmOT'XiAL:----,
ELECTRONS

The cosmic radiation field at ground
level is almost entirely secondary particles
from highly energetic (;.. 1010 eV) primary
particles from galactic sources. The flux
near the surface is predominantly muons from
the decay of pions produced in the upper atmo
sphere; these muons are accompanied by an
equilibrium mixture of electrons and photons.
In addition,_there is a small flux of neutrons
and protons (Ref. 7).

As indicated in Fig. 1 (Ref. 2), the dose
equivalent at ground level is dominated by
muon exposure. However, the dose rate
increases rapidly with altitude, as does the
relative contribution of various components
of the flux. In addition, at higher altitudes,
there is a significant dependence on latitude,

Fig.
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F.

This section briefly summarizes back
ground doses contributed from natural sources,
including those whose exposure is enhanced by
human activities, and from fallout from nuclear
explosions. The section first characterizes
average "natural background", Le., dose levels
from radiation that is neither manmade nor
greatly affected by technology. The section
next indicates how the dose from natural
sources may be "technologically enhanced" by
human endeavors. Finally, the dose from fall
out is discussed.. These questions are not
treated in great detail in this section; some
are treated at greater length elsewhere in
this volume (see "uranium mining and milling",
Section 11.E, and "radon," Section IV.C).

In recent years, several publications
have undertaken to collect information on
natural background, fallout, and - in some
cases - technological enhancement. For world
wide data, the 1977 report of the United Nations
Scientific Connnittee on the Effects of Atomic
Radiation, entitled "Sources and Effects of
Ionizing Radiation" (Ref. 1), is most useful.
The National Council on Radiation Protection
and Measurements'has recently published a doc
ument on "Natural Background Radiation in the
United States" (Ref. 2). The Environmental
Protection Agency has recently published annual
reports on the "Radiological Quality of the
Environment" (Ref. 3), treating all three of
the areas summarized in this section. For
many years, the Department of Energy's Environ
mental Measurements Laboratory (previously the
Health and Safety Laboratory) has been actively
involved in environmental radiation measure
ments, including those of the natural radiation
environment (Ref. 4) and of fallout (issued
quarterly) • Finally, a very extensive source
of information has been a series of symposia
on "The Natural Radiation Environment", held
in Houston, 1963,5*1972,6 and 1978.

Cosmic radiation and terrestrial radio
activity provide a background of radioactivity
and resulting exposures that exist largely in
dependently of human activities and that must
be considered if measurements of human-caused
radiation are to be performed or their signif
icance understood. It is useful to divide the
natural human radiation doses into three parts:
that caused by direct exposure to cosmic rays
(cosmic radiation); that arising from terres
trial radionuclides external to the body (pri
marily gamma radiation); and that caused by
materials inside the body (internal exposure).

a. Cosmic Radiation. Cosmic radia
tion arises mostly from galactic sources (but

*Somet~es reference numbers appear as
9/~perscripts.
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due to the earth's magnetic field. At ground
level, this dependence is much reduced, since
the dose there arises largely from highly en
ergetic particles that are little affected by
the earth's field. Such data indicate a dose
equivalent from cosmic radiation at sea level
of about 28 mrem/yr.1-2 Considering the alti
tudinal population distribution,8 as well as
shielding by structures (assigned an average
decrease'oflO%), the average U. S. population
dose is approximately 28 mrem/yr. 2 This is
somewhat smaller than doses cited by the
Environmental Protection Agency: Ref. 3 cites
estimated doses varying from 35 to 120 mrem/yr;
the estimates in Ref. 9 vary from about 40 to
80 mremjyr from one state to another. (The
average elevation of U. S. residents is approx
imately 200 m. 8). Near sea level, a kilometer
increase in elevation corresponds to an in
crease in dose equivalent of approximately
10 mrem/yr.2 However, at high altitudes, the
flux increases more rapidly and the component
with higher quality factor increases, so that
at altitudes above 10 km, the dose equivalent
rates are orders of magnitude higher than at
sea level. At the altitude of jet flights
(about 11 km), the dose rate is approximately
0.5 mrem per hour, so that doses of a few
mrem could be sustained from long distance
flights. As noted above, the dose at high
altitudes is also more dependent on latitude
and the level of solar activity; see Ref. 2
for further discussion.

b. External Terrestrial Radiation.
Naturally occurring radionuclides produce ex
ternal gamma exposures (the principal topic of
this discussion) as well as much smaller beta
exposures, and negligible external alpha ex
posures. The dominant contributors to the
gamma field are potassium-40, thorium-232 and
its daughters, and uranium-238 and its
daughters, all of which are present in soil,
rocks, and other earth materials. The distri
bution of radionuclides in the United States
is discussed in Ref. 2. Methods for calcu
lating gamma fields and dose rates are set
forth in Ref. 10. Much of the dose from the
uranium and thorium series arises from radon
and its daughters.

External dose estimates for the United
States are summarized in Refs. 2-3. The data
from Ref. 8 indicate a population averaged
outdoor absorbed air dose of 40 mrad/yr. To
obtain average dose equivalent requires con
sideration of screening by structures and
tissue, yielding a dose of about 26 mrem/yr.
However, most cited values do not appear to
apply this correction. An earlier estimatell
gave a range of 30 to 95 mrem/yr for 90% of
the U. S. population, with an average of
55 mrem/yr, divided into 17, 25, and 13
mrem/yr for 40K, the 232Th series, and the
238U series respectively. A similar range was
given by Ref. 8, varying - for the sites ex
amined - from about 23 mrad/yr for the coastal

plain to about 90 mrad/yr for the Colorado
Plateau area (Denver). Worldwide external dose
estimates are summarized in Ref. 1, which
states an estimated average absorbed dose of
32 mrad/yr.

As indicated, the radiation field depends
on structural shielding. The degree of
shielding (or increase, in some cases) de
pends on the structure type. In addition,
soil and meteorological conditions affect the
Jutdoor levels. In particular, moisture in
the soil shields gammas emitted from radio
nuclides in the soil and affects the migration
of radon from the soil. See summary dis
cussion in Ref. 2.

c. Internal Exposures. Radionuclides
present in the environment may be ingested or
inhaled, leading to deposition at various sites
in the body. Radiation from these internally
deposited emitters constitutes a significant
portion of natural background exposure. The
radionuclides of particular ~ortance are
40K, 2l0Po, 222Rn, and 226,228Ra. Carbon-14
(produced by cosmic rays) and 87Rb are also
contributors. The heavy isotopes, all from
the uranium-238 or thorium-232 series, are
alpha-emitters that - because of their depos
ition sites - expose bone cells. The lighter
isotopes, gamma or beta emitters, distribute
their dose more uniformly - Tables 1 and 2
(taken from Ref. 2) summarize the dose equiv
alent from the important internally deposited
radionuclides. Reference 2 discusses the path
ways for deposition of these radionuclides.
See also Refs. I and 3. Table 3 shows doses
(in mrad/yr) of internally deposited radio
nuclides as estimated in Ref. 1.

Note that, although the dose (in mrad/yr)
is dominated by gamma rays, beta rays, and
ionizing cosmic rays, the alpha dose can make
an important contribution to the dose equiv
alent (in mrem/yr) for lung and bone, especi
ally for exposure due to radon daughters. Con
centrations of airborne radioactivity, in
cluding radon and daughters, exhibit substantial
variations with time, place, and meterological
conditions., The average dose to lung is about
100 mrem/yr2, (largely arising from the radon
daughter 2l8po) for typical concentrations in
the United States. For more detailed dis
cussion of radon and daughters, see Section
IV.E on radon. It is also important to note
that increased exposure to radon and daughters
can be the most significant radiological re
sult (aside from medical procedures) of routine
human activities; see part 3 of this section,
as well as the mining and milling section.

d. Summary of Natural Background
Exposures. Based on the information indicated
above, estimates may be made of total natural
background exposures. Table 4 is a summary of
average U. S. doses given in Ref. 2. The in
dicated whole body dose of 80 mrem/yr arises

9/79
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Table L Annual internal beta and gannna dose equivalent rates (mrem/y) in
tissue from internally deposited naturally occurring radionuclidesa .
(From NCRP, Ref. 2, with permission by National COlllldl on Radiation
Protection and Measurements © 1976.)

Radionuclide Soft tissues Cortical bone Trabecular bone
(Gonads) Haversian bOsteocytes canals Surfaces Marrow

3H - 0.001 - 0.001 - 0.001 -0.001 - 0.001

l4C 0.7 0.8 0.8 0.8 0.7

40K 19 6 6 15 15

87Rb 0.3 0.4 0.4 0.6 0.6

Total 20.0 7.2 7.2 16.4 16.3

~SCEAR (1972) gives the data as absorbed dose in tissue in mrad/y (Ref. 25)
bCells close to surfaces of bone trabeculae.

Table 2. Annual alpha dose equivalent rates (mrem/y) from naturally occurring
radionuclides. (From NCRP, Ref. 2, with permission by National COllllcil
on Radiation Protection and Measurements © 1976.)

Concentration
Dose equivalent rates

Radionuc1ide Cortical bone Trabecular bone

in air in bonea Gonads Osteocytes Haversion Surfacesc Marrowcanalsb

(pCi/m3) (pCi/kg)

238-234 d 6.9 0.8 12.4 7.7 4.8 0.9U -
236Ra

d
-- 7.8 0.2 16.4 10.2 6.6 1.2

228Ra
d

- 3.8 0.3 19.0 11.0 8.0 1.0

223 e
150 0.4 0.2 0.2 0.4 0.4Rn -

220 e
1 0.01 0.1 0.1 0.2 0.2Rn -

2l0po
d

- 60 6 60 36 24 4.8

Total 8 110 65 44 8.5

~e alpha-emitting nuclides are assumed to be lllliformly distributed in mineral bone, although
this may not be the case (ICRP, 1968). ,

bCells lining the Haversian canals.
cCells close to surfaces of bone trabeculae (dose) averaged over the first 10 ).lm.

dCalculated by the method of Spiers (1968).

eDerived from UNSCEAR (1972).

3.2.6-3
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Table 3. Estimated annual tissue absorbed dose from natural sources in ''normal'' areas.
(From UNSCEAR, Ref. 1, with permission by United Nations © 1977).

.Annual tissue absorbed dose (mrad)

Bone lining Red
Source of irradation Gonads Lung cells bone marrow

External irradiation
Cosmic rays:

Ionizing component 28 (28) 28 28 (28) 28 (28)
Neutron component 0.35 (0.35) 0.35 0.35 (0.35) 0.35 (0.35)

Terrestrial radiation: (y) 32 (44) 32 32 (44) 32 (44)

Internal irradiation
Cosmogenic radionuclides:

3H (~) 0.001 (0.001) 0.001 0.001 (0.001) 0.001 (0.001)

7Be (y) 0.002

l4C (f3) 0.5 (0.7) 0.6 2.0 (0.8) 2.2 (0.7)

22Na (f3+y) 0.02 0.02 0.02 0.02

Primordial radionuclides:

40K (f3 +y) 15 (19) 17 15 (15) 27 (15)

87Rb (f3) 0.8 (0.3) 0.4 0.9 (0.6 0.4 (0.6)

238U_234U (a) 0.04 (0.03) 0.04 0.3 (0.3) 0.07 (0.06)

230Th (a) 0.004 0.04 0.8 0.05

226Ra_2l4po (a) 0.03 (0.02) 0.03 0.7 (0.6) 0.1 (0.1)
2l9pb_21Opo (a+f3) 0.6 (0.6) 0.3 3.4 (1.6) 0.9 (0.3)
222Rn_2l4po (a) inhalation 0.2 (0.07) 30 0.3 (0.08) 0.3 (0.08)

232Th (a) 0.004 0.04 0.3 0.04
228Ra_208Tl (a) 0.06 (0.03) 0.06 1.1 (0.3) 0.2 (0.06)

22°Rn_208n (a) inhalation 0.008 (0.003) 4 0.1 (0.05) 0.1 (0.05)

Total (rounded) 78 (93) no 86 (92) 92 (89)
Fraction of absorbed doses

delivered by alpha ~
1.2 . (1. 3) 31 8.5 (4.1) 2.1 (1.2)particles or neutrons (%)

9/79 3.2.6-4
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Table 4. StmmJary of average dose equivalent rates (mrem/y) from various
sources, of natural backgrotmd radiation in the United States.
(From NCRP, Ref. 2, with permission by National Cotmcil on Radiation
Protection and Measurements © 1976.)

G.!.
Source Gonads Ltmg Bone Tract

Surfaces Marrow
Cosmic Radiationa 28 28 28 28 28
Cosmogen1c Radionuclides 0.7 0.7 0.8 0.7 0.7
External Terrestrialb 26 26 26 26 26
Inhaled Radionuclidesc 100d

Radionuclides in the Bodye 27 24 60 24 24f

Rotmded Totals 80 180 120 80

a"Cosmic Radiation" includes 10% reduction to accotmt for structure shield
ing.

b"External Terrestrial" includes 20% reduction for shielding by housing and
20% reduction for shielding by the body.

'noses to organs other than ltmg included in "Radionuclides in the Body."
~ocal dose equivalent rate to segmental bronchloles is 450 mrem/y.
eExclduing the cosmogenic contribution shown separately.

fThis does not include any contribution from radionuclides in the gut contents.

Reproduced from Ref. 2 (p. 108).

56
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Fig. 2. Grotmd level inventory of 90Sr in
late 1959. (From Kulp, Ref. 21, with
permission by Elsevier-North Holland
Biomedical Press, Amsterdam © 1965.)

from almost equal contributions from cosmic
radiation, external terrestrial radiation, and
internally deposited radionuclides. Bone sur-

9/79

faces and ltmgs receive substantial additional
doses from internal alpha emitters. However,
as indicated above, estimates vary substanti
ally and also have large geographical and tem
poral dependences. Estimates from Ref. 1 were
given in Table 3 (stated however, in mrad/yr).

3. Technologically Enhanced Natural
Radiation

Ruffian activities can alter the degree to
which people are exposed to naturally occurring
radiation. These include not only structures,
which - as noted above - can even decrease ex
posure to external cosmic or terrestrial radi
ation, but also more specific industrial activ
ities, particularly those for energy production.
The potential for increasing exposure to natural
radiation arises largely from radon (see
Section IV.E, "radon") generated in earth ma
terials with which humans work or live. This
section very briefly indicates several of the
principal possibilities for increased exposure,
many of which are discussed in Ref. 3 as they
pertain to the United States. The reader is
also referred to Ref. 1 for a survey of world
wide information. As noted in Section 2, ex
posure to cosmic rays can also be increased

3.2.6-5
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(~)
technologically, i.e., by jet flights which
for long distances-contribute doses of few
mrem.

a. Uranium Mining. and Milling.
Occupational exposure of uranlum miners has
given one of the most unambiguous examples
of the effects of elevated exposure to radio
activity, in this case radon daughters. Ex
posures at mines and mills, as well as control
methods and monitoring instrumentation, are
discussed in the section on uranium mining
and milling.

These activities also subject members
of the general public to increased radiation
exposures, largely through the radon emanating
from tailings piles associated with milling
operations. The most notorious increased ex
posures have arisen from cases where tailings
were used in landfill operations. However,
even in ordinary circumstances, some portion
of the short-lived radon may reach human
occupied areas, even at a distance. Because
this radon ultimately arises from a long
lived parent (230Th, half-life 80,000 years),
inactive tailings piles can constitute a
low-level, but very long-lived source of gen
eral population exposures. The integrated
population dose can exceed other exposures
resulting from the nuclear industry (with the
possible exception of l4C, which also results
in a long-term dose corrnnitment). See, for ex
ample, estimated doses in Ref. 12. Reference
1 also gives a brief surrnnary of the major con
siderations as well as doses and dose esti
mates from active and inactive mining and
milling operations.

b. Non-Nuclear Industries. Uranium,
thorium, and their daughters occur in phosphate
ores. Substantial attention has recently been
drawn to the phosphate industry because of
resulting occupational and general public ex
posures, particularly to radon and daughters.
Exposures may occur as a direct result of
mining, from the processing plant, or from dis
position of the product or tailings. Thus
workers are subject to some increased exposure,
possibly comparable13 to dose limitations for
radiation workers. In addition, radioactivity
may be released to the air (see for example,
Ref. 14), subjecting members of the general
public to slightly increased radiation ex
posures. Exposures may also arise from use
of by-products15 or from construction of
residences on reclaimed land. 16 The last point
arises particularly in cases where the struc
ture retains radon (see below). See Ref. 3 for
further discussion of radiological questions
associated with the phosphate industry.

Non-nuclear energy industries can also
release naturally-occurring radionuclides
into the human environment. For example,
fossil-fuel fired p01,er plants can release the
trace amounts of radium and thorium present in

these energy resources. Amounts released from
coal-fired plants without particulate control
are in the range of curies per gigawatt-year;
amounts from oil-fired plants are somewhat less.
Geothermal plants release radon that has
diffused into geothermal resources within the
earth's crust and the amounts vary substantially
with the resource that is developed. Reference
7 contains a briefaiscussion of radionuclides
from fossil-fuel and geothermal power gener
ation. See Ref. 3 for preliminary dose esti
mates from coal-fired plants. In a simple
model for coal-fired power plants without good
particulate control, Ref. 1 estimates dose
corrnnitments of 104 man-rad per gigawatt-year
from inhalation directly from the passing cloud
in a region with a uniform population density
of 100 per km2•

c. BUildings. Residential, com·
mercial, or industrial structures can provide
significant shielding from external radia
tion sources. However, particular types of
material may themselves constitute significant
sources of external radiation and of radon
and daughters. Moreover, depending on ventil
ation rates, buildings can effectively con
centrate levels of pollutants that arise from
sources inside the buildings, including radon
and daughters. These radionuclides may arise
from building materials such as concrete,
from the soil on which the building is con
structed, and - in some cases - from water or
gas utility systems. Reference 2 contains
a brief survey of results on indoor radon
concentrations, and it is clear that these
concentrations can be substantially greater
than outdoor levels. This question may
achieve wider significance as energy conserva
tion measures that would reduce air infiltra
tion or ventilation rates are implemeneted on
a large scale. 18 The question of radon levels
in buildings has already received wide atten
tion in connection with the uranium and phos
phate industries (see above).

4. Fallout

In this section, we discuss briefly the
various types of radioactive fallout, and their
relative intensities and concentrations as a
function of time. This section is meant pri
marily as background information on fallout.
The techniques and problems of fallout measure
ment will not be discussed in detail.

The term "fallout" describes the radio
active component of the debris resulting from
atmospheric nuclear (fission) and thermo
nuclear (fusion) explosions. Since the 1940's,
the U. S. has maintained a nation-wide (and
with other nations a world-wide) fallout-mea
surement program. The U.S.A.E.C. maintained
both a Fallout Studies Branch and a Fallout
Program at the Health and Safety Laboratory
(HASL) in New York (Ref. 19), now the Depart
ment of Energy's Environmental Measurements

u

9/79 3.2.6-6
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Laboratory. From these sources, from Fowler's
compilation (Ref. 20), and from Ref. 1, a
comprehensive picture of the fallout situa
tion can be obtained.

Distinctions have generally been made be
tween three different kinds of fallout. Local
fallout, confined to the vicinity of a detona
tion, usually occurs within about the first
48 hours. Tropospheric fallout, occurring in
a band around the world near the general lati
tude of the detonation, occurs in the first 2
to 4 weeks. Finally, stratospheric fallout
occurs over a longer period. Small weapons
contribute all of their fission products to
local and tropospheric fallout; the truly
world-wide distributions come from strato
spheric fallout after the largest (> 1 mega
ton) detonations. Only these large weapons
are capable of depositing significant debris
in the stratosphere. Once products are car
ried into the stratosphere, they become
widely dispersed and return to earth over
periods of from 3 months to several years.
Since - 90% of all weapons-test fission
products has come from multimegaton weapons,
stratospheric fallout is the dominant vehicle
for world-wide contamination.

From a biological standpoint, the most
tmPortant long-term fallout constituents are
90Sr and l37Cs, because of their long half
lives (28 and 30 years, respectively) and
relatively high uptake and damage in bio
systems. Strontium is chemically similar to
calcium, which is used for bone formation,
while cesium simulates potassium, crucial for
the function of cells. Total wea~ons-tests

production to date of 90Sr and l37Cs has been
about 9 and 14 million curies QMCi), respec
tively. This activity is not distributed
uniformly in space or time after a detonation.
In Fig. 2 (from Ref. 21) the latitudinal vari
ation in 90Sr surface deposition levels is
shown. Both the large peak in the northern
temperate zone and the secondary peak in the
southern temperate zone are due to the dynamics
of stratospheric-tropospheric mixing: the poorly
defined or discontinuous tropopause in the
temperate latitudes provides a vehicle for
preferential stratospheric deposition.

The time distribution is shown in Fig. 3
for 90Sr depositions in New York City (Ref.
22). The time distribution shows the very ob
vious effects of the large-scale weapons tests
of the early 1960's. The (137Cs/90Sr ) ratio
is found to be between 1.5 to 2.0 for almost
all measurements (Ref. 23).

3.2.6-7
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Human exposure to fallout is from three
sources: ingestion, inhalation, and whole
body external exposure. Of the nuclides in
gested, the main contributors to dose are
90Sr and 89Sr (to whole-body and to bone);
1311 (to thyroid); l37Cs (to whole-body);
and l4c (to whole body and to bone). Because
strontium is deposited permanently in bone,
the 90Sr doses have been estimated based upon
a 50-year (or lifetime) delivery of dose. All
other doses are assumed to be delivered in the
year of ingestion; Table 5 (from Ref. 24)
shows the 1963, 1965, and 1969 estimated annual
fallout dose per capita from ingestion. Figure
4 (from Ref. 22) shows semi-annual averages of
the 90Sr intake in New York City from 1961 to
1970.

The estimated dose from inhalation is also
shown in Table 5. Note that, while the whole
body dose from inhalation is quite small, the
50-year respiratory lymph-node dose from plu
tonium is large indeed.

For external gamma dose rates, the dom
inant contributor was l37Cs. Including
shielding factors (0.4 due to buildings, 0.8
due to body screening), the 1963, 1965 and
1969 estimated annual average external gamma
doses (Ref. 24) were 5. 9, 1.8 and O. 9 mrem/
capita.

In recent years, the average radiation
dose from fallout has been about 4mrem/yr,
considerably smaller than during the mid-1960's
a period of heavy weapons testing - see Table
5.

Table 6, taken from Ref. 1, shows the dose
commitment arising from radionuclides re
leased in testing before 1976. As for dose
rate, the long range dose commitment is dom
inated by exposures from 90Sr and l37Cs. How
ever, short-lived nuclides also made a sub
stantial contribution. Moreover, were the
l4C contribution to be integrated over its
long half-life, the contribution from l4C alone

Table 5. Estimated average U.S. doses from fallout (mrem per capita per year),
(except [*l which is 50 year dose from nuclide inhaled or ingested
in that year). (Ref. 24).



Summary of dose connnitment in mrad from radionuclides produced in all nuclear tests carried I

\D
Table 6. ~-

.......... out before 1976. (From USCEAR, Ref. 1, with pennission by United Nations © 1977.) I-....]

\D Northern temperate zone Southern temperate zone World population $: "'T1 Z
o 0 CIl

Bone Bone Bone
z :::0 -I
- m :::0

Source of Bone living Bone living Bone lining -I z C
o < $:

radiation Gonads marrow cells Lung Gonads marrow cells Lung Gonads marrow cells Lung
:::0 _
- :::0 m
Z 0 Z y""-

G) Z -I \.-""

External $: ~
Short-lived m - . 'z 0 ~"'..

nuclides 48 48 48 48 11 11 11 11 11 30 30 30 -I z
137Cs

»
62 62 62 62 18 18 18 38 38 38 38 38 r iL~,c"

Internal C

~ 2 2 2 2 0.2 0.2 0.2 0.2 2 2 2 2 ,.
,~.,

l4C
a

7 32 29 9 7 32 29 9 7 32 29 9
C

5\Jn 1 1

55Fe
l

Y' 1 0.6 1 1 0.3 0.2 0.3 0;3 0.7 0.4 0.7 0.7
N... 90Sre- 84 120 2L1 33 52 71•<D

89Sr 0.4 0.3

106Ru
/'

41 10
.1., ,

24
l37Cs 27 27 27 27 8 8 8 8 17 17 17 17

C'Z..~;

l44Ce 65 15 38

239Pub 1 1 0.3 0.3 0.9 0.9
- -- -- -- -- -- -- -- -- -- -- -

TotalC 150 260 290 260 45 93 100 72 94 170 190 160
~~~QCII-'

NOTES: 1. The dose corrnnitments for 85Kr , l36Cs and l40Ba, although discussed in the text, are not shown in this table because they are CDI-"

<D~~negligible compared with the values included.
2. For internal irradiation, where body activities have been measured, uncertainties are probably within a factor of 2. For aexternal irradiation and for lung-dose estimates, where the models used were not checked by direct measurement, the uncertainties are

probably within a factor of 5. b:I

avose accumulated up to the year 2000. The total dose corrnnitment to gonads and lung is about 120 mrad, to bone lining cells 414 mrad
~
~

and to bone marrow 455 mrad, delivered over some 8300 y. d
bThese dose corrnnitmentsappear to be the same in different organs because of rounding. Only inhalation contributions are shown; [

for discussion on the ingestion pathway see Chapter II, Section N.
cRounded to two significant figures.

1-'TTl "~,,.r.: ",
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Fig. 4. Average 90Sr intake in New York City (pCi/day) during the 1960's.

would be comparable to the slmnned contribution
from the other radionuclides, e.g., the order
of 200 mrad.

5. Conclusions

The total average radiation dose from
natural sources is 100 mrem/yr, with consider
able variation, depending on place, time, and
conditions. This constitutes an irreducible
exposure background which, along with fallout
radiation in some cases, can often hinder mea
surements of doses from other sources, particu
larly in view of the variation in the natural
levels. An important part of formulating an
environmental monitoring program to measure
increases in concentration or dose due to human
activities is to characterize adequately the
natural radiation environment in the vicinity
of interest. For the most part, instruments
are available for measuring the individual
contributors to exposure. These are discussed

both in the sections on radionuclide instru
mentation and in the sections discussing
instrumentation by radiation type. A useful
general reference on environmental radiation
monitoring is a recent NCRP report, No. 50
(Ref. 26).
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Portable Survey Count Rate Meters
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COMBINATION a,S, y

Various 0-500, SK, SOK cpm

Various O-SOOK cpm
4 decades

Manufacturer
Model

Baird-Atomic
443

Eberline PRM-4

Eberline PRM-S

Eberline PRM-6

Johnson RlV1L-lA

LBtector

GM tube

Various

Various

Range

0-300, 1000, 3000,
10K, 30K, lOOK, 300K cpm

O-SOOK cpm
4 decades

O-SOOK cpm
4 decades

Power

ac line

Five "D" cells

Five "D" cells

Two "D" cells

Response
Time

1 second
10 seconds

1.5 seconds or
4.5 seconds

Radiation
LBtected

a,S,y

a,S,y, x-ray,
neutrons*

*a,S,y

a,S,y, x;;;ray,
neutrons

*a,S,y

LBtection
Limits Location

RAD-ALP,BET,GAM
Baird Atomic 2

RAD-ALP ,BET ,GAM
Eberline

RAD-ALP ,BET,GAM
Eberline

RAD-ALP ,BET,GAM
Eberline

RAD-ALP ,BET ,GAM
Johnson 2

:5: ""Tl
o 0
Z :0
:::::j m
o Z
:0 <
Z :0
Cl 0z

:5:
m
Z
-I»
r

Z
en
-I
:0
C'"
:5:
m ..
z"
-I»
::::!
o
z ,

."li.~ •

c

VI

VI
I

f-'o

Johnson LS -4 Various 6 LED ranges
0-999,990 counts

ac line
4 NiCd batteries,
rechargeable

*a,S,y RAD-ALP,BET,GAM
Johnson 3

Ludlumm 12 & 16 Various 0-500 cpm, xl, x 10, xlOO,
x lK

Two "D" cells 12:
16: 11 seconds

*a,S,y RAD-ALP ,BET ,GAM
Ludlum 2 •

Nuclear
Enterprises
POVI-S

Nuclear
Enterprises
RM- 2

Various 1-10; 10-100, 100-1000,
500-5000 cps

Various 0-10,000 cps
4 decade log

Two "D" cells

One Eveready
type PP9

*a,S,y, x-ray

*a,S,y

RAD-ALP ,BET ,GAM
Nuclear
Enterprises

RAD-ALP ,BET ,GAM
Nuclear
Enterprises

·"'depending on probe chosen

Nuclear Mea-Various
surements
Nucliguard IV -------------------------------_.

Nuclear
Enterprises
RlVI- 5

Nuclear
Enterprises
1828

Various

Various

0.5-5,000 cps
3 decade log

0-10,000 cps
4 decade log

0-300, lK, 3K,
10K, 30K, lOOK

Two type R-20

Six Hg cells
type RM12

ac line

*a,S,y

'!I
a,S,y

a,S,y, *
neutrons

RAD-ALP ,BET ,GAM
Nuclear
Enterprises

RAn-ALP ,BET ,GAM
Nuclear
Enterprises

RAD-ALP,BET,GAM
Nuclear Mea
surements~rp.
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Portable Survey COilllt Rate Meters
l.D
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l.D

Manufacturer
Model

Technical Assoc.
SlvIT..-l,2

Technical Assoc.
FS-8

Technical Assoc.
PUG-l lAB, lE

Detector

Various

Various

Various

Range

0-500, SK, SOK,
SOOK cpm

1-99,999 COilllts
w/time 0.1 to
9999.9 seconds

0-500, SK, SOK cpm

Power

ac line or
4 NiCd batteries

ac line or
4 NiCd batteries

Three "D" c:ells

Response
Time

(continued)

Radiation
Detected

*a, B, Y

*o.,B,Y

*a,B,Y

Detection
Limits Location

RAD-ALP ,BET ,GAM
Technical Assoc.

KAD-ALP ,BET ,GAM
Technical Assoc.

RAD -ALP ,BET, GAM
Technical Assoc.

I

~
I

;;;;: -n
0 0 z
Z :JJ

(f)

--l
--l m :JJ

0 Z C

:JJ < ;;;;:
-
Z :JJ m

Cl 0 Z

Z --l

;;;;: l>

m
--l

Z 0
--l Z
l>
r

Victoreen
495

Victoreen
496

Various

Ion
chamber

0-500, SK, SOK, SOOK cpm

0-800, 8K, 80K cpm

ac line

Two "D" cells

*a,B,Y, x-ray

a,B,Y, x-ray

PAD-ALP ,BET ,GAJVf
Victoreen

RAD-ALP,BET,GAM
Victoreen

V-I

V-I
I

f-'.
f-'.

ALPHA
Eberline

PAC-4S

Eberline
PAC-lSAGA

Eberline
PAC-4G

Harshaw 272

Scintilla
tion probe

Scintilla
tion de
tector and
GM tube

Propor
tional
detector

Diffused
jilllction
Si detec
tor,
300nnn2 area

60-2xlO cpm

Y:0-2R/hr
a:0-2xl06 cpm

5O-SxlO cpm

0-9999 cOilllts;
0.02 to 1000 minutes

Five "D" cells

Five "D" cells

Rechargeable
NiCd batteries

a

a,Y

a

0.(2-6 lv~V)

RAD-ALP
Eberline 4

RAD-ALP
Eberline 4

RAD-ALP
Eberline 4

RAD-ALP
HARSHAW 3
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Manufacturer
Model

Nuclear
Research
ASM-30

BETA, GAMM!\:

Union Carbide
NRM-l

Victoreen
499

Portable Survey Count Rate Meter (continued)

~Response Radiation Detection
t-<b:Jt-< .-

Detector Range Power Location I
Time Detected Limits

S "Tl Z
o 0 (J)

Z :JJ -j

ZnS(Ag) 345 6 Two "D" cells
:::j m :JJ

0-10 , 10 , 10 ,10 cpm o z c".
scintilla- a; y interference RAD-ALP :JJ < S'

- - m
tor above SRlhr Nuclear Research z :JJ Z

Cl 0 -j
z :!>
S -j
m -

GM tube 0-1000 cpm One 7 volt 10 seconds S,y RAD-BETA,GAM
z 0 ..
-j Z

battery Union Carbide :!>
r

GM tube 0-1000 cpm One 9 volt 12 seconds y, x-ray RAD-GAMMA XRA
battery Victoreen

c.

Stationary Survey Count Rate Meter

l;J

l;J
I

f-'.
f-'.
f-'.

Manufacturer
Model

ALPHA:
Baird-Atomic

9SS-l0C

Capintec
CRC-S/lO
CRC-SM/lOM
CRC-20

Detector

NaI(Tl)
Scintilla
tor

Ion
chamber

to 6 Ci

Range Power

ac line

ac line

Response
Time

Radiation
Detected

y,S ,1-131

y

Detection
Limits Location

RAD-SPEC
Baird-Atomic

RAD-SPEC
Capintec

~-

:..."""

Gl'ol tube 1-100 mR/hr
O-lORlhr

ZnS(Ag) 0-500, 5,000, 50,000 cpm
scintilla-
tor

ac line a,S,y

*Four "c" battery 0.2 sec (100 mR/hr) a,y
to 1 sec (1 mR/hr)

Elscint
SGSM-l

Ludlum 29

Nucleus ML

"time constant

GM tube 0-500, SK, SOK cpm ac line 2 seconds y,S,y x-ray

RAD-ALP
Elscint 2

RAD-ALP ,BET ,GAM
Ludlum 3

RAD-ALP ,BET ,GAM
Nucleus
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Stationary Survey Count Rate Meter (continued)~

...........
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~ Manufacturer

~'!odel

Picker
Nuclear
621- 940,

941

Picker
632 -507

Detector

NaI(Tl)

Ion
chamber

Range

1 lJCi to 999 mCi

Power

ac line

Response
Time

<1 second

Radiation
Detected

y

y

Detection
Limits

1-131

Location

RAD-SPEC
Picker

RAD-SPEC
Picker 2

I

W-
I

5: "0 0 z
Z J:J en

-l
-l m J:J

0 Z c
::! < $:

z J:J m

Q 0 Z

Z -l

$:
~

m -l

Z 0
-l Z
~
r

Searle
Analytic
1185

NaI(Tl)
Scintilla
tor

ac line y RAD-SPEC
Searle Analytic

Stationary Liquid Count Rate Meter
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tA
I
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Manufacturer
Model

ALPHA:

National
Nuclear
Corp.
LMS-l

Detector

0-99,999 counts

Power

ac line

Response
Time

Radiation
Detected

a

Detection
Limit

Lower than
-10 dpm/rnl

Location

RAD-ALP
National
Nuclear

LocationDetection
Limits

Radiation
DetectedPower

Stationary Air Count Rate ~ter
=====,.============

Response
TimeRangeDetectorManufacturer

Model

ALPHA:

Eberline
Alpha-3

Eberline
SAC-4

Silicon
diffused
junction
type
490 nnn2
area

ZnS(Ag)
scintilla
tor

Threshold discriminator:
adjustable 0-10 MeV.
window discriminators:
adjustable

6 decade readout

ac line

ac line

_ 30 seconds
(fast)
_ 180 seconds
(slow)

a

a

4-~~-hrs RAD-ALP
of 2 9pu Eberline
w/average
radon/ thoron

RAD-ALP
Eberline 3
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CLocation

Location

RAD -BET, GAM
RaDeCojSAI

RAD-ALP
RADeCOjSAI

Detection
Limits

Detection
Limits

B,Y

Radiation
Detected

Y,B

Radiation
Detected

*3 to 15 seconds

Response
Tirt1~

Response
TimePower

Power

ar line

ac line

Stationary Air Count Rate Meter (continued

Portable Air Particulate Count Rate Meter

Range

Range

O-lK, 10K, lOOK cpm

5 decade log 100 to
105 cpm

Detector

Diffused
junction
Si
500 mm2
area

GM tube

Detector

RADeCOjSAI
GM-220

"*time constant

BETA, GAMMA:

lvlanufacturer
lilodel

ALPHA: ----------------------------------------------------

RADeCOjSAI
330L

Manufacturer
Model

v-J

v-J
I

<

~

...........
'-I
~

RADeCOjSAl
440A
441A
442

Diffused
junction
Si 2
area(mm )
500, 500,
700

SO, 100, 500,
lK, SK cpm

ac: line Y,B RAD-ALP
RADeCOjSAI

------~~~~~~~~~.=~~"~~~=.,======-======~=====,

Stationary Air Particulate Count Rate Meter

Manufacturer
Model Detector Range Power Response

Time
Radiation
Detected

Detection
Limits Location
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ALPHA:

Nuclear
Measurements
Corporation
NvI-2A,AM-3A

Proportional 3 cycle log, SO-SOK cpm
scintillator

ac line a 10-7~Cijliter RAD-ALP
Nuclear
Measurements

(continued)
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~-'-l Stationary Air Particulate Count Rate Meter (continued)\D I

ManufactJIrer Detector Range Power Response Radiation Detection $ ""Tl z
Model Time Detected Limits Location o 0 en

Z :u --l
=i m :u
o z c
:u < $
- - m
Z :u z

Nuclear Proportional 3 cycle log, SO-SOK cpm ac line a,S .04 mR/hr RAD-ALP
Cl 0 --l

Z »
Measurements scintillator Nuclear ;;:; --l

m -
Corporation Measurements z 0

--l z
AM-2P ,AM-3P »

r

Nuclear 3 cycle log, SO-SOK cpm ac line a,S .04 mR/hr RAD-ALP
Measurements Nuclear
Corporation Measurements
AM-22P,
AM 33P

Nuclear Scintillator ac line -3 2 RAD-ALPa 10 ].lCi/em
Measurements Nuclear

V-l Corporation Measurements
V-l AF-l

I

<f-'o
BETA-GAMMA:

Eberline GM tube 0-500, SK, SOK cpm ac line S,y 1 mR/hr of RAD-BET ,GAM
AMS-2 60Co Eberline

'1:I>--J~po po
OQO"'
(j) f-' I

o;(j)f::
'1:1
tJj

~

~

~

(

\,



Portable Survey Dose Rate Meters
I.D
"'
'-J
I.D

Manufacturer
lvbde1

Baird-Atomic
904-121 (122)

Baird-Atomic
912-167,072

capintec
172
192

Eber1ine RO-1

Eber1ine RO- 2
~

~

I

<
~.

~. Eber1ine RO-3

Eberline
GSM-1

Eberline
E-400

Eber1ine
E-120

Eber1ine
E-130G

Eber1ine
PIC-6A

Eberline
E-520

Detector

GM tube

Gas flow
cOilllter

Ion
chamber

Cutie pie
ion
chamber

JlIDo-type
ion
chamber

Cutie-pie
ion
chamber

GM tube

Qvl tube

Qvl tube

GM tube

Ion
chamber

GM tube

Range

1-100 mR/hr
500-50,000 cpm

2 mR/min to 2000 R/min.

0-5 mR/hr to 0-500 R/hr;
6 ranges

0-5 mR/hr to 0-5K mR/hr
4 ranges

0-5 mR/hr to 0-5K mR/hr
4 ranges

0-.5, 5, 50 mR/hr

4 ranges
0-200 mR/hr

0-0.5, 5, 50 mR/hr

10,100, 1K mR/hr

6 decades, 1 mR/hr to
1K R/hr

5 decades, 0-2000 mR/hr

Power

Five "D" cells

ac line

ac line

Two "D" cells

Three NEDA 1604

Four NEDA 1604

Four "C" cells

Five "D" cells

Two "D" cells

Two "D" ce lIs

Two NEDA 1604
batteries

Two "D" cells

Response
Time

0.61 ;:;econds

P-adiation
Detected

Y, B,a

a,B

Y

a,B,y, x-ray

B,y, x-ray

B,y, x-ray

a,B,y

B,y

B,y

y

y

B,y

Detection
Limits Location

RAD-AtP,BET,GAM
:3aird-Atowic

RAD-ALP,BET,GAM
Baird-Atomic 3

RAD-ALP ,BET, GAM
Capintec 3

RAD-ALP ,BET ,GAM
Eberline

RAD-ALP,BET,GAM
Eber1ine

RAD -ALP,BET, GAM
Eber1ine

Eber1ine 2

RAD- BET, (',AM

Eber1ine 3

RAD-BET,GAM
Eberline 3

RAD-BET,GAM
Eber1ine 2

RAD-BET ,GAM
Eber1ine 2

RAD-BET,GAM
Eber1ine 2

IW-
I

S 'Tl
o 0 z
Z :JJ (f)- ~
~

m :JJ

0 Z C

~
< s-

Z :JJ m

Gl 0 Z

Z ~

s »
m

~

z 0
~ z
»
r

",.

C

"O>-J~~ ~
Qqcr'(J) f-' I

.....,(J)f:
"0

b:J
trJ
>-J

~

~



\.0 Portable Survey Dose Rate Meters I

'- ~'-..l
\.0 I

~1:mufacturer Detector Range Power Response Radiation Detection LocationModel Time Detected Limits S -n Z
o 0 CIlz ::u -l
- m ::u

.Eberline GM tube 4 decades, 0-200 mR/hr Two "D" cells B,a RAD -BET, Gfu\1 -l z C
o < S

E-530 Eberline Z ~ - m
Z ::u z

Eberline GM tube 5 ranges, 1 mR/hr to "C" cell RAD-BET,GAM Cl 0 -l
Z »

6llZ lK Rjhr Eberline 3 S -l
m -
Z 0

Elscint Various 0-300, lK,3K, 10K, ac line RAD-ALP -l Z
»

GRM 30K, lOOK, 300K cprn Elscint r

Elliott NaI (Eu) 0-30, 300, 3K ~R/hr Two "D" cells 2.0, 0.2, y RAD-GAM
Process scintilla- 0.02 seconds Elliott Process 2
NE-148A tor

Health Physics Ion 0-0.1, 1, 10, 100, Four "D" cells 10- < 1 seconds y, x-ray RAD-GAM
Instruments chamber lK rnrad/hr Health Physics
1010

"" Health Physics Ion 3 decade readout, Two 9V alkaline 5, 1. 2 seconds y, x-ray RAD-GAM

"" Instruments chamber 0.0 rnrad/hr to cells Health Physics
I 1070 10 Rad/hr<:

\-"
\-"
\-" Johnson and GM tube 1.05 mR/hr to 1 R/hr Three 9V x-ray min.sens. RAD-GAM, XRA

Associates batteries .05 mR/hr Johnson
TVX-l

Johnson and 28 dif- 0-0.2, 2, 20 mR/hr Three "D" cells 5 seconds on a,B,Y and RAD-ALP ,BET,GAlvl
Associates ferent lowest range, neutrons de- Johnson
GSM-5 probes 1 second on pending on

highest probe

*Johnson and GM tube 0-1000 mRjhr Three "D" cells 10 seconds S,Y RAD-BET,GAM
Associates Johnson 'U>-3~

GSM-8 ~~
<1> f-' I

o to lRlhr in
oo<1>~

Ludlum 4,5 GM tube Two liD" cells Y RAD-GAM 'U

3 linear ranges (4) Ludlum g:;
O.Z to ZOOO mR/hr >-3

in 5 linear ranges (5)
~

Ludlum GM tube 0-0.2, 2,20, 200, ZK mR/hr Two "D" cells 3, 11 seconds Y RAD-C..AM
~l4-C Ludlum

--
*time constant

C', (
--~~.

"
',-.



\

l.D
.........
--....]

l.D

Portable Survey Dose Rate Meters I

~I

Manufacturer Detector Range Power Response Radiation Detection Location :5: -n z
Model Time Detected Limits o 0 (f)

Z :0 -I
- m :0
-I Z c

Ludlum Various 2:0-5 mR/hr, xO.l, xl. 0, Two "D" cells a S Y RAD-ALP ,BET, GAM 0<:5:
~ - m"

2 &3 xlO depends on Ludlum z :0 Z
2:0-2 mR/hr, xO.l, xl.O, probe Cl 0 -I

Z :P
xlO, xlOO :5: -I

m -
Z 0

Nuclear GM tube 57l:0-l0,100,lKmR/hr Four AA batteries Y,x-ray RAD-GAM -I z,
:P ' .. "

Associates 572:0-500, 5K, 50K cpm Nuclear r
05-571,572 Associates ,"".;,'

*Nuclear Ion 15 linear scales ac line 1,3,5 seconds Y,x-ray RAD- GAM, XRA C
Associates chamber 0.3 mR/hr to 3000 R/hr Nuclear
05-670 Associates

Nuclear GM tube 0-0.5, 5, 50 mR/hr Four "D" cells 1-3 seconds S,Y RAD-BET,GAM
Associates Nuclear

V-l 05-700 Associates
V-l

I Nuclear GM tube 5 ~R/hr to 10 mR/hr in Two "D" cells RAD- GAM, XRA
~.

Enterprises 3.5 decades Y
Nuclear

2601 Enterprises
2602 ,

"

Nuclear GM tube 0-0.1 R to 100 R/hr Two RZO S,Y RAD-BET ,GAM
Enterprises (British 02) Nuclear

batteries Enterprises

Nuclear Ion O-IOK mrad/hr Two "D" cells S,Y RAD-BET , GAM
Enterprises chamber Nuclear
0500 Enterprises

Nuclear Qvl tube 0-0.2, 2.0, 20, 200 One NiCd battery a,S,y RAD-ALP ,BET,GAM '1j>-3~
Research mR/hr Nuclear il' il'

(]QO'

SM-20 Research CD I--' I

<DCDf:;
'1j

Nuclear GM tube 2:0-25, 250, 2500 mR/hr Four 22.5V a,B,Y RAD-ALP ,BET ,GAM to
Research 5:0-50, 500, 5000 mR/hr + one 1. 3V Nuclear tTl

>-3

CP-2,5,10 10:0-100, 1000, 10000 mR/hr batteries Research
~

~

~Time constants
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Portable Survey Dose Rate Meters I
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~-
'-l
\D

I

Manufacturer Detector Range Power Response Radiation Detection :s: ." z
Model Tine Detected Limits Location o 0 en

Z ::0 -j
- m ::0
-j Z c

Nucleus GM tube 0-0.5, 5, 50 rnR/hr Two "D" cells 2-10 seconds CI.,I3,y * RAn-ALP ,BET, GAM o < :s:
~ - m

5-101 x-ray Nucleus z ::0 Z
Cl 0 -j

Technical Ion 0-25, 250, 2500, 25000 One "D" cell RAD-ALP,BET,GAM
Z :to>

CI., 13, y s: -j

Associates chamber mR/hr Technical m -
Z 0

CP-44 Associates -j Z
:to>
r

Technical Ion 6 linear ranges from One "D" cell CI.,I3,y RAD-ALP,BET,GAM
Associates chamber 2.5 rnR/hr to 250 R/hr Technical
CP-5 Associates

Technical Ion Six linear ranges One "D" cell CI., 13, y RAD-ALP ,BET, GAM
Associates chamber 1 rnR/hr to 100 R/hr Technical
CP-6 Associates

1.N Technical Ion Six linear ranges One "D" cell CI.,I3,y RAD-ALP,BET,GAM
1.N Associates chamber 0.5 rnR/hr to 50 R/hr Technical

>< CP-7 Associates

Technical Ion Six linear mages One "D" cell CI., 13,y RAD-ALP ,BET,G~M

Associates chamber 0-2.5, 25, 250 rnR/hr Technical
ERJ-9 0-2.5, 25, 250 R/hr Associates

Texas Nuclear GM tube Three NiCd 1st decade _ 1 min. l3,y RAD-BET,GAM

9120 0.02 to 200 rnR/hr batteries 2nd decade -10 sec. Texas Nuclear
9121 0.2 to 2000 rnR/hr 3rd decade _ 2 sec.
9122 2.0 to 20,000 rnR/hr 4th decade _ 1 sec.

Texas Nuclear Ion 0-10, 100, 1000 rnR/hr Three "D" cells 3 seconds CI. ,13, Y RAD-ALP,BET,GAM
2595 chamber Texas Nuclear

Texas Nuclear Ion 0-10, 100, 1000 R/hr Three "D" cells 0.5 seconds CI.,I3, Y RAD-ALP,BET,GAM

2596 chamber Texas Nuclear
"O>-J~

Selectable 4 or 8
po po

()q!Y

Texas Nuclear Ion 0-0.1, 0.3,1.0, 3.0, Four "D" cells sec. on 0.1, O. 3, CI. ,13,Y RAD-ALP,BET,GAM (J)f-"
f-'(J)f';

2651,2652 chamber 10, 30, 100 rnR/hr 1.0 rnR/hr; fixed 4 Texas Nuclear 0 "0

sec. on 3 and 10 to

rnR/hr;fixed 2 sec.
tTJ
>-J

Victoreen Ion 0-3, 10, 30, 100, Four liD" cells
on 30 and 100 rnR/hr CI.,I3, Y RAD-ALP,BET,GAM ~

440 chamber 300 rnR/hr x-ray Victoreen

~
*depends on probe

(
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Portable Survey Dose Rate r~ters I'-D

~I

Manufacturer Detector Range Power Response Radiation Detection Location S -n z
Model Time Detected Limits o 0 en

Z JJ --l
- m JJ
--l Z C
o < S
JJ - m

0-0.2, 2, 20 mR/hr Two "D" cells a,~,y* RAD-ALP,BET,GAM Z JJ zVictoreen Various G) 0 --l
490 Victoreen z :to>

S --l
m -

Victoreen Various 0-0.1, 0.3, 1.0, 3.0, Four "D" cells a,S,y,* Rr'\D-ALP,BET,GAM z 0
--l z

491 10, 30, 100 mR/hr x-ray Victoreen :to>
r

Victoreen Ion 0-10, 100, 1000 mR/hr . Two "D" cells a RAD-ALP,BET,GAM (.

492 chamber x-ray Victoreen
G

Victoreen Various 0-0.5, 5, SO mR/hr Two "D" cells a,S,y * RAD-ALP,BET,GAM
493 x-ray Victoreen

Victoreen Ion 3 mR to 300 R in Four "D" cells IS seconds x-ray RAD-GA1\11 ,XRA
666 chamber five ranges Victoreen 3

(;.l

(;.l Victoreen Ion 0-25, 250, 2500, 25K mR/hr Four 22.5'1 a, S,y RA.D-ALP ,BET ,GAMI

~ 740F chamber batteries Victoreen "\-'" \.

Victoreen Ion 0-100, lK, 10K, lOOK mR/hr Four 22.5'1 a,S,y RAD-ALP,BET,GAM ~ ".740G chamber batteries Victoreen

Victoreen Ion 0-1, 3, 10, 30, 100, Two "D" cells a,S,y RAD-ALP,BET,GAM
470A chamber 300 mR/hr and four 22.5'1 Victoreen

batteries

Victoreen 0.1 mR/hr to 100 R/hr Four "D" cells S,y RAD-BET ,GAM
2035 Victoreen

Victoreen 0-10, 100, lK mR/hr Three 1. Y! y, x-ray RAD-BET,GAM
'"d>-J~592B and six 22.5'1 Victoreen P' P'

batteries ()qr::T
CDf-"
f-'CDf:;

Victoreen 0.1 mR/hr to 100 mR/hr 12 volt dc RAD-BET,GAM
f-' '"d

Y
808D Victoreen

td
tTJ
>-J

Vlctoreen 0.01 mR/hr to 10K R/hr One Sv Tr-134 R B,y RAD-BET,GAM ~2012 Three 1. 34'1 RlvI-502R Victoreen

~
*depends on probe



Portable Survey Dose Rate Meters I
lD ~..........
'-J Manufacturer Response Radiation Detection I
lD Detector Ranga PowerModel Time Detected Limits Location

s: " zo 0 CJ)

Z ::0 -l

Victoreen Ion Depends on chamber ac line RAD-BET ,C..AM - m ::0
S,y -l Z c

570 chambers Victoreen 2 o < s:
::.! - m
Z ::0 Z

XETEX GM tube 0.1 mR to 99.9 mR/hr 4AA alkaline 1 second S,y RAD-BET,GAM Gl 0 -l
Z »

304A batteries XETEX s: -l
m -

XETEX GM tube 0.1 mR/hr to 99.9 R/hr 4 NiCd batteries 1 second S,y RAD-BET,GAM
z 0
-l Z

305A XETEX »
r

XETEX 0.01 to 999 R/hr RADcSPEC
30ZA 0-10, 100, 1000 R/hr batteries 4 seconds y XETEX
303A O. 1 to 999 mR/hr 8 seconds
347D 1 to 99R/hr

Stationary Survey Dose Rate Meter

'""
'"" Manufacturer Detector Range Power Response Radiation Detection LocationI M3de1 Time Detected Limits><
f-'.
f-'.

Eberline GM tube 3 to 30 mR/hr ac line y Maximum RAD-GAM
SPl-2 flux Eberline

1000 R/hr

Elliot Ion 0.5 to 104 mR/hr 25 watts y RAD-GAM
Process chamber Elliot Process
GM-700

Nuclear ffivI tube Depends on detector ac line 2nd decade- y RAD-GAM,XRA
Research Co. (see Instru. Note) 20 seconds; NRC

>O>-3~TA-90A 3rd decade- &~
2 seconds. CDf-'1

f-' CD f:
N >0

Reuter- Ion 1 to 200 )lR/hr 300V dc Y, x-ray RAD-GAM,XRA fg
Stokes chamber Reuter-Stokes 2 >-3
RSG-42

~
Reuter-Stokes Ion 1-500 )lR/hr NiCd batteries 5 seconds y RAD-GAM, XRA

~RSS-ll1 chamber Reuter-Stokes 3

XETEX 0.1 to 99.9 mR/hr ac line y, x-ray RAD-GAM, XRA
SOlA 1 to 999 R/hr

('\
"

~

~"

I



l (.~

I.D Portable Underwater Dose Rate Meter I--.....
~-....]

I.D I

Manufacturer Response Radiation Detection ~ -n Z
Detector Range Power Location o 0 en

Model Time Detected Limits Z ::0 -l
- m ::0
-lZG-
o < ~

GAMMA:
~ - m
Z ::0 Z

345 * Gl 0 -I'
Teclmical Ion 0-10 , 10 , 10 , or 1 "D" cell 2 seconds y RAD-GAM, XRA Z »

Associates chamber 106 R/hr Teclmical Assoc. ~ -l

~ 0
-l Z
» \...

*Time constant, see Glossary r

"lo"."

Portable "Transport" Index Dose Rate Meter
C

Manufacturer Detector Range Power Response Radiation Detection LocationModel Tine Detected Limits

---
Vl

Vl Nuclear GM tube 0-200 mR/hr in 1 mR 4 AA cells 4 seconds Y, x-ray RAD-GAM
I Associates increnents Nuclear><

,"" Prima Six Associates ,
,""
,""

Stationary Portal, Whole Body, Hand, Foot, and/or Clothing Monitors ~

Manufacturer Monitor Range Power Response Radiation Dete~tion
LocationM:>del Time Detected Limits

.Eberline
HFM-3 Hand and 0-500, 5K, 50K cpm ac line 2.2 seconds S,Y RAD-BET,GAM
HFM-4A foot 0-999 counts;0-99 counts (fast) S,Y,a Eberline 7 'U>--3~
PMC-4B 160-7000 cpm 22 seconds S,y &~

<D f-' IP:MP-4B (slow) f-'<Df:':
Vl 'U

Johnson Hand and S,Y RAD-BET,GAM O::l

U-M O-IOOK cpm ac line Jolmson tTl

foot >--3

~
Nuclear Single 0-1-2 :MPL ac line a,S RAD-ALP ,BET ,GN.1

~Enterprises hand only Nuclear
HMS Enterprises

(continued)



Stationary Portal, Whole Body, Hand, Foot, and/or Clothing Monitors (continued)

Hands and 0-1- 2 MPL (Hands)
clothing 0-10 ~WL {clothing)

I.D
'
'-l;
I.D

0-J

0-J
I

><
f-'.
<

Manufacturer
Model

Nuclear
Enterprises

HQv!-3

Nuclear
Enterprises

3054

Nuclear
Research

Technical
Associates

PPM-21
PPM-2lA

Technical
Associates

HSM-IOA
lOAM,
lOBS,
lOG

Detector

Whole
body

Hand and
foot

Portal

Hand and
feet

Range

0-99K counts;
time (preset):1-30 sec.

10.-99 counts
1. 0-99 seconds

Power

ac line

ac line

ac line

ac line

ac line

Response
Time

10 seconds

Radiation
Detected

a,S

S,y

S,y

S,Y

a,S,Y

Detection
Limits Limits

RAD-ALP ,BET ,GAM
Nuclear
Enterprises

RAD-ALP,BET,GAM
Nuclear
Enterprises

PAD-ALP ,BET ,GAM
Nuclear
Research

RAD -BET, GAM
Technical
Associates

RAD-ALP ,BET, GAM
Technical
Associates

_~B.
-~

S "Tlo 0 zz :J) C/l_ --l
--l m :J)
o Z c
:J) < Sz :ii m
Cl 0 Z

Z --l
S »
m :::!
z 0
--l Z
»
r

.---,----_.•_-,-_._-_.'-----"----- --'---'_..•. '---. -----'---_._---_...-.~_ .._-,..- - .. ---. -- _." - ...

Technical
Associates

WT-I-A3
WT-I-B3
WT-I-R3

Hands and 0-500, SK, SOK, SOOK cpm
feet

ac line

Dosimeters

1 second a
S,y

a,S,Y

0.005 )lCi 239pu
0.005 )lCi 137Cs
0.005 wei 239Pu

and 14C

RAD-ALP
Technical
Associates

Manufacturer
Model

X-RAY:

Nuclear
Associates
06-106

Nuclear
Associates
Prima I
Prima IIa

Technical
Associates
PM-l

( )

Detector

Ion
chamber

GM tube

GM tube

Range

0-1 mR; 20)lR division

Background to
2 R

10 R

Power

One "C" cell

4.05 MeV Hg
cell (-6 mos.)

9V battery

( )

Response
Time

Radiation
Detected

x-ray

Y, x-ray

Y, x-ray

Detection
Limits Location

RAD-GAM, XRA
Nuclear
Associates

RAD-GAM, XRA
Nuclear
Associates

RAD -GAM, XRA
Technical
Associates

(-j

'l:I>-I~P'P'
(]qcT
(1)f--'1

f--'(1)F:
..,. 'l:I

~

~

~
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l/ )

Detectors

,"... -

(.

....

~

~

I

W-
I

;;:;: "T1

0 o z
Z

:JJ (J)

=i
--l

m :JJ

0 Z C
:JJ < ;;:;:-
Z :JJ

m

G) 0 z
z ~\;;:;:
m

--l

Z 0-
--l Z'
:t>
r

'1j>-J~Pl Pl
()QcJ
(]) f-' I

f-'(])F;
tJl '1j

tJ:j
trJ
>-J

LocationRadiation
Detected

a, B,Y RAD-ALP,BET,GAM
Amperex

B RAD-BET,GAM
Amperex

Y RAD-SPEC
Canberra

y RAD-SPEC
Canberra 2

x-ray RAD-SPEC
Canberra 3

x-ray RAD-SPEC
Canberra 4

Y,B RAD-BET,GAM
Elliott Process

a RAD-ALP
Harshaw

a, B, Y RAD-ALP
Harshaw 2

Y RAD-GAM
Harshaw

Y RAD-GAM
Harshaw

Y.B, x-ray RAD-BET,GAM
LND

a, B, Y RAD-ALP ,BET ,GAM
LND

a.S RAD-ALP
Nuclear
Enterprises
(continued)

2900 V

Various

_lOOV

Various

100 pW per pA

Operating VoltageSizes

2Area (rnrn ): 50, 100, 200,
300, 500; thickness (rnrn)
1/2 to 5

Various lengths and diameters

1/2" to 3" diameter
1/4" to 3" thick

4 to 17 in. active length

I" diameter
1 rnrn thick

Various

Various

Effective length: Imm
Outside diameter: 10mm

10 to 150 crn3 in area

Various lengths and diameters

QvI and
proportional

Si(Li) surface
barrier

GM tube

Scintillation
NaI (Eu)

Proportional
ionization

Phoswich detectors 3/4" to 5" diameter

LND

Nuclear
Enterprises
NE Series

LND

Harshaw

Harshaw

Ion
chamber

Harshaw Series DJ Diffused-junction Active areas (rnrn
2): 100,

silicon detector 400, 450, 490, 700

Harshaw

Elliot-Process

Manufacturer TypesModel

Amperex GM detector

Ampcrex GM detector

Canberra Ge(Li)

Canberra NaI(Tl)

Canberra Si(Li)

Canberra NaI (Tl)Vl

Vl

~

~

----....:J
(,0



\
\D I........ Detectors

~-....l
\D I

J\ianufacturer Radiation
S; "T1 Z

Types Sizes Operating Voltage Location o 0 en
Model Detected z ::u -i

- m ::u
-i z C
o < s::
~ - m
Z ::u z

Ge(Li) 2 to 100 cm3
G) 0 -i

Nuclear y RAD-SPEC z »
s:: -i

Enterprises area Nuclear m -
Enterprises z 0

-i Z
»

Nuclear Si(Li) Various RAD-SPEC r
x-ray

Enterprises Nuclear
Enterprise 2

Nuclear NaI(Tl) 1/2"xl/2" to 6"x4" y RAD-SPEC
Enterprises Nuclear

Enterprises 3

Nuclear Si(Li) 10-300 em2 RAD-SPECarea x-ray

~ Semiconductor Nuclear
w Semiconductor

I

~ Nuclear Si(Li) 2 RAD-ALP1-'- Area (mm); 30, 50, 80, 100, ex,S
Semiconductor 200, 300;depth (mm) 2 + 5 Nuclear
Top Hat Series Semiconductor

Ortec Si surface 2 RAD-ALPArea (mm ); 25 to 2000 ex,S
Series A,B,C, barrier depth (~): 10 to 5000 Ortec
D,E,R

Ortec Si(Li) x-ray RAD-SPEC
Ortec

Ortec Ge(Li) RAD-SPECy
Ortec 3 '1:J""~Il'Il'

Princeton Ge(Li)
OQcr'

y RA:J-ALP CDf-'1

Gamma-Tech Intrinsic Ge Princeton
f-' CD F:
CJ'. '1:J

Gamma-Tech tJ:j

2 tTJ

Princeton Si surface Area (mm): 25, 50, 100, 150, ex,S RAD-ALP
...,

Gamma-Tech barrier 200, 300, 400; depth (~m) 100 to 2000 Princeton ~Gamma-Tech

Quartz NaI(Tl) Various y RAD-SPEC ~
Products Quartz Products

(continued)

o (

..
c )



CJ

'-0
"-
'-J
~

Manufacturer
Model

Reuter -Stokes

Teledyne
Isotopes

Tennelec

Texas Nuclear
9361

TGM Detectors

Wood
tJ-J

V>
I

~
f-'o
f-'o

\)

Detectors
I

~I

Operating Voltage Radiation Location :5: " z
Detected o 0 CIl

Z :J:) -l
- m :J:)
-l Z C
0<:5:

Ion chamber Various y RAD-GAM,:llAA ~ - m
Z :J:) zReuter Stokes G) 0 -I

Z :t>

NaI(Tl) Various y RAD-SPEC :5: -I
m -

Teledyne Isotopes z 0
-I z

RAD-SPEC :t>
NaI(Tl) Various ry Tennelec

GIll tubes 2.54 em outside diameter noo volts a,S,y RAD-ALP ,BET, GAM
19.53 cm length Texas Nuclear

GIll tubes Various 900-l4V a,S,y RAD-GAM,XRA
TGM

Proportional, Various l200V-2l00V y RAD-GAM,XRA
Q·1 tubes Wood

Neutron Detectors
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\ ...

r
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Manufacturer
Model

LND

Types

Cylindrical BF3tubes; quadrilateral
BF3 tubes;
cylindrical 3He
tubes; lOB lined
proportional
counter; proton
recoil fast
neutron detectors;
fission counter

Sizes

Various

Operating Voltage

Various

Radiation
Detected

neutrons

Location

RAD-NED
LND
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Neutron Dose-Equivalent Monitors
CD

.........

'-J
<.D

Manufacturer
Ietector RangeModel

Eberline RM-16 BF
3

tube 1-104 mrern/hr
plus NRD-l

Eberline PNR-4 BF3 tube 0-5000 mrern/hr

Power

ac line

Five "D" celIs
~ 200 hrs

Response
Time

Varies contin
uously with
count rate

12 sec. 1st
decade
6 sec. 2nd
decade
1. 5 sec. 3rd
decade
0.3 sec. 4th
decade

Radiation
Detected

Gamma rejec
tion up to
500 R/hr

Gamma rejec
tion up to
500 R/hr

Detection
Limits Location

RAD-NED
Eberline

RAD-NED
Eberline 3

\
I

~-
I

~ "T1
o 0 z
Z ::0 Ul
- -j
-j m ::0

0 Z C

~
< ~

Z ::0
m

Cl 0 Z

Z
-j

~
:P

m
-j

Z 0
-j z
:P
r

Ludlum 2 or 3 ZnS(Ag) Model 2: 0-5 mR/hr
plus probe or Model 3: 0-2 mR/hr

Y' 42-1, 42-2, 6LiI (Eu) both xO.l, x1.0 xlO
V-l or 42-3 scintilla-I

>< tor-<
\-"
\-"
\-" NRC Rem RAD BF

3
tube 0-2, 20, 200, 2000

NP-2 mrem/hr, linear

Nuclear BF
3

pro- o.1 mrern/hr to
Enterprise portional 10 rern/hr, 5 decade log
NM-l counter

One NiCd battery 6 seconds
rechargeable

Gamma rejec- RAD-NED
tion up to NRC
500 R/hr

Gamma rejec- RAD-NED
tion up to Nuclear
200 R/hr Enterprise

Gamma rejec- RAD-NED "d>-j~\ll\ll
I)QcJ

tion to Nuclear (j) f-' I

10 R/hr Enterprise 2 f-'(j)f::
00 "d

tJ:j
tTJ
>-j

RAD-NED ~Nuclear
Research ~

Nuclear
Enterprise
0075

Nuclear
Research
FNS-40

~e-filled 0.5 mrem/hr to I rem/hr
spherical
propor-
tional
counter

Hurst-type 0-25, 250, 2500 mrem/hr
propor-
tional
detector

Two "D" cells
~ 300 hr

Three "D" cells

Two Eveready
PP9
Two Eveready
PP7
~ 80 hr life

Two 220 cells
~ 40 hr life

Toggle switch
selection, 3 or
11 seconds

Varies in
versely with
counting rate

Gamma rejec
tion dependent
on probe

RAD-NED
Ludlum

o (~ ') ( ')
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Detector Range Power Response Radiation Detection LocationTime Detected Limits

BF3 tube 0-500,000 cpm Five "D" cells, Gamma rejec- RAD-NEU
- 200 hr tion up to Eberline 2

10 R/hr

BF3 tube 0-50 cpm, Xl, xO, xlOO, Two "D" cells, Toggle switch Gamma rejec- RAD-NEU
plus GM xlOOO > 100 hrs selection tion up to LudlLnn 3
detector 3 or 11 seconds 10 R/hr;

a,B,Y.

----~~=====

l.D
.........
---J
l.D

V-l

V-l,
X
f-'.
X

Vendor

Reactor
Experiments

Manufacturer
Model

Eberline
PNC-4

Ludlum
15

Size

12.7 mm (0.5") diameter

Neutron Dosimeter Foils

Purity

Typically 99.9%

Fast-Slow Neutron Counters

Neutron Spectrometer

Materials

Various

Location

RAD-NEU
Reactor Experiments

~-
I

'5: "0 0 z
Z ::0
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--1 m ::0

0 Z C

~
< '5:

z ::0 m
C) 0 z

Z --1
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z 0
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r

c
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Manufacturer
Model

Ludlum 42-5

ORTEC

Detector

6LiI (Eu)
scintilla
tor

2 surface
barrier de
tectors
sandwiched
over neutron
sensitive
layer
(6LiF or 3He)

Range

525-782:3 MeV and
above
525-780:1-6 MeV

Power

900V de

High voltage
supply

Response
Time

Dependent on
rate meter used

Radiation
Detected

Detection
Limits Location

RAD-NEU
Ludlum 4

RAD-NEU
ORTEC
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

"j

A. Combination Instruments

RAD-ALP, BET, GAM, XRA
Combination Instruments
September 1979

9/79

In this section are found Instrument Notes for those

commercial instruments which are capable of measuring a

variety of different kinds of radiations. In some cases,

the choice of where to classify an instrument has been

made by following the manufacturer's advertised speci

fications. However, the user should be aware of the

pitfalls in our classification scheme. Thus, for ex

ample, some instruments classified here as RAD-ALP,BET,

GAM might be substantially identical to other instruments

classified as RAD-BET, GAM and found in the Beta-Gamma

section of this Volume. The choice would have been based

upon whether or not the particular manufacturer claimed

alpha sensitivity for the instrument in question.

3.3.l-i
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-ALP ,BET ,GAM,XRA
Detectors
Amperex
April 1978

Radiation Counter Tubes

Amperex Electronic Corporation

Class Detector

Principle of
Operation

Geiger-MUller detectors used to count alpha, beta, gamma and x-ray

Cylindrical Counters-

Model Outside Diameter Overall Length Operating Price

(rrnn) (in. ) (rrnn) (in. ) Voltage (V) General Application ($)

18529 7 0.276 27 1.063 500-600 y-Count or current <1000 r/h, 29.50
S > 0.5 MeV

18509 7 0.276 38 1.496 500-650 y-Count or current < 300 r/h, 26.00
8 > 0.5 MeV I

I
18550 10 0.394 52 I 2.047 500-650 S > 0.25 MeV; y-Count or \26.25

current

18503 17 0.667 55 2.165 375-600 y 44.00

18520 22.2 0.874 170 6.693 375-475 y 64.50

18545 22.2 0.874 270 10.63 380-480 y 86.50

85NB3 15.9 5/8 98.4 3 7/8 850-1050 y, S 30.75

75NB3
I

15.9 5/8 109.5 4 5/16 850-1050 y 19.25

90NB3 15.9 5/8 141.3 5 9/16 875-1075 S, y 24.50

76NB3 15.9 5/8 192.5 7 9/16 875-1075 y 23.00 I
912NB3 15.9 5/8 285.4 11 1/4 875-:!-075 S, y 33.50

78L 15.9 5/8 279.4 11 450-700 y 41.50

79L 15.9 5/8 362 14 1/4 450-700 y 53.50

3.3.1.am-1
9/79



INSTRUMENTATION

FO R ENV IRONMENTAL

MONITORING

End Window Counters

RAD-ALP ,BET ,GAM,XRA
Detectors
Amperex
Page 2

n
\~'

Model Outside Diameter Overall Length Operating General Application Price
(nun) (in.) (nun) (in.) Voltage (V) ($)

18504 17 0.669 55 2.17 375-600 S, y 50.00

18505 25.9 1.02 57 2.24 450-700 CI., S, y 94.50

18526 34 1.339 57 2.24 450-750 CI., S, y 155.00

150N 25.4 1 152.4 6 875-1075 S, y 96.00
I

155N 25.4 1 152.4 6 875-1055 S, y 86.50

200NB 34.9 1 3/8 110.3 4 11/32 875-1075 CI., S, y 77 .50

200HB 34.9 1 3/8 110.3 4 11/32 1200-1450 CI., S, y 83.50

120NB 58.7 2 5/16 146.1 Is 3/4 875-1075 S, y 120.00

j3-RAY A8S0RPTION IN WINDOW OR WALL

;:

!
~ lo,.-------,;---,r-r..-r-r-----,-----,-7TT-r--;,.,--.",....,

£ 7.5

t
~ 5.
~ .1----- f---t---+-+-++

K'~ -to

J I-----I-I'-t-+-H-~'--

oP'b""-j'.c..-.,...-:-t-./I'-++-H----+---+-tt-l--- .{H'-

<-"-_'£"'---',.S=--"'-2...LS-'J-j US .----"i---.:!os-=J:LJ.o"-:.-'=-o-----,6':-0- .•::!:-o-:"00

3.3.l.am-2
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Address

9/79
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Manufacturer's Specifications

Amperex Electronic :Corporation
230 Duffy Avenue
Hicksville, NY 11802
(516) 931-6200

3.3.l.am-3
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RAD-ALP,BET,GAM,XRA
Detectors
Amperex
Page 3
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Alpha, Beta Counter

Baird Atomic 912-167, 072

RAD-ALP, BET
Sample Counter

. Baird Atomic
January 1977

912-080 Dual Counter

Class

Principle
of Operation

Stationary Sample Counter

A gas flow counter detects alpha and beta radiation from a solid sample in
a planchet, scaler, timer, meter readout.

Sensitivity
and Range

Model 912-

Windows

Background

Sample Size

167, 168
0.9 mg/cm2 (167)
gold-coated Mylar

20-30
counts/min shielded

35-40
counts/min unshielded

2.54 em (Iff), 1

072 , 080,
100 )lg/cm2

10-15 counts/min

Iff X 5/l6ff pr
Iff x 1/4ff X 1/8" or
2ff (080)

Requirements

Features

Power: 110'V ac, 60 Hz, 850 rnA
Size: 49 em x 18 em x 38 em (17. 5ff Wx 7ff HX l5 ff D)
Weight: 20 kg (45 lb)

Uses 980-146 scaler-timer

7.5ff Hx8 ff deep
(40 lbs)

o
References

Cost

Address

9/79

Manufacturer's specifications

912 - 167 $460
ff _ 168 $525 (w/lOOjJg/cm2 window)

Baird Atomic Inc
125 Middlesex Turnpike
Bedford, MA 01730
(617) 276-6000

3.3.l.ba-l

912 - 070
" 080

$999.
1005.
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MONITORING

Laboratory Monitor

Baird-Atomic Model 443

RAD-ALP ,BET
Stationary
Baird-Atomic
January 1977

Principle
of Operation

lJ Class Stationary

Uses GM detector, gas flow counters, or scintillation detectors,
Amplifier, high voltage supply, meter readout, red alann light, speaker

o

Sensitivity
and Range

Sampling

Perfonnance

Requirements

Features

References

Cost

Address

9/79

Range: 0-300; 1,000; 3,000; 10K; 30K; lOOK cpm
Input sensitivity: minus 0.5 - 10V, adjustable

Continuous

High Voltage Supply: 0-2l50V, regulated 9.1% per 1% change in line voltage
Recorder output: 10 mv and 1 rna.
Accuracy: better than 5% full scale, all ranges 3% at recorder outputs
Time Constants: 1 second; 10 seconds

Power: 110V, 60 cycle 10 watts (220/50 optional)
Size: 14. Oem Hx 35. 6cm Wx 254 em D (5 1/2" Hx 14" Wx 10" D)
Weight: 11. 3 kg (25 lbs.)

An alann trip set for 10% to 100% full scale, all ranges; a red
light flashes

Manufacturer's specifications

$720.00

Baird-Atomic, Inc.
125 Middlesex Turnpike
Bedford, MA 01730
(617) 276-6000

3.3.l.ba-3
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Survey Monitor

Baird-Atomic Model 904-121

RAD-ALP,BET
Survey
Baird Atomic
January 1977

Class Portable, handheld

o
9/79

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

GM detector, amplifier, meter readout

Range: 1-100 mR/hr
500-50,000 cpm

Continuous

Accuracy: ±l0% full scale

Power: Five batteries
Size: 19.1cm Lx 10.2cm Wx l7.8cm D (7.5" Lx 4" WX 7" D)
Weight: 2.7 kg (6 lbs)

Includes radium source for calibration
Model 904-122 detects alpha also

Manufacturer's specifications

$430.00

Baird-Atomic, Inc.
125 Middlesex Turnpike
Bedford, MA 01730
(617) 276-6000

3.3.l.ba-5
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RAD -ALP, BET, GAM,XRA
Survey
Eberline
January 1978

Alpha, Beta, Gamma Survey Meters

Eber1ine Portable Models

~-

0 UJJJ
",

WITH END CAP ,
I V

I

1 iTI

o 1.

W
III
Z

2
III
W
a::
w
>
i=
3
w
a::

10
ENERGY IKeV)

100 1000

NOMINAL PHOTON ENERGY RESPONSE

NOMINAL ENERGY PHOTON RESPONSE

I
SLIDE OPEN

~, ,
I II

I ,,
J

SLTlorn I
SIDE~

1000100
ENERGY (KeV)

10
.1

1

1.0

W
III
Z

~
w
a::
w
>
~
...J
W
a::

o
3.3.l.eb-1

9/79



I

~I

$: "T1
o 0 z
Z ::0 (/)
- -j
-j m ::0
o Z c
~ :::: $:
z ::0 m
Gl 0 Z

Z -j
$: »
m ::::!
z 0
-j z
»
r

~

~

~

;?glg'~
QqCD'i6

CD 'i <: I
l-'CD~

N 5''-< "=i
- CD

d'
:4
g}
l-'
CD

n
l-'
\l:l
'Jl
'Jl

Cfl

~
l-'

5'
Qq

$
rt

R
CD
'Jl

'JlCfl n
.§~ 0
"d CD ;:;.

9' ~ ~.
0.. 0

5'~ ~
0..'Jl.....
<:::r'
..... ll'gal
l-'CD

\l:l
n.'d
~::r'
....·0
0";:1
'i CD

~ll'
.....;:1

g~
n"do CD

;:;.~
'i CDo 'i
l-'
'Jl g
~Nj
'is::

rt
CD 'Jl
\l:l~

g.~
'i~

~\ii'
CDrt
• CD

0..

"d

~

-

,1.81 kg
(4 lbs~ .

RO-3

Beta, Gamma,
X-ray

Cutie-pie type
Ion Chamber,
440 cc volume

1. 72 kg
(3.8 lb)

iI RO-2

2.49 kg
(5.5 lb)

i RO-l

1.9 kg
(4.2 lb)

IPRM-6
I

2.38 kg
(SIbs, 4 oz)

22.9em Lx 10. 2em1'1O. 2em Wx 20. 3em l2.lem Wx 34. 3emfO. 2em W 21.lem 28.' 9em Lx 10. Scm
xWx19.lemH jXLx17.0cmH x Lx19.lemH x LX19.lemH xWx22.2cmH
(9" L x4" W (4" WX 8" L (4" Wx 8.3" L (4" WX 8.3" L (11-3/8" L
x 7-1/2" H) x6.7"H) x7.5"H) x7.5"H) x4-l/8"W

7 7/8 - 1 ct- x 8-3/4" H)including handle mc u mg
handle including handle

Alpha, Beta,
Gamma

1PRM-5PRM-4

Lin-log meter PHA Capabilities Various options Window 1.7 Window 7 Window 3.5
presentation Lin-log presen- Takes G-M or mg/em2 mylar, mg/cm2 mylar, mg/cm2 mylar,
portable rate tation scintillator wall phenolic wall phenolic wall phenolic
meter ~robes 200 mg/em2 200 mg/em2 400 mg/cm2

Range of iHigh Voltage Range of 6.5 keV to 1.2 12 keVto 1.3 12 keV to
operation Selector Option operation MeV photon MeV photon 1.3 MeV photon
option option response ±15% response ±15% response :l:l5%

$465.00 ," $565.00 $385.00 $750.00 $600.00 $635.00.- ,

Alpha, Beta,
Gamma, X-ray,
or Neutron

22.9em L xlO.2em
x Wx 19.1em H
(9" Lx 4" W
x 7-1/2" H)

2.38 kg
(SIbs, 40z)

I
i

Alpha, Beta, Alpha, Beta, I Beta, Gamma,
,Gamma, X-ray, Gamma, X-ray iX-ray
Neutron I

+- ---+ -------T------------.--'----~I------.--

Optional IOptional :Optional •Cutie-pie type I Juno-type
, : Ion Chamber, I Ion Chamber
, , 250 cc volume 208 cc volume

SIZE

COST

RANGE

REMARKS

FEATURES

MODEL

DETECTOR

RADIATION
MEASURED

WEIGHT
i------- I --+-----__ . +.

I - ------------.--- --.. ----.- -. -- .
0-5 X 10 5 c/m 0-5 x 10 5 c/m ,0-5 x 10 5 c/m 0-5 mR/hr to 0-5 mR/hr to 0-5 mR/hr to
4 Decades 4 Decades '4 Decades ,0-500 R/hour, 0-5000 mRjhr, 0-5000 mR/hr

___~________ ' 4 Ranges :6 ranges 9 ranges 4 ranges 4 ranges
I SCALE Linear ---Li-~_;;---------TLi~_;ar----------:i~~---.-.--.. -- Linear' -." Linear

l: ~=RA~E ~~~:/~~+~:~o-:'- ~~~:FF~~~~ko~-~~~--r~-;4·00F·-·-"J-;~:F~~~i46-0F.. -· i ~~~o:(t +140°F ~~:~;~:o-122o-p--
I I I, I I I -40°F to +140°F

pOWER--r "D" cells 5 "D" cells 2 "D" cells !. 2 "D" cells ' 3 NEDA 1604 --I 4 NEDA 1604
200 hours 200 hours 150 to 700 hours! 290 hours (9V) batteries I (9V) batteries

i (mercury) 330 hours 12 batteries
r I (mercury) 2~0 hrs carbon-

., .." .......- ---.. -------·--, ..·------------------f---·---·----- --4: Zlnc I

'-'"
'-'"
l-'
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Address
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Eberline Instnunent Corporation
P.O. Box 2108
Santa Fe, NM 87501
(50S) 471-3232

3.3.l.eb-3

RAD-ALP, BET, GAM ,XRA
Survey
Eber1ine
Page 3
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Survey Meter

RAD-ALP ,BET ,GAM,XRA
Portable Survey
Elscint
January 1978

Portable, hand-heldClass

Principle
of Operation

Elscint Model GSM-l

G-M detector, amplifier, meter read-out, speaker

Sensitivity
and Range

Ranges: o to O. 5 mR!hr, 0 to 5 mR/hr, 0 to 50 mR/hr, 0 to 00

Energy dependence: ±20% from 60keV to 1.3 MeV

o

o

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Continuous

Accuracy: ±3% PS
Temperature: -35°C to 60°C (-31 0p to 140 0P)

Power: four 1. 5V batteries "C" type. 100 hours continuous service
Size: 16. Scm HXlO.2cm WX19.lcm D (6~1/2" HX4" WX 7-1/2" D)
Weight: 1.1 kg (2.4 lb)

1) In very high radiation fields meter indicates full scale not zero
2) Geiger tube may be operated with a cable at a distance up to 50 meters

from the reading instrument.

Manufacturer's Specifications

$395.00

Elscint, Inc.
P.O. Box 832
Hackensack, N.J. 07602
(201) 487 -5885

3.3.l.el-l
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MONITORING

Radiation ~bnitor

Elscint Model GRM-l &LRM-l

Model GRM-1

Model LRM-1

RAD-ALP ,BET ,GAM,XRA
Laboratory
Elscint 2
January 1978

Class Laboratory

o

Principle of
Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

GM or scintillator detectors, amplifier, meter read-out, speaker,
audible alarm

Energy sensitivity: depends on probe
Range: 0 to 300; 1000; 3000; 10,000; 30,000; 100,000; 300,000cpm
Energy dependence: ±.20% from 60 keV to 1.3 MeV

Continuous

Accuracy: ±.S% FS
Temperature: ooe to 50°C

32°F to 122°F
Temperature stability: ±.O.l%/oC
High voltage range: + 200 V to + 1200 V
Time Constant: short 1 to 2 seconds

long 10 to IS seconds

Power: 11sV or 230V, SO or 60 Hz; lOW
Size: 11.4 em H x19.0scm Wx22.86cmD(4 1/2" Hx7 1/2" Wx9" D)
Weight: 3 kg. (6.6 lbs.)

LRM-l includes a "scaler" operating mode, which presents a reading of the
accumulated counts during one minute.

Manufacturer's Specification

$650.00 (GRM-l)

Elscint Inc.
P.O. Box 832
138-160 Johnson Ave.
Hackensack, NJ 07602
(201) 487- 5885

3.3.l.el-3
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~,j I
RAD-ALP ,BET
Stationary
Gannna Industries
January 1977

(\
"--~~ Class

Radiation Monitor

Multiple Alann Radiation System

Catalog No. 831-0010-049

Stationary

o
9/79

Principle
of Operation

Sensitivity
and Range

Sampling

Perfonnance

Requirements

Features

References

Cost

Address

G-M detector, amplifier, meter readout, audible alarm

Range: 0-2, 0-20, 0-200 mR/hr

Continuous

Power: 115 V A.C.
Size: 35. 6cm H x 33. Ocm Wx 20. 3cm D (14" H x 13" Wx 8" D)
Weight: 6.1 kg (13-1/2 lbs.)

7" high flashing, rotating beacon warns of radiation in excess of the
level selected

Manufacturer's specifications

$625.00

GAMMA Industries, A Division of Nuclear Systems, Inc.
P.O. Box 2543
Baton Rouge, La. 70821

3.3.l.gi-l
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MONITORING

Radiation Survey Meter

Johnson and Associates Model - GSM-5

Portable, Handheld

RAD-ALP ,BET ,GAM,XRA
Survey
Johnson and Associates
March 1978

o

o

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Alphas, betas, gammas, and neutrons are detected by 28 different
probes, integrating circuit drives meter.

Full Scale Ranges: 0.2, 2, and 20 mR/hr for beta-gamma
500, 5000, and 50,000 cpm, linear ~ 4%

Minimum Measurable Energy: Dependent upon the probe used.
Approximately IS keY with GP-200 thin
window GM tube.

Maximum Measurable Flux: Dependent upon the probe used.
Approximately 1 R/hr with GP-90 X-SO.

Continuous

Meter Accuracy: + 2% of full scale
Response Time: Based on scale range being used. 5 seconds on

lowest range X-I, 1 second on high range.
Input Accessories: Calibration pulser, trans amp, register and timer
Output Accessories: Recorder, speaker, alarm

Power: Three "D" cells, 200 hours
Size: 10 em Wx 18 em L x 17 cm H (4" Wx 7" L x 6.4" H)
Weight: 2 kg (4 lb)

Battery check circuit, suitcase package, wide selection
of detectors.

Manufacturer's specifications

$195. (without probes)

William B. Johnson and Associates, Inc.
Research Park, Boonton Avenue
Montville, NJ 07045
(201) 334-9222

3.3.l.jo-l
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RAD-ALP,BET,GAM,XRA
Survey
Johnson and Associates
Page 2 o

o

50,000
. counts/min

SCINTILLATION PROBES FOR

JOHNSON MODEL GSM-5 SURVEY METER

;~---!I1-0-D-EL----;i------r -.--...------........,,---------,

i NUMBER I ASP-ZA I ASP-3 I GSP-ZA

:1~~~~:~:T:::~:RED:O:':~N~~~:!~~~_A=.~=~=.~=:'--..-.....-....--.+-Iu--..-...=~Z=1:=:=a::....._-._-_.-.__-+Ir----z~-,amm·-X·-a_21-'----I
I: NaI(Tl)
~-----·---·1---..-......·..-·--..- __....... .__ u • __.. -----••----'---''------1

I EFFICIENCY! 25-40% 45~_. +___ -2-5_9.<o _

! RANGE ; 1 to 50,000 1 to 50

! ! counts/min counts/min

'

i. :j
\-----.---j-j-----.--f---------..- ...-t--.-------j
i ACCUR~CY __. __-.!~______ ±5:..::%__-+ ±_5_% --I

i SENSITIVITY I 100 150 100
;...' -+I_-.E.Ci pCi _-+ Lp_Cl;:..· -I

i TEMPERATURE i -40°F -40°F -40°F
I to to to
L.. . ..... .. .. __..~.l,?O_~I:_____ ... _:t.~?-Qa.!.... ...... +150°F _
I Four 6 V 0 Four 6 VI POWER Penlight Penlight
, Batteries Batteries10--.----- - ---.- -..- - -.---- -I---.--------+-----------j

'HOUSING Aluminum I Aluminum Aluminum

I
30.5cm long

6.0cm a.d.

(12" Long
2-3/8" o.d.)

0.91 kg

(2 Un

OVERALL
SIZE

WEIGHT

22.9cm long i 20. 3cm lODg
6.0cm o.d. ! 6.0cm o.d.

(9" Long I (8" Long
2-'3/8" o.d.)' 2-3/8" o.d.

1--------+--·-----·--....:::.-------·-1---------1
0.68 kg 0.91 kg

(1.5 1b) (2 lb)

PRICE $249.00 $200.00 $500.00

NOTE: GSM-5 sells for $195. Add probe cost for complete instrument.

o
9/79

3.3.l.jo-2
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INS}~UM'~NT;;lTldrl ~J
FOR ENVIRONMENTAL

MONITORING

GEIGER MULLER PROBES POR

JOHNSON MJDEL GSM-5 SURVEY METER

RAD-ALP ,BET ,GAM,XRA
Survey
Johnson and Associates
Page 3

GM TubeDETF"T'OR

WALL
THICKNESS 30 mg/an2

f----"---- -------
RANGE 0.2, 2, 20

full scale mR/hr

----·----c----------------r------------T----------,.------',
~R i I

I--_NUMB__E_R__+-li ~~~~? ~~=-~OO__J ~~A-~ll~?=O:::X::::5=.0_-1- GP 200 X 50
RADIATION Beta • Alpha Alpha I Beta Alpha
MEASURED Gamma. Beta Beta i Gamma Beta

t--_~ +__-------~-----~a G_amm__a__~I-------+_---G-amm-a--1
GM Tube i GM Tube GM Tube --L GM Tube

-t------------- ------------.--- i -------+-------1

i ~: ~,1~~~-H_+.-i~~:"i~_k'-~o;;~{too-~~~o~~:~
mR/hr mR/hr i mR/hr mR/hr

ACCURACY

TEMPERATURE

±5% PIS
-55°p

to
+l40op

±5% PIS ±5% PiS I ±5% PIS ~_ ±5%~S__

-55°P -30oP I -55°p I -55°p
to to I to to

+l400p +l400p I +l400p +l400p

(0.13 lb)

0.059 kg

(0.13 lb)

0.059 kg

HOUSING

WEIGHT

Lead !
Stainless Aluminum T\,1l1g~tenl Aluminum Aluminum

1-- -1-_...:::S...:::te:::.;e::;.;:l'--_I--_..:..;M:::.ic;::;a::-_-+-~A:::.lum=.lll==um;;::.-_t- -t-_---.:Mc.::i:..:c:.=a ..

0.20 kg 0.17 kg 0.57kgt1.25lb)1
1.93kg(4.25lb)

(0.44 lb) (0.38 lb) with
shield

f-) OVERALL 20.3an long l5.2an long 16. San L 8.9an lone 8.9an long
, I SIZE 2. 54cm o.d. 3.8lan o.d. x8.9an W 0.95an o.d. 1. 9lan o.d.~

x9.8cm H
(8" Long (6" Long (6-l/2Lx3-l/2'W (3-1/2" Long (3-1/2" Long
1" o.d.) 1-1/2" o. d.) x3-7/8"H) 3/8" a .d.) -3/4" o.d.)

J

PRICE i
$160.00
Alum. $85.00 $90.00

$50.00 $75.00 $200.00

NOTE: GSM-5 sells for $195. Add probe cost for complete instrument.

o
9/79
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I I
MODEL NUMBER GSP-2 I DGSP FNSP-ZA SNSP-ZA

RADIATION Gannna Low Past Slow
MEASURED Energy Neutron Neutron

Ganuna

DETECTOR NaI (Tl) NaI (Tl) Hornyak LiI (Eu)
Cleaved Button Activated
Crystal

RANGE 0-50,000 0-50,000 0.2 MeV Thennal
counts/min counts/min 20 MeV Epithennal

1----.....................- f-----

ACCURACY ±5% ±10% +15% +15%
-30% -15%

TEMPERATURE -40o P -40op -40o P -40o P
to to to to

+150o P +150o P +150o P +150o P

Pour 1, 5 V Pour 1,5 V Pour AA
POWER 4 penlite batteries Penlight Penlight Penlight

~--_............._..._.. Batteries Batteries Batteries

HOUSING Aluminum Aluminum Aluminum Aluminum

WEIGHT 0.68 kg I 0.91 kg 0.40 kg 0.45 kg

I
I (1, SIb)

1
(2 lb) (0.875 lb) (lIb)

I OVERALL 25.4cm long !25.4ern long 27.9ern long 24.l3ern long
SIZE 0.95cm o.d. I 6.35ern o. d. 6.lern o.d. 5.72ern o.d.

I
! 10" Long I 10" Long 11" Long 9.5" Long
I 3/8" o.d. I 2.5" o.d. 2.4" o.d. 2.25" o.d.

PRICE I $500.00 / $450.00 $275.00 $400.00
I

9/79

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

SCINTILLATION PROBES POR
JOHNSON M)DEL GSM-5 SURVEY METER

NOTE: GSM-S sells for $195. Add probe cost for complete instrument.

3.3.l,jo-4

RAD-ALP ,BET,GAM,XRA
Survey
Johnson and Associates
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

(.)
~. ,}

l ~J

Radiation Monitor

RAD-ALP, BET, GAM,XRA
Stationary
Johnson and Associates 2
March 1978

Class

Johnson Model RML-lA COlmt Rate Meter

Laboratory

o
Principle
of Operation

Sensitivity
and Range

Sampling

Accepts about 30 probes, amplifier, integrator, speaker,
recorder, and meter read-out

Energy range depends on probe
Full scale ranges: 500, 5,000, 50,000 cpm
Minimum input sensitivity: 10 mv
Maximum rate: Unavailable

Continuous

Performance Meter accuracy:
Response time:

2:. 2% full scale
1.5 sec or 4.5 sec

Requirements Power:
Size:
Weight:

28 cm x 18 em x 18 em (11" x 7" x 7")
3.4 kg (7.5 lbs)

o
9/79

Features

Cost

Address

Volume and discriminator control

$350

William B. Johnson and Associates Inc.
Research Park, Boonton Avenue
Montville, New Jersey 07045
(201) 334-9222

3.3.l.jo~5
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FOR ENVIRONMENTAL

MONITORING

o •. J

I'

Portable Scaler

Johnson LS-4

RAD-ALP,BET,GAM,XRA
Scaler
Johnson and Associates '3
March 1978

Principle
of Operation

(-)i
\~

Class Laboratory and field

Uses Geiger, scintillation, or proportional cOlUlters, high voltage supply,
amplifier, L.E.D. readout

Sensitivity
and Range

Sampling

Perfonnance

6 L.E.D. ranges 0- 999,999 COlUlts

Pre-set time elapsed COlUlt mode

Variable high voltage: 0-2500 V

Requirements Power:

Size:
Weight:

115 Volts AIC for line operation, 4 NiCad batteries (rechargeable)
for portable operation
30.5cm x27. 9cm x12. 7cm (12" x 11" x 5")
4.1 kg (9 1bs.)

o
9/79

Features

References

Cost

Address

Regulated and adjustable high voltage

Letter from manufacturer

$950.00

WIn. B. Johnson and Associates, Inc.
Research Park, Boonton Avenue
Montville, NJ 07045
(201) 334-9222

3.3.l.jo-7
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I INSTRUMENTATION
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-~-
RAD-ALP,BET,GAM,XRA

FOR ENVIRONMENTAL Detectors

MONITORING
LND
January 1978

0 Alpha, Beta, Gamma Counters

LND Models

End Window Counting Tubes

Model Maximum Diimteter Overall Length Operating Application Price

em. in. em in. Voltage
~

704 0.87 .344 3.81 1.5 600-800 aBy $ 80.00
705 0.87 .344 3.81 .f.5 600-800 al3y $ 350.00
710 0.87 .344 6.99 2.75 600-800 al3y $ 70.00
7616 0.91 .359 6.43 2.531 750-950 al3y $ 70.00
711 1.27 .5 7.62 3.0 600-800 al3y $ 75.00
712 1. 52 .600 5.40 2.125 375-600 al3y $ 30.00
715 0.87 .344 3.81 1.5 700-850 l3y $ 45.00
718 5.87 2.312 14.61 5.75 650-850 al3y $ 90.00
722/5979 2.54 1 15.24 6 700-850 By $ 45.00
722A 2.54 1 15.24 6 900-1100 X-ray $ 80.00
722K 2.54 1 15.24 6 1175 X-ray $ 100.00
8204M 2.54 1 15.24 6 660-800 al3y $ 85.00
723 3.49 1.375 11.43 4.5 900-1100 aBy $ 45.00
7231 3.33 1.312 3.49 1.375 600-800 aBy $ 55.00
7232 3.49 1.375 12.38 4.875 900-1100 al3y $ 65.00
7233 3.49 1.375 11.43 4.5 600-800 al3y $ 65.00
724/7618 2.54 1.0 4.32 1.7 900-1100 al3 $ 40.00
7242 2.54 1 2.54 1 600-900 al3 $ 50.00
727/7840 3.49 1.375 11.43 4.5 1300-1600 al3y $ 45.00

(~)
Pancake Counting Tubes

Model Maximum Diameter Overall Length Operating Application Price

em. in. em. in. Voltage

730 5.40 2.125 8.09 3.187 900-1100 al3y $ 145.00
731 5.40 2.125 8.09 3.187 900-1100 al3y $ 80.00
7311/8767 5.40 2.125 7.70 3.032 850-1100 al3y $ 85.00
732 5.40 2.125 8.09 3.187 900-1100 al3y $ 250.00
733 3.76 1.48 6.67 2.625 700-900 al3y $ 100.00
734 1. 91 .750 4.76 1.875 700-900 al3y $ 100.00
7610 0.87 .344 1. 91 .75 650-800 al3y $ 100.00

Cylindrical Counting Tubes

Model Maximum Diameter Overall Length Operating Application Price

em, in. em.. in. Voltage

713 0.80 .314 5.08 2.0 550-700 By $ 30.00
714 0.51 .200 3.18 1. 25 550-700 y $ 30.00
716 0.51 .200 1. 91 .750 550-700 y $ 35.00
717 0.32 .125 2.54 1.0 650-800 By $ 200.00
719 1. 59 .625 27.94 11 900-1100 By $ 45.00
720 1. 59 .625 9.84 3.875 900-1100 By $ 30.00
7201 1. 59 .625 9.84 3.875 900-1100 By $ 45.00
721 1. 59 .625 14.61 5.75 900-1100 By $ 30.00
725 1. 91 .750 11.11 4.375 900-1100 By $ 30.00
726/5980 0.87 .344 5.08 2 660-800 y $ 30.00
740 0.74 .290 19.69 7.75 675-800 y $ 60.00

0
t

3.3.1.1n-1
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-ALP ,BET,GAM,XRA
Detectors
Page 2

o
Medical Counting Tubes

Model Maximum Diameter Overall Length Operating Application Price

em· in. cm in. Voltage

760 0.87 .344 7.62 3.0 650-800 aSy $ 100.00
761 0.87 .344 12.78 7 650-800 aSy $ 250.00
762 0.87 .344 21. 84 8.6 650-800 y $ 250.00

Industrial and Cosmic Ray Counting Tubes

Overall Length

em. in.

Model Maximum Diameter

cm. in.
780 2.22 .875
781 2.54 1
782 3.49 1.375
783 5.08 2
784 5.08 2
785 5.08 2
786 5.08 2

38.1
107.95
84.14
57.15
57.15
82.55

107.95

15
42.5
33.125
22.5
22.5
32.5
42.5

Operating
Voltage

1100-1300
550-700
900-1100
1150-1350
950-1250
950-1250
950-1250

Application

Sy
Sy
y
Sy
y
y
y

Price

$ 85.00
$ 300.00
$ 100.00
$ 600.00
$ 100.00
$ 175.00
$ 200.00

Maximum Diameter

cm. in.

Model

495
4951
4952
4953

1. 91
2.22
2.54
8.89

0.75
0.875
1.0
3.5

Gas Sampling Proportional Counters

Overall Length Operating Application

cm. in. Voltage

22.86 9.0 low level S
25.40 10.0 low level S
35.56 14.0 low level S
59.69 23.5 low level S

Price

$ 600.00
$ 600.00
$ 600.00
$1200.00

o
Reference

Address

9/79

Manufacturer's Specifications

LND
3230 Lawson Blvd.
Oceanside, NY 11572
(516) 678-6141
Telex 14-4563

3.3.l.ln-2
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

/

Survey Meter

Ludll.Dll Models 2 and 3

RAD-ALP ,BET,GAM,XAA
Survey
Ludll.Dll
January 1978

Class

Model 2

Portable~handheld

Principle of
Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

Count rate meter for a variety of G-M and scintillator probes

Sensitivity: See table
Range: Mode12: 0-5 mR/hr, xO.l, xl, xlO, linear

Model 3: 0-2 mR/hr. xO.l, xl. xlO, xlOO, linear
0-5,000 cpm, optional meter read-out

Continuous

Accuracy: ±.5% of full scale
Calibration Stability: Less than 15% variance to battery end point

Power: Two "D" cells; 300 hr
Size: 9 emx9 emx18 em (3.4"Hx3.5" Wx7.0" L) exclusive of handle
Weight: 1.6 kg (3.5 pounds) less detectors

Pushbutton reset, adjustable high voltage output, speaker output

Manufacturer's specifications

o
References

Cost Model 2
Model 3

$220.00
245.00

Address

9/79

Ludll.Dll Measurements Inc.
501 Oak Street
Sweetwater, TX 79556
(915) 235-5494

3.3.l.lu-l



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-ALP,BET,GAM,XFA
Survey
Ludlum
Page 2

LUDLUM PROBES
o

Model 43-1
Large Area Alpha Scintillator

lvlodel 43-2
Small Area Alpha Scintillator

Model 43-5
Alpha Scintillator

Model 44-2
High Energy Gamma Scintillator

9/79

Model 44-4
End Window Geiger-Mueller Probe

Model 44-6
Thin Wall Geiger-Mueller Probe

Model 44-7S
End Window GM

Model 44-9
Pancake GM

3.3.l.lu-2
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ID
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toN
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"

"
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FOR ENVIRONMENTAL

MONITORING

Survey Meter

Ludlum Models 12, 16

RAD-ALP ,BET ,GfIJ:,XRA
Survey
Ludlum 2
January 1978

Model 12 Model 16

n
Class

Principle of
Operation

Sensitivity
and Range

Detectors

Performance

Requirements

Features

Reference

Portable

Power supply for scintillation, proportional, or Geiger-Muller detectors.
Model 12 is a count rate meter, Model 16 includes a window discriminator
switch for an upper discrimination level similar to a single channel
analyzer; meter read-out, audio output.

Depends on the detector chosen, see other Ludlum notes.

The detector models that may be used with the Model 12 and Model 16
are listed with Ludlum Models 2 and 3

Accuracy: ±5% of full scale

Discrimination range: Low discriminator level -- 2 to 60 mV
Model 16, high discriminator level -- 2 to 60 mV

Response time: Model 12 - - 3 or 11 seconds
Model 16 -- 11 sec

Calibration: 500 cpm, Xl, xlO, xlOO, xl,OOO
Output Voltage: 700 to 2,400 Vcd, adjustable

Power: Two "D" cells, 100 hours, or optional RM-42R mercury cells,
Nickel-Cadmium (rechargeable) cells

Size: 9 cm H x9 cm WxIS cm L exclusive of handle (3.4" H x3.5" Wx 7.0" L)
Weight: 1.6 kg (3.5 lb)

Battery test, fluorescent mark to indicate "off" position

Manufacturer's Specifications

Cost

Address

Model 12
Model 16

Ludlum Measurements, Inc.
501 Oak Street
Sweetwater, TX 79556
(915) 235- 5494

$375.00
$425.00

9/79
3.3.l.lu-5
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FOR ENVIRONMENTAL

MONITORING

Alpha-Beta Monitor
Ludlwn Model 29

RAD-ALP, BET, GAM ,XAA.
Stationary
Ludlwn 3
January 1978

C)

Class

Principle
of Operation

Sensitivity and
Range

Sampling

Performance

Stationary, laboratory

ZnS (Ag) scintillator mounted on a 0.062" thick plastic scintillator,
amplifier, meter readout, speaker

Range: 0 - 500 - 5,000, °-50,000 cpm

Continuous

Count efficiency: a > 10% of 4 pi for distributed 238U
S - 5 me source of 137Cs yields
approximately 30,000 cpm

Requirements Power:
Size:
Weight:

l15V 60 Hz single phase at -50 watts
25.4cm WX22.86cm H xZ1.59cm D (10" wx9" Hx8 1/2" D)
7.3 kg (16 lb.)

o

Features

References

Cost

Address

9/79

2-channel rate meter, one channel is provided with threshold discrimination
for a and the second channel is provided with Hi-L discrimination to

·count S , but discriminate out a.

Manufacturer's specifications

Dual counter $800; detector $360.00

Ludlwn Measurements, Inc.
501 Oak Street
P.O. Box 248
Sweetwater, TX 79556
(915) 235-5494

3.3.l.lu-7
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FOR ENVIRONMENTAL

MONITORING

Hand and Clothing Monitor

RAD~ALP ,BET ,GAM,XRA
Personnel Monitor
Nuclear Enterprises
April 1978

Principle of
Operation

Scintillator detectors, amplifier, meter readout, system of lights giving
status (safe, wash hands, etc.)

Specifications:

Model

Range

Response
time

HM5 i HCM 3 I H M6

I
,

Single Hand Only Hand and Clothing Both Hands

o - 1 - 2 MPL QMaximum permissible limit) for both
I o - 5 DWLialpha and beta contamination ,

NA o - 10 MPL a,(3 contamination NA
of clothing,

5 seconds can be
varied 2 - 20 sec

Efficiency a - 11%
(3 - 26%

Operating
Temperature

Accuracy

!

O°C to 40°C O°C to 40°C 5° to 40°C

a: ±l2% for one standard deviation at MPL level of 10- 5 llCi/cm2 in five
second count time. -4

(3: ±3% for one standard deviation at MPL level of 10 llCi/em

Requirements

~
I Independent a and (3

'

1",,' indication, with
separate alarm pre-
sets; automatically:

! corrects in high
y background

(190 to 260 V or 95 V to 130 V, 50 to 60 Hz, at 25 Vamp)
i

55 cm Hx44 em Wx50cmD 72.2 em Wx50.8 cm D x6l emH ! - 75 cm WX 46 em H,
(21.5" H x17" Wx19.5" D (30" Wx20" D x24" H) I x 42 cmD

I

I34.1 kg (75 lb) 52 kg (115 lb) ! Refer to factoryWeight

Size

Power

Features

(up to 1. 5 mR/hr.)

Cost Refer to factory

o
Address Nuclear Enterprises, Inc.

931 Terminal Way
San Carlos, CA 94070
(415) 592-8663

Nuclear Interprises Limited
Bath Road, Beenham
Reading, RG7 5PR, England
(075) 521-2121

~ -

3.3.l.ne-l
f
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FOR ENVIRONMENTAL

MONITORING

i

o

Portable Rate Meters

RAD-ALP,BET,GAM,XRA
Monitors
Nuclear Enterprises Inc.
April 1978

Principle of
Operation

Accepts a scintillation and B,y GM probe, amplifiers, meter readout

o

Model RM2 RM5 1828

Range 0-10,000 cps 0.5-5,000 cps 0-10,000 cps
4 decade 3 decade log 4 decade log
log

Output 350-1300V 300-l200V
Voltage

"_ .._--_.-- ---_.-

Minimum
Load 50 Mrl 50 Mrl
Impedance

Input Sen- 50 mV 50 mV
sitivity negative-

going ,
---, I

I ISampling Continuous Continuous Continuous
f-:::--------------- --------------. !
Operating
Temperature 10°C to 45°C -10°C to 50°C -10°C to 55°C
Range

.

Accuracy linearity better ±.20% PIS ±.20% PISthan 5%

Requirements One 9V Ever- Two type R-20 cells Six mercury
Power: ready type PP9 cells Type

002

Size: 22.9emHx12.l 24 em L x12 em W 25.4 em H
em Wx 27.9 em L x 14 cm H x15.2 em W
(9" x 4.75" (9.5" L 4.7" W x15.2 em D

x 11" L) x 5.5" H) (10" 4 x 6" W
6" D)

Weight: 2.7 kg (6lb) 1.6 kg (3.5 lb) 4.5 kg (10 lb)

-----_._----~-----. ,---_.

o

Cost

Address

9/79

Refer to factory

Nuclear Enterprises, Inc.
931 Terminal Way
San Carlos, CA 94070
(415) 592-8663

Nuclear Enterprises Limited
Bath Road Beenham
Reading, RGP 5PR, England
(073) 521-2121

3.3.l.ne-3
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FOR ENVIRONMENTAL

MONITORING

Count Rate Meter

RAD-ALP,BET,GAM,XRA
Survey
tdlc1ear Enterprises
April 1978

Class

Nuclear Enterprises Model PCM 5

Portable, handheld

Principle
of Operation

Sensitivity

Performance

Accepts a scintillation and S, y GM probe, amplifier, meter readout.

Input Sensitivity: 50 mV
Output Voltage: 300-1200 V dc present ; minimum load impedance 50 MIt
Ratemeter: 1-10, 10-100, 100-1000; 500-5,000 cps
Efficiency: depends on probes (see below)

Accuracy: ~ 25% for temperature-10°C to 30°C; ± 35% for -10°C to 50°C
Temperature: -10°C to +50 oC
Probes listed below .

3.3.1.ne-5

Type No.
BPI Geiger MX 16B

BP3/l Geiger BUB

BP4 Scintillation
Anthracene

BPS Scintillation
Plastic NE 102A

BP6 Scintillation
Plastic

NE 102A (thin)
BP7 Scintillation

Anthracene
AP2 Zinc sulphide

on perspex

AP3 Zinc sulphide

0 on perspex
AP4 Zinc sulphide

on perspex
DP2/R Zinc sulphide

on NE 102A

9/79

Radiation detected

beta/gamma/X-ray

beta/gamma

low energy
beta/gamma range
120 keV upwards
beta/gamma

low energy beta/gamma

low energy beta/gamma

alpha

alpha

alpha

alpha,beta,gamma

Efficiency

10 cps from lmR/h RkeV X-ray
40 cps from lmR/h 20keV X-ray
40 cps from lmR/h 60Co field
5 cps from 104~Ci/em2 90Sr /90y
135 cps from lmR/h 60eo field
15% for l4C
30% for 90Sr /9Oy betas

27.5% for 90Sr /90y
120 cps for lmR/h 60Co field

8% for 206Tl source

7% for l4C betas

25% for 239Pu alphas

25% for 239Pu alphas

27.5% for 239Pu alphas

22.5% for alpha from 2391]
27.5% for beta from 90Sr / Oy
100 cps from lmR/h 60Co field

Area

1. 36 cm2

18 em2

49 em2

100 em2

49 em2

49 em2

100 em2

18 em2

49 em2



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

GP6

GP7

3/4in x 3/4in
(19rrnn)
NaI(Tl) crystal
2mm X3/4in
NaI (Tl) crystal

gamma

low energy
gamma and X-ray

RAD-ALP,BET,GAM,XRA
Survey
Nuclear Enterprises
Page 2

850 cps for lmR/h 60CQ field
1150 cps from lmR/h 2z6Ra field

3600 cps for lmR/h
400 cps for lmR/h 226Ra

o

Requirements

Features

References

Cost

Address

9/7'9

Power: Two type "D" cells 1.5V; 80 hr at 4 hr/day
Size: 24 em L x12 em WxlO em H (9.5" x 4.7" x 3.9")
Weight: 1.6 kg (3.5 lb)

Loudspeaker, optional power regulator for 50 cps, 220 V ac

Manufacturer's specifications

With DP2/R probe $1290; without probe $850

Nuclear Enterprises Ltd.
Bath Road, Beenham
Reading, RG7 5PR, ENGLAND
Tel.: 673-521-2121

Nuclear Enterprises Inc.
931 Terminal Way
San Carlos, CA 94070
(415) 593-8663

3.3.1.ne-6
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FOR ENVIRONMENTAL

MONITORING

Portable Radiation Monitor

Nu~lear Measurements Corporation Model Nucliguard IV

RAD-ALP ,BET,GAM,XRA
Portable Monitor
Nuclear Measurements
January 1978

Class Portable

Principle Accepts several detectors, amplifier, integrator, speaker, meter readout.
of Operation

0 Sensitivity Range: 0-300, 0-1000, 0-3000, 0-10,000, 0-30,000, 0-100,000 cpm (linear)
and Range Yields depend upon probe, as follows:

Detector: Alpha Beta Beta !Alpha Beta
SC-2A SC-2B gamma Gamma Gamma Gamma I Gamma Neutron

ffiM-2 SC-2-2 SC-l-1 GM-90
I

GM-200 SC-2N

Yield: 30% 25% 10% 12% 3% 0.5% 10% 200 CIM!
[ mrm/Hr
I

! I

Resolution 1% per 1% per 1% per 1% per 1% per I 1% per I 1% per 1% per
200K C/M 200K C/M 2.4K C/M 200K C/M 200K C/M i 2.8K C/Mi 2.7K/a1 200K C/M

i j

Backgrotmd
1 C/M 45 C/M 65 C/M 2.4K C/M 80 C/M 70 C/M 45 C/M 1 C/M(0.4 mr/hr)

Alpha-all
Energy Range. All 0.1 MeV 0.2 MeV 0.05 MeV 0.05 MeV 0.05 MeV beta 200 1 MeV

alpha and up and up and up and up and up keVandup. typo
up, gamma-·

all

Sampling Continuous

Accuracy: ±.10% of full scale
Temperature: 40 0p to 1100P
High voltage: 500 to 1500 volts

o
Performance

Requirements

9/79

Power:
Size:
Weignt:

110-12 VAC, 60 HZ, single phase
29.2 em L x22.9 em Wxll.4 emH(1l1/2" L x 9''W x4.5''H)
5 kilograms (11 Ibs.)

3.3.l.nm-l



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING
~..

Features

References

Cost

Address

9/79

Manufacturer's Specifications

$530.00 w/o detector

Nuclear Measurements Corporation
2460 North Arlington Avenue
Indianapolis, Indiana 46218
(317) 546-2415
TWX 810-341-3137

3.3.l.run-2

RAD-ALP ,BET ,GAM,XRA
Portable Monitor
Nuclear Measurements
Page 2

o

o

o
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FOR ENVIRONMENTAL

MONITORING

Portable Survey Meters

RAD-ALP, BET, GAM
Survey
Nuclear Research Corporation
February 1977

Nuclear Research SM-20

Nuclear Research Model CP-2

Principle of
Operation:

Detector, amplifier, cOtillter, meter readout

()

o

Model

Range

Energy
Sensitivity

Energy
Dependence

Sampling

Accuracy

Requirements

Remarks

Cost

Address

CP Series

CP-2: 0.25,250,2500 mR/hr
CP-5: 0-50,500,5000 mR/hr
CP-10:0-100,1000,10000 mR/hr

Alpha from 2.0 MeV
Beta from 35 keV
Gannna 40 keV to 2 MeV

±l5% for gannna and x-ray
from 40 keV to 2 MeV

Continuous

±l0% full scaJe

Power: Four 22.5V batteries
one 1. 3V battery
_200 hr life

Size: 23cmHx29.2Lx9cmW
(9''Hx11. 5"Lx3. 5''W

Weight: 16 kg (3.5 1bs)

Designed and engineered to
Oak Ridge National Laboratory

specifications

$485.00

Nuclear Research Corporation
Street Road and 2nd Street Pike
Southhampton, Pennsylvania 18966
(215) 357-5015

SM-20

0-0.2,2.0,20,200 mR/hr
(0-500,5000,50000,500000°cpm)

Continuous

±l0% full scale

One NiCad battery with charger
-1 yr life

21cmLx10cmWx11cmH
(8''Hx3. 8"Wx4. 5''11)
2 kg (4.5 lb.)

Q2092-1 and
Q2092-1

$495.00

9/79
. 3.3.l.nr-1
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-ALP, BET, GAM, XRA
Stational)'
Nucleus Inc.
January 1977

Radiation Lab Monitor

End or side window G.M. tube detector, amplifier, meter read-out,
speaker, audible alarm

NaI detector

Very sensitive
to low energy
gannna
Price: $365.00

(30%)
(75%)

scale, linear
Side Window
Beta over 800 keV
Beta over 1. 7 MeV
X and Gannna
Price: $ 90

Energy Sensitivity: (see probe)
Ranges: 500 to 50,000 cpm full
Probe: End Window

Alpha over 1 MeV
Beta over 150 keV (75%)
X and Gannna
Price: $ 90

Nucleus Model ML

LaboratoryClass

Sensitivity
and Range

Principle of
Operationo

Sampling Continuous

Performance Accuracy: ±5% full scale
Response Time: 2 seconds

Requirements Power: 115 V ac, 50.60 Hz, (230 volts optional)
Size: 15.2 em H x2}.9 cm Wx15.9 cm D (6" Hx11" Wx6 1/4" D)
Weight: 5 kg (11 lb)

Features Variable high voltage adjustment, audio. Alarms when radiation
level exceeds preset adjustable value.

Cost $325.00 plus probe

Address Nucleus, Inc.
P.O. Box R
Oak Ridge, Tenn. 37830
(615) 483-0008

o
9/79 3.3.l.nu-l
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Survey Meter

Nucleus Model S-lOl

RAD-ALP, BET, GAM, XRA
Survey ~
Nucleus, Inc.
January 1977

o
9/79

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

Cost

Address

Portable, hand-held

GM tube, amplifier, meter read-out

PROBE RADIATION RANGE COSf

X-I Beta, gannna, X 0.5, 5, SO mR/hr $90

X-2 Alpha, beta, ganuna, X 500, 5000, SO ,000 cpm $90

Continuous

Accuracy: 5%
Response Time: 2 ~o 10 seconds measured from 0-90% final reading

Power: (2) "D" cells
Size: 19 em H x9 em Wx19 em L (7.3" H x3.5" Wx7.5" L)
Weight: 1.6 Kg (3.5 lbs)

2 year guarantee, 300 hr. typical battery life with carbon-zinc cells

$185.00 plus probe

Nucleus, Inc.
P.O. Box R
Oak Ridge, Tenn. 37830
(615) 483-0008

3.3.l.nu-3
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MONITORING

j

Portable Rate Meter

PUG-l

RAD-ALP, BET, GAM, XRA
Rate Meter
Technical Associates
February 1978

FS-8 SML-2

o

Principle of
Operation:

Models:

References:

Address:

9/79

Accepts GM or scintillation detectors, amplifier, counter, readout device

See Table on page 2.

Manufacturer's Specifications

Technical Associates
7051 Eton Ave.
Canoga Park, CA 91303
(213) 883-7043

3.3.1. te-l



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-ALP ,BET ,GAM,XRA
Rate Meter
Technical Associates
Pa~e 2 o

Model SML-l, sML-2 FS-8 Series PUG-l /PUG-lAB, PUG-IE

Type Portable (rechargeable) or laboratory (AC operation) Portable

0-500,5000,50,000 Preset count: 1 to 99,999 0-500,5000 0-500,5000,50,000
500,000 cpm Preset time (seconds) 0.1

Range to 9999.9 50,000 cpm cpm
Recycling time (seconds)

0.1 to 9999.9

Settable on preset count
Sampling Continuous or time with or without Continuous

recycling

High Voltage o to 2000V

Input 100 mV 100 mVSensitivity

Accuracy ±2% FS (meter) 1% (time Base) ±5% FS

Four NiCad C batteries Four NiCad D batteries Three D cells
Power (included) and AC ll5V or l15V, 50-60 Hz(or 230V)

50-60Hz (or 230V)

Size em 20.3cm WX15.2cm x12. 7H 24.lem x 26. 7em x8. 9em 10.2 em H xlO.8em WX 25.4em L
in. (8" 1'1 x 6" D x5" H) 9 1/2" x 10 1/2" x 3 1/2" 4" H x4 1/4" WX 10" L

Weight 1. 8kg (4 lbs) 3.0 kg (6~ lbs) 1.8 kg (4 lbs)

Set table alarm (SML-2) Settable alarm Zero suppress (PUG-IE)
Alarm indicators(SML-2) Digital readout for use with scintillator
Meter readout Built-in speaker with probes
Built-in speaker with v6lwne control

Remarks FS-8W (FS-8 AC linevoltDne control loperation only) $630.00

Cost SML-l: $320.00 $685.00 PUG-I: $195.00 PUG-lE$290.00
SML-2: $375.00 PUB-lAB $240.00

FS-8A (FS-8 with built-in
amplifier-lmv sensitivity)
$775.00
FS-8C (FS-8 with built-in
amplifier and single
channel analyses - lmvIsensitivity) $970.00
'FS-8W (FS-8 AC line
operation only)
$630.00

3.3.1. te-2

9/79
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Hand and Shoe Monitors
Technical Associates

P~-lOA, lOAM, lOBS, lOG

Stationary, Personnel Monitor

I'0\D-ALP ,BET ,GAM,XRA
Stationary
Technical Associates
February 1978

Principle of
Operation

Sensitivity and
Ra.'1ge

Sampling

Performance

Geiger tubes detect radiation, illuminated readout panel has projected
messages that automatically warns user of contamination and contamination
region, check imcomplete and other messages (depending on model), counters
or ratemeters also indicate count or count rate - alarms also.

Model HSM-lOA: Beta-gannna (LED counters)
Model HSM-lOAM:Beta-gannna (ratemeters)
Model HSM-lOBS:Alpha-beta-gannna (LED counters)
Model HSM-lOG: Alpha and beta-gamma- 1) separately, but simultaneously

2) dynamic digital background subtraction

Continuous

Accuracy, linearity ±5% full scale

Requirements Power:
Size:
Weight:

105 - l25V; 60 Hz; 300 watts (or 230V 50-60 Hz)
172 .1crnI-P<68. 6cmWx 70'. OcmD (67 3/4"H< 27''Wx 24"D)
272.2 kg (600 lbs.)

Features

References

1) Easy to read messages on illuminated panel in addition to count readout
2) Alpha-beta-gannna or beta-gannna (depend on model)
3) Adjustable alarm points
4) Background subtract on some models

Manufacturer's specifications

Technical Associates
. 7051 Eton Ave.
Canoga Park, CA 91303
(213) 883-7043

o
Cost

Address

HSM

lOA :
lOAM:

$
4326.00
3700.00

HSM
lOBS
lOG

-$
5250.00
7170.00

9/79 3.3.l.te-3
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Portable Survey Meters

RAD-ALP,BET,GAM,XRA
Survey
Technical Associates
February 1978

CP-6 CP-44

o

Principle of
Operation:

Models:

References:

Address:

9/79

ERJ-9

Ionization chamber, MJSFET amplifier, meter readout

See Table on page 2.

Manufacturer's specifications

Technical Associates
7051 Eton Ave.
Canoga Park,CA 91303
(213) 883-7043

3.3.1. te-S
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IMJdel CP-44 CP-5 CP-6 CP-7 ERJ-9
~

Type Cutie-Pie Cutie-Pie Cutie-Pie Cutie-Pie Juno I

S .,., z
0-25, 250, 2500, 6 linear ranges 6 linear ranges 6 linear ranges 6 linear ranges o 0 en

Z ::0 --l
Range 25,000 mR/hr from 2.5 mR/hr from 1 mR/hr to from 0.5 mR/hr to 0-2. 5, 25, 250mR/hr - m ::0

0-500,5000,50,000 --l z cto 250 R/hr 100 R/hr 50 R/hr 0-Z.5,Z5,Z50Rjhr o < SmR/hr (CP-44A) ~ - m
Sampling Continuous Continuous Continuous Continuous Continuous z ::0 Z

Gl 0 --l
Z »

Ionization 589.9 cc 589.9 cc 1688.3 cc 1688.3 cc S --l
589.6 cc m -

Z 0OJ.amber 36 cubic in. 36 cubic in. 103 cubic in 103 cubic in 36 cubic in. --l z
Volume »

r

Operating -37.ZoC to 5l.7°C -37.2°C to 51. 7°C -37.2°C to 5l.7°C -37.ZoC to 51. 7°C -37.ZoC to 51. 7°C
Temperature -35°P to +lZ5°P -35°p to +lZ5°P -35°p to +125°P -35°P to +lZ5°P -35°P to +125°P

Response time:

~
til
on
f-'.

~
til

'"CI>-'lCfl~

~~~6
(J) g' c:: I

Nh'~ ~
P> ~

f--' m
~

~

27 1'g/6 lbs)

$680.00

One D cell

±l0% PS (mR/hr)
±l5% PS (R/hr)

Plat response at
all energies

<1% per 0p at
room temperature

24.lcmx14.6cmxlO.Zcm
(9~lIx5-3/4IX4")

Z kg (4.4 lb)

$790.00

One D cell

Plat response at
all energies

<1% per 0p at
room temperature

±J.O% PS (mR/hr)
±l5% PS (Rjhr)

33cmx16.5cmxlO.Zcm
(13IX6~IX4")

2 kg (4.5 lb)

$690.00

One D cell

Plat response at
all energies

<1% per 0p at
room temperature

±J.O% PS (mR/hr)
±J.5%PS (R/hr)

33cmx16.5cmxlO.2cm
(13Ix6~IX4")

$590.00

Z kg (4.5 lb)

One D cell

Flat response at
all energies

<1% per 0p at
room temperature

33cmx16.5cmxlO.Zcm
(13IX6~IX4")

±l0% PS (mR/hr)
±15% PS (Rjhr)

Z kg (4.5 lb)

$475.00

One D cell

Plat response at
all energies

<1% per °P at
room temperature

33cmxl6. 5cmxlO. Zcm
(13IX6~IX4")

±J.O% PS full scale
mR/hr ranges
±J.5% PS R/hr rangeVl

Accuracy
Vl

f--'

rt Drift
CD,
a-.

Power
Size
Excluding
Handle

Weight
--

Remarks
---
Cost

o o o
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MONITORING

Radiation Survey Meters

Texas Nuclear Models 2651, 2652 and 2590 Series

--UL.__

2651

Model 2592

RAD-ALP ,BET ,GAM,XRA
Portable Survey
Texas Nuclear
February 1978

2652

o
9/79
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Model 2590 Series 2650 Series
--

2595 (low range) 2596 (high range) 2651 2652

Range

Exposure rate 0-10,100,1000 mR/h 0-10,100,1050 R/hr 0-0.1,0.3,1.0,3.0,10,30 and
100 mR/hr

Accwnu1ated 0-0.1,1,10 mR 0-0.1,1,10 R Rate: 0-150,1500,15000,150000exposure
enm

Sensitivity Minimwn calculated alpha energy: 1. 7 MeV
Minimwn calculated beta energy: 0.025 MeV

Sensitive vo1wne 500 cc. 5 cc

Window thickness '" 1 mg/em2 a1wninized mylar 30 mg/em2 1.5-2.0 mg/em2

Accuracy ±l0% full scale
and 1. 33 MeV y ray60Co

±l0% full scale
calibrated with 1.17

Operating O°C to 55~C O°C to 50°C
Temperature 32°P to 131°P 32°P to 122°P

Time Selectable 4 or 8 secs. on 0.1,
constants 3 sec 0.5 sec 0.3,1.0mR/hr range - fixed 4 sec

on 3 and 10mR/hr range - fixed
2 secs. on 30 and 100 mR/hr rangE

Requirements

Power Three 1. 5V "D" cells, '" 480 hr continuous Pour 1. 5V "D" cells, '" 300 hr
life @ 8 hr/day

Size 37. 4cmLxlO. 2cmWx21.6cmH 12.7cmHxlO.2cmWx30.5cmL
14. 75"x4"x8. 5" 5"x4"x12"

Weight 2 kg (4.5 1bs) 2 kg (4.5 lbs)

Cost $815.00 $815.00 $575.00 $575.00

Ionization chamber, amplifier, oscillator meter readout
()

RAD-ALP ,BET,GAM,XRA
Portable Survey
Texas Nuclear
Page 2

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Principle of
Operation:

Address: Texas Nuclear
P.O. Box 9267
Austin, Texas 78766
(512) 836-0801 Ext. 311

o
9/79 3.3.1.tx-2
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RAD-ALP ,BET,GAM,XRA
Portable Survey
Victoreen
Janu1;try 1978

Radiation Survey Meters

1000

VICTOREEN 440

h-FRONT ~

":'. "',,' j! I , , , L' , I

100
PHOTON ENERGY (keV)

• FRONT EXPOSURE SHIELD ON
• FRONT EXPOSURE SHIELD OFF
• SIDE E>;?OSURE

1.0

>
I-

>
I
If)
Z
llJ
If)

Victoreen

Victoreen Model 440

Victoreen Instrument Company survey
meter Model 440, Serial No. 521.*

Victoreen Model 740F, Cutie Pie

1250KEV

ENERGY RESPONSE

6.7

1 II ~

2

JKVCP 50K~CP ~7)VC~
1

20KVCP IL.... ~. I ''}~I .-:; ....
0 ---j; 150 KVCP..!. pi '~C I /50KVCP IODKVCP 200KVCP
9 r .I 2;0~VCP t0o- l-

.8

/ j 137C5 60 CO
.7

1/ ,/.,
J

.S

/ " • - PARALLEL TO LONG AXIS. CAP ON
0--- PARAL.LEL TO L.ONGAXIS. CAP OFF

I--.,
<] -- PERPEHOlaJL'R

I
TO LtHG AXIS

i
.3

I L.--. 1LONG AXIS
.2

~I ~
C>

.1

o I
6 8 10 20 40 60 80 100 200 400 600 80J 1000

Victoreen Instrument Division
10101 Woodland Avenue
Cleveland, Ohio 44104
(216) 795-8200

Addresso
9/79 3.3.1.vi-l
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MODEL 440 490

Radiation Alpha, beta Alpha, beta
Detected gamma, X-ray gamma depending

on probes

Range 0-3,10,30,100, 0-800,8000;
300 mR/hr 80,000 clm &

0-.2, 2,20 mR/hr

Energy ±J.5% - 7 keV Depends on probe
IN

Dependence to 1.3 MeV

IN
Accuracy ±l0% f/s ±l0% f/sf-'

~ Power 4 "D" cells 2 "D" cells1-",
RequirementN

Features The Model 440
RF/A is Rf
shielded

Overall 25. 4cmLxlO. 2cmW 22. 2cmLxll. 4cmW
Dimensions x19.0cmH x l7.8cm

(1 0"Lx4' 'Wx 7!z"H) (8- 31 4"Lx4!z"Wx 7"H)

Net weight 2.26 kg 1.82 kg (4 pounds)
(5 pounds)

Cost $1230.00 $295.00 (less probe)

o

491

Alpha, beta, gamma,
x-ray, depending on
probes

0-.1;0-0.3.
0-100 mR/hr

Depends on probe

±.lO% f/s

4 "D" cells

Energy correction

11. 4cmWx22. 2cmL
x17.8onH
(4!z"Wx 8-3/4"Lx 7"H)

2.25 kg (5 pounds)

$400. (less probe)

f)
\,,--/

492

Gamma, x-ray

0-10;0-100;
0-1,000 mR/hr

:':.20% 70 keV to
1.2 MeV

±20% f/s

2 "D" cells

Energy and temperature
correction

11. 4cmWx22. 2cmL
x16.8onH
(4!z"Wx8- 31 4"L
x6- 5/8"H)

1.6 kg (3.5 pounds)

$255.00

493

Alpha, beta, gamma,
x-ray depending on
probes

0-0.5;0-5;0-50 mR/hr

Depends on probe

±20% f/s

2 "D" cells

Energy and temperature
correction

11. 4cmWx22. 2cmL
x16.8cmH
(4!z''W 8-3/4"L
x6- 5/8"H)

1.6 kg (3.5 pounds)

$195.00 (less probe)

I
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496 497 498 740F 740G

Alpha, beta Beta, Gamma Gamma, X-ray Alpha:Beta Alpha:Beta
gamma, x-ray X-Ray Beta Gamma Gamma

0-800;0-8,000; 1-1000mR/h 0-1;10;100mR/hr 0-25,250,2500, 0-100,1000,10,000
0-80,000 cpm 1-1000R/h (Lg) 0-1 Rlhr 25,000 mR/hr 100,000 mR/hr

Power 115V or 220Vac 2 "D" cells
Requirement 50 or 60 Hz

Features Visual and
audible alarms

Four 22.5V batteries Four 22.5V batteries

\.......

Co

v·

c
c.

,~,.

...::...

.E:...

$: "o 0 z
Z :0 (J)_ -l
-l m :0o Z C
:0 < $:
Z .7i m
(;) Oz-

Z -l
$: »
m :::!
z 0
-l Z»
r

±lP%

50 keY
to

1 MeV

885

X-Ray Gamma

0-999mR

±.l0% f/s

Measures complete energy
spectrum over 2'IT solid
angle

Alpha,Beta,Gamma
X-Ray

Two 1. 5V '·'D" cells and One
four 22.5V No. 505 cell 9 volt

batteries

470A

Exposure rate mode:
0-3,10,30,100,300,1000
mR/hr or R/hr (rate)
Integrate mode: 0-3
10,30,100,300,1000 mR
(integrate)

D5% 8 to 300 keV(bare
chamber)
DO% 40 keY to 2 MeV
(sleeve on)

DO% f/s

70% 7 keY
to 2 MeV

±J.O% fl s

Depends on probe 10% 7 keY
to 2 MeV

+20% F/S

2"D" cells

~20% F/S

4-9 trans.
batteries

~20% gamma
50 keY 
1.2 MeV

Depends on probe

DO% fls

MODEL 495

Radiation Alpha, beta
Detected gannna, x-ray

depending on
probes

Range 0-500;0-5,000;
0-50,000;
0-500,000 cpm

Energy Depends on

'-'"
Dependence probe

'-'"
I-'

<: Accuracy ~10% f/s
f-",
'-'"

Overall 15.5cmHx23.2cmW 22.2onLxll.4cmW
Dimensions x17.2cmD x17.8cmH

(6-l/8"Hx9-1/8"W (8-3/4"Lx4lz"W
6lz"D) 7"H)

Net weight 3.4 kg
(7.5 pounds)
$430.00

Cost
(less probe)

1.8 kg (4 pounds)

$290.00

8 3/4"x4 1/2"
x 6"

3 1/2 Ibs
1.6 kg.

4 1/2"x8 3/4" 29onLx9cmWx23cmH 29onLx9cmWx23cmH 27.9cmx12.1cmx24.1cm 2 1/2"
x 7" high (11Yz"Lx 3l.21'Wx 9"H) (lllz"Lx3lz"Wx9"H) (ll"x4-3/4"x9lz") x 4 1/2"
(including) x I"
probe

1.8 kg (4 1bs) 1.7 kg (3.75 pounds) 1.7 kg (3.75 pounds) 1.8 kg (4 pounds) 6 oz.

$550.0n $550.00 $775.00 '"O<:'"O@P> f-'.Q
I)q(l'"i
(1)("'t("'t,
QP>~

t.N'"iv't-'
(1) I-' '"0
(1) (1) ~

;l ~ ~
'"i ~>--:I

~~~
~

';' I ~ ~ !Ii
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Survey Meters

XETEX Models 306A and 308A

RAD- I ,BET ,GAM,XRA
Sun
XETEX
January 1978

Class

Principle of
Operation

Sensitivity

Portable, handheld

Halogen-quenched 1.2 in. diameter GM detector with 1.5 - 2.0 mg em- 2

window, digital logic and display (306A), and meter readout (308A)

a,B,y and X rays; 0.002 ~Ci lower detection limit

Range

Sampling

Performance

Requirements

30M

o - 9.99 kcpm
Overrange indicator

Push button

Accuracy: ±J.O% FS
Response time: 6 seconds

Operating temperature: 0 - 50°C

Power: 4 AA alkaline penlite
batteries, life - 100 hrs

Size: 7.1 em x15.5 em x 3.89 em
2.81" x 6. 09" x 1. 53"

Weight: 0.27 kg (9.5 oz.)
w/batteries

308A

o - 100, 0 - 1000, and
o - 10,000 cpm range switch

Continuous

±J.O% FS
12 seconds (Xl), 3 seconds
(XIO and XIOO)
o - 50°C

One 9V transistor type
battery, life - 200 hrs
7.1 em x 15.5 em x 4.7 em
2.81" x 6.09" x1. 87"

0.33 kg (11.5 oz.)
w/battery

Features

Reference

Cost

Address

1. Autoranging, three decade coverage (30M)
2. Zero stable (308A)
3. Battery test
4. LED "counts" lamp 7
5. Auxiliary mR/hr scales referenced to 13 Cs

Manufacturers' specifications

$315.00 (306A)
$315.00 (308A)

Xetex, Inc.
1486 Oddstad Drive
Redwood City, CA 94063
(415) 366-8401

o
9/79

Fig. 1

3.3.1.xe-l

fig. 2
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In the section on chemical separations,
the following alpha-emitting elements are

c) Gross-alpha techniques in air and
water, for measurements of specific
activity (pCi/ms or pCi/g).

b) Alpha spectrometers for identifying
individual alpha energies in a sample
containing many alpha-emitters.

d) Chemical separation techniques de
veloped for use with alphaspectro
metry.

and its daughters(86)
(88)
(92)
(94)

radon
radium

uranium
plutonium

The most characteristic feature of alpha

Alpha-emitting elements treated more
fully in their own separate sections else
where in this volume are not discussed in
dividually here. These are:

polonium (84)
thorium (90)

neptunium (93)
americium (95)

briefly discussed individually (atomic number
in parentheses) :

2. PHYSICAL CONSIDERATIONS

An alpha particle is a helium-4 nucleus,
with a mass of almost 4 times that of a proton
and with charge +2. It can be thought of as
2 protons and 2 neutrons, bound together.
Alphas were discovered, named, and studied by
Ernest Rutherford in the earliest days of
nuclear physics. Emission of alphas is only
found among the heavy elements: with one
exception eHSm) , naturally occurring alpha
emitters are all heavier than lead (2 = 82).
This section shall not go into detail about
the characteristic features of alpha emitters,
except to discuss those features essential for
measurement.

INTRODUCTION1.

Many different types of instruments are
capable of detecting alpha particles. However,
more is involved in alpha measurements than
the mere detection of alphas, since many ap
plications require measurements of specific
activity (curies/gram). In this section, we
shall treat several different topics, inclu
ding discussions of both instrumental consi
derations and techniques for measurements in
specific media.

The topics to be covered are:

a) Gross-alpha instruments (such as
hand-held meters) for radiation
survey work and radiological pro
tection. These measure particle
emission rate (particles cm- 2 sec- 1 )

or less frequently dose equivalent
(rem).

.£
2»
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FIGURE 1. Range-energy aurve in air at 15°C and 760 mm Hg
(from Ref. 1).
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particles is their high specific ionization
density as they traverse matter, and their
consequent short range. This feature is relied
upon in virtually all detection methods. It
also limits the sensitivity and capability of
alpha-detecting instruments.

Figure 1 (from Ref. 1) shows the range of
alpha particles in air. Figure 2 (from Ref. 2)
shows the distribution of ionization versus
energy for alphas stopping in air. It can be
seen both that the range is short, and that
the specific ionization is high and peaked at
the end (the "Bragg peak"). Figure 3 (from
Ref. 1) shows the energies of all of the
known heavy alpha-emitters. From the figure,
it can be seen that nearly all alpha particles
have energies in the range from 4 to 9 MeV.

8,000

~

.~

E
E
~

Co
4,0001!

.~

c
..!2

FIGURE 2.

2 3 4 5 6 7 9 10

Alpha particle energy, MeV

Bpagg aurve of speaifia ionization
by aZpha paPtiaZes in aip at standapd
tempepatW'e and ppessupe (fpom Ref. 2).

3. MEASUREMENT CONSIDERATIONS

Because of their very short range, the
hazard from alpha emitters is almost entirely
the result of inhalation or ingestion; skin
contact is usually a minor hazard. For many
of the important alpha-emitters (e.g., plu
tonium), inhalation is the most serious hazard.
Ingestion may be direct, as where food, water,
or air contains alpha-emitting materials; or
indirect, as when for example hands, clothing,
or tools pick up active material and later
transfer it to the food or water which is
consumed.

Detectors for alphas can be separated
into two corresponding classes: first,

At

detectors for alphas emerging from a surface;
and second, detectors for quantitative measure
ments of alpha activity (pCi/g) in ingestable
media (air, aerosols, water, foods, etc.) or
biological samples (blood, urine, etc.).
These two categories are sufficiently different
that they usually require different types of
instrumentation.

The two salient physical properties of
r alphas (relatively high energy and high

specific ionization) allow design of detectors
with extremely low backgrounds: indeed, back
grounds in the more sensitive detectors are
typically dominated by alpha contamination of
one sort or another. Another background con
tribution can come from high-LET (high linear

90

eo
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~
w
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W

40

30

Bi

Bi

Ac

b
Em

E .fm
Cf '"..~.<t.. .•.•"0'•••••••••-0......

Po .u Bk"" 3 3 .•..
. "" Pu \ Fm
0., • \:~ N El.\ CQ~.. -""

.. ~-' .
..... \ t "'\" \'Cf

h ~ ~~

", ... A Cm Bk
" '.0-"0.. m

Po \. 'Q.··o

0...... Np Pu

.& '0

U

20 204 206 208 210 12 214 216 218 220 222 224 226 228 230 232 234 36 238 240 4 244 24 248 250 5 2

MASS NUMBER
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energy transfer) particles associated with
cosmic radiation, but· this usually is not im
portant. Contamination is usually from either
of two sources: the materials used in the
construction of the instrument, or its sub
sequent contamination from alpha-active samples,
either directly or due to alpha recoils during
counting. Care in the choice of construction
materials is essential for a low-background
alpha detector.

4. MEASUREMENT TEQ-lNIQUES

A. Techniques which Measure Particle Flux or
Dose Equivalent

There are two common types of measurements
in this category:

(i) A measurement of partiales/seaond
may suffice, such as when alpha
activity needs to be only roughly
quantitated (for example, a spill
of alpha-activity).

(ii) A direct measurement of dose equi
valent may be required, such as
when a worker is unavoidably ex
posed to an alpha environment which
could result in a significant,
measurable dose equivalent.

In the former situation, actual alpha
dose-equivalent is· usually not required be
cause prudent practice demands cleaning up the
activity rather than permitting exposure to it
for any length of time.

In either case, it mayor may not be pos
sible to ascertain the species of radionuclide
responsible. For measurements of dose-equi
valent, knowledge of the particle species
(more specifically, the alpha energy) is im
portant but not crucial. For the counting-rate
type of measurement, it is less often an im
portant parameter.

Calibration of a ratemeter type of instru
ment may be, but is not usually a problem. The
most important difficulty in calibrations is
assuring a known geometrical set-up. For cali
brating a dose-equivalent instrument, a kJ).own
source can be used, but care must be exercised
because of the finite thickness of the source
itself: alphas of degraded energy, emerging
from below the surface of the standard source,
can influence the accuracy of the measurement.
The source must be thin enough that none of
the alphas are too degraded to register in the
counter.

There are two kinds of different media
which are commonly measured for particle emis
sion rate: surfaces with possible contamina
tion, and media which can be specially pre-

pared for measurement (usually by chemical
preparations).

For instruments used to measure alpha
surface contamination, a primary requirement
of the detector is a large-area thin-window.
Typical windows in al~ha detectors have thick
nesses of a few mg/cm: much thinner windows
are occasionally used, but are fragile and
usually not necessary, while thicker windows
are too opaque. Once an alpha penetrates the
window, it can be easily detected since any
of several ionization-sensitive instruments
can be used (proportional counters, ionization
chambers, scintillation counters, solid-state
detectors). We shall discuss these in greater
detail below.

One instrumental technique for measuring
small specially-prepared samples, which de
serves special mention because it is designed
especially for alpha detection, is the use of
zinc-sulfide as a scintillator. Zinc-sulfide
crystals with silver impurities (ZnS (Ag)) can
be prepared as screens of about 15 mg/cm2

thickness, and applied to a backing as a compact,
monoparticle layer (Ref. 3). The detection
efficiency for alphas should be at least 95%
for a properly constructed screen. The ZnS(Ag)
phosphor is viewed by a photomultiplier tube,
preferably with low noise. This combination
is ideal for use as a ratemeter. It is not
useful for energy spectrometry, since the
energy resolution is so poor (poorer than for
any of the systems to be discussed in the next
section). Details of sample preparation for
this technique have been discussed by Hallden
and Harley (Ref. 4). In the HASL Procedures
Manual (Ref. 5), it has been noted that:

"the activated zinc sulfide phosphor
gives a large alpha pulse, and ex
cellent discrimination against beta
and gamma radiation can be obtained.
With pulse size discrimination, samples
emitting 100,000 betas per minute do
not count when suitable electronics
are employed."

B. Alpha Spectrometers

Alpha spectrometry (Le., the separation
and measurement of an energy speatrwn) has
been used since the earliest days of nuclear
physics: indeed, Rutherford and Geiger built
a proportional counter for this purpose in
1908. There are two different approaches to
spectrometry. The first measures ionization,
and the second relies on momentum selection
in a magnetic field. The latter will not be
discussed here, since it is predominantly used
for research. An excellent discussion of this
class of instruments is given by Siegbahn
(Ref. 1).

One general technique for identification
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FIGURE 4. So'UX'ce prepared by vacuum sublima
tion. HaZf widths indicated above
each peak (from Ref. 7).

Various advances in electronics have
resulted in significantly improved performance
and reliability in recent years. The major
advances include incorporation of fast multi
channel analyzers for data handling, and
greater stability at the input stage. The
most difficult part of this measurement method,
and the part which limits its convenience and
accuracy (and hence its widespread use), is
so'UX'ce preparation. This will be discussed in
more detail below.

ii. Gas Proportional Counters

The gas proportional counter uses an
alpha sample similar to that of the pulse ion
chamber. The principal advantage over the
pulse ionization chamber is the ability to
discriminate more completely against background
beta and gamma radiation. A drawback is that
energy resolution is inherently poorer (no
better than "'100 keV full-width half-maximum
in a typical well-designed system), due to the
resolution spread from the charge multiplica
tion process.

)

5.5 MeV

j

em 244

half-width
35.4 keY

Arr!"l +pu239
holf -width
44.4 k.eV

PU 239

holf-width
43.4 keY

)
5.0

U
233

700 holf-width
29.6 keY

300

500

100

near the anode. A good discussion of the
techniques for improving resolution of this
instrument has been given by Curran and
Wilson (Ref. 7). Resolution in an ordinary
plane-parallel chamber is limited because
the positive ions, which drift much more
slowly than the electrons, induce in the
collector charges which vary with the angle
at which the alpha track lies with respect
to the plates. A grid inserted between the
two planes substantially reduces this effect
and hence makes possible much-improved re
solution. This type of instrument is known
as a "Frisch Grid" ion chamber, after its
developer, O.R. Frisch. Resolution of about
30 to 40 keV (full width, half maximum) at
about 5 MeV can now be obtained routinely,
and even "'20 keV has been reported (Ref. 8).
A typical spectrum is shown in Fig. 4 (from
Ref. 7).

i. pulse ionization chambers
ii. gas proportional counters

iii. liquid scintillation counters
iv. solid scintillation counters
v. solid state (surface-barrier) detec

tors

For the measurements which concern us here,
the common spectrometer instruments rely on
ionization. There are several instrument types,
which we shall discuss in separate brief treat
ments:

of alpha emitters is the use of decay-chain
information to isolate one nuclide from a mixed
sample. This can be done, for example, by the
build-up of a daughter (if the daughter can be
measured easily, perhaps by its own decay).
Since gamma detection or spectroscopy is rela
tively easy, it is often used where appropriate.
Alternatively, a - y or a - S "coincidences"
can be used when the daughter's lifetime is
extremely short and its y or e emission can be
counted in coincidence with the parent a emis
sion. This can be very specific, as well as
providing a very low background.

Emission of x-rays by the daughter im
mediately following alpha-emission is a common
occurrence for the heavier elements, particUlarly
the transuranic elements. (The alpha emission
leaves the daughter in an excited state, which
de-excites by x-radiation.) The a and x emis
sions are essentially simultaneous, and in some
cases the x-rays are a better signature than
the alpha emission for isotopic identification.
This is especially true when samples cannot be
prepared thin enough for good alpha counting:
the x-rays will penetrate further and can be
detected instead. A good discussion of the
usefulness of x-radiation has been given by
Swinth (Ref. 6), who has also tabulated ratios
of x to a intensity for a number of important
transuranic isotopes (Np-237; Pu-238,239,240,
241; Am~24l; Cm-242,244). This technique is
commonly used for plutonium measurements, which
are discussed in a separate section ("Plutonium")
in this volume.

Besides these, there are several other ioniza
tion techniques which have found occasional
use in various applications, but which will
not be discussed here. Among them are nuclear
emulsions, cloud chambers, and differential
range/absorption techn~ques.

i. Pulse Ionization Chambers

The pulse ion chamber is widely used
because of its excellent resolution. This is
an ionization chamber operated so as to count
individual alpha particles as "pulses" of
ionization. There are two different ways in
which the alpha source might be introduced
into the counter, either as a gas or (more
commonly) as a thin solid film located on or
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Gas type and quality are not critical for
alpha detection, although it is important that
the density be high enough to stop the alphas
before they strike the chamber wall. This con
trasts markedly with the case of beta propor
tional counting, where gas type and quality are
critical. In a typical proportional counter
for alphas, a pulse-height gain of about 100 is
sufficient, since the ionization is dense and
the primary ion-pair count is high. Again,
this is in contrast to beta-counting, where
gains of ~10,000 are common. Figure 5 (Ref. 2)
shows the performance of a typical proportional
counter when the activity is about one-half
from alpha and one-half from beta. At point A,
the alpha pulses are just big enough to trigger
the discriminator. The "alpha plateau" occurs
when all of the alphas produce counts, but the
betas are of insufficient pulse height to
trigger the discriminator. At point B, the
betas begin to count, and the higher plateau
is the sum of (alpha + beta) counts. This
relatively clean separation is characteristic
of a typical proportional counter.

14
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FIGURE 6. Differential pulse height spectrum
for (a) 4.8-MeV alpha particles of
233U, (b) 5.5-MeV alpha particles
of 238Pu in liquid scintillator
(from Ref. 9).
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Curran and Wilson (Ref. 7) discuss the
detailed problems and features of gas propor
tional counters.

The advantages of a scintillator/photo
multiplier technique include ease of operation,
particularly in sample preparation; high and
well-understood efficiency (essentially 100%);
and fast-timing capability.

An important disadvantage is that back
grounds from cosmic radiation or other external
sources are significantly higher than for the
other detectors. These can be reduced
by using anticoincidence shields. Rejection
of low-specific-ionization radiation is pos
sible in some organic scintillators using
pulse-shape discrimination. Owen has written
a good review article on this latter technique
(Ref. 11).

20001200

A

Voltage

Alpha and alpha-beta counting rates
as a function of voltage in a
proportional counter (from Ref. 2).

400

FIGURE 5.

iii. Liquid Scintillation Counters

Liquid scintillation counting has
been developed primarily for counting of low
energy, low activity beta activity, and its
application to alphas has not been as wide
spread as it perhaps merits. Details on this
technique are found in the section on "Tritium"
elsewhere in this volume.

The main problem with alpha counting in
liquid scintillators is quenching, that is,
decrease in light output due to absorption by
the sample itself. Using a very small sample
(250 vliters of scintillator solution) viewed
by a single phototube, Horrocks (Ref. 9, 10)
has achieved energy resolutions of about 6%
(full width, half maximum) for 4 to 7 MeV
alphas. A typical spectrum is shown in Fi§. 6
(from Ref. 9), where 4.8-MeV alphas from 2 3U
are clearly distinguished from the 5.5-MeV
alphas from 238pU.

Another disadvantage is that the light
output from alpha scintillation is not energy
proportional because of the saturation of the
scintillation process at the high specific
ionizations involved. This is shown in Figure
7 (from Ref. 9): the pulse height is a linear
but not a proportional function of alpha
energy.

>
i >,: 6 800 .:
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z '"... 6 600 ~... Z
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>: 4 400 ~
0: 0:<t l-e. u
<t 200 'j:I:
e. w
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RE~ATIVE PU~SE HEIGHT

FIGURE 7. Pulse height-energy relations for
alpha particles and electrons in a
liquid scintillator, (a) alpha par
ticles 0, (b) electrons 0 (from Ref. 9).
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The sensitivity of this teclmique is at
the level of a fraction (perhaps 0.1) of a
pCi/ml of scintillator/solute (Ref. 1).

iv. Solid Scintillation Counters

The main advantages of solid scin
tillator for alpha spectroscopy seem to be its
availability in large sizes, and the feature
of particle identification by pulse-shape
discrimination. However, solid scintillators
are hampered by two problems. First, the
resolution is poorer by a significant factor
than for several other teclmiques, since the
required energy of about 300 eV per photo
electron is so much higher than the ~30 eV
per ion-pair in gases or the ~3 eV per
electron/hold pair in semiconductors. Second,
for sources externally counted the scintillators
ordinarily need to be wrapped or otherwise
contained for light-tightness, making the
introduction of the alpha-active sample dif
ficult.

A quote from Neiler and Bell (Ref. 12)
indicates the utility and limitations with
solid scintillation systems:

"The choice of a phosphor for heavy
charged particle spectrometry requires
a weighing of several characteristics.
The organic crystals, liquids, and
plastics are quite fast, capable of
some pulse shape discrimination,
relatively easy to handle except in
very thin sections, but extremely
non-linear and of relatively low
luminous efficiency; that is, low
in photon output per amount of
energy deposited in the phosphor.
The inorganics NaI(Tl), CsI(Tl)
and KI(TI) are slower, quite ef
ficient, and capable of pulse shape
discrimination. They are somewhat
harder to handle, NaI(Tl), in
particular, requiring protection
from water vapor. znS(Ag) is in
general not adaptable to spectro
metry. Discussions of the character
istics of scintillators may be found
in Mott and Sutton [Ref. 13].

"All else being equal, the best
choice for any phosphoT for spectro
metry would be that having the
highest luminous efficiency. This
is because the resolution, ordinarily
specified as the full width at half
maximum of the pulse amplitude dis
tribution for monoenergetic particles,
is roughly inversely proportional to
the square root of the number of
photoelectrons released by the light
pulse. For. this reason, NaI(Tl)
would be the best choice for most

applications. An exception is
unactivated CsI which, when cooled
to 100oK, has a y-pulse height
response twice that of room tem
perature NaI(Tl).

"Should the application call
for fast timing or coincidence mea
surements, it should be noted that
a figure of merit for such applica
tions is provided by the ratio of
light output to fluorescent decay
time, thus NaI(Tl) and even CsI(Tl)
become quite competitive with the
organics, particularly in the region
of lower energies where the relative
hetght output of the organics is
greatly reduced. A further, but
less important, factor favoring the
inorganics is the fact that the fast
component is preferentially excited
by heavy charged particles."

The above comments about fast timing
refer to the several-hundred-nanosecond time
domain. For even faster coincidence work (in
the 10-nsec region) the organic scintillators
must be used.

Typical resolutions for alphas in scin
tillator are in the few-percent range (several
hundred keY out of several MeV). When this
is sufficient, the scintillator/photomultiplier
system has much to recommend it. Among the
other advantages, the ease of calibration
cannot be overemphasized; once a calibration
is made, there is seldom a change in relative
output as a function of alpha energy, even if
drifts in overall phototube gain do occur.

v. Solid-State (Surface-Barrier) Detectors

The introduction in the early 1960's
of solid state detectors for high-resolution
particle detection revolutionized the state
of-the-art in many fields of research. In
the case of alpha particles, the short range
necessitated the development of a detector
with its sensitive area almost entirely on
the surface. (This is in contrast to the
case of gamma-ray detection, where the most
significant advances were directed toward
detectors with larger and larger volumes.)
The surface-barrier detector is now the solid
state detector type most commonly used for
alphas.

Detailed discussion of the theory of
operation of surface-barrier detectors is
presented in several excellent discussions
(Ref. 14, 15, 16, 17). A typical silicon
surface-barrier detector is a disk-shaped
diode with a very thin p-type silicon layer
on the face of an n-type silicon wafer. Above
the p-type layer, a thin surface of gold
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i. Method

the ultimate resolution (typically about 15
keY full-width-half-height) is limited by
imperfect charge collection and by variations
in the energy lost in the dead initial layer.

and Gross-Beta MeasurementsC.

"By using the simpler technics
for routine measurement of gross beta
activity, the presence of contamina
tion may be determined in a matter
of minutes, whereas hours or even days
may be required to conduct the radio
chemical analyses necessary to identify
the particular radionuclides that are
present in the sample.

"Regular measurements of gross
alpha and gross beta activity in
water may be invaluable for early
detection of radioactive contamination
and indicate the need for supplemental
data on the concentrations of the more
hazardous radionuc1ides."

"The 1962 Public Health Service
Drinking Water Standards [Ref. 19]
recommend limits for the concentration
of raditun 226 (3 pCi/l) and strontitun
90 (10 pCi/l) in water. Furthermore,
if alpha emitters and strontitun 90
are known to be a negligible fraction
of the above-specified limits, the
water supply would usually be regarded
as radiologically acceptable, provided
that the gross beta concentration does
not exceed 1,000 pCi/l.

Measurements of gross-alpha and gross
beta levels in water should be a mainstay of
public-health monitoring systems. If gross
alpha and gross-beta levels are shown to be
small enough (which is usually the case), it
is usually unnecessary to identify and measure
individual radionuclides using more complicated
techniques.

To put these measurements in the proper
context, we quote from Standa:I'd Methods foT'
the Examination of WateT' and WastewateT';i3th
Edition (Ref. 18):

There are several methods possible
for analysis of gross alpha and gross beta
radioactivity in water. However, we will here
discuss only the "Standard Method" from the
APHA. compilation (Ref. 18) which is commonly
used throughout the country for routine water
monitoring. Reference 18 should be consulted
for further details.

3) Collection time in the nanosecond
range allows fast time reSOlution,
due to the high mobilities and short
distances involved.

1) The detectors are fragile and require
careful storage and handling.

2) The output signals are very small,
and low-noise electronic amplifica
tion is required.

(thickness < 0.02 microns, < 40 ~g/cm2), pro
vides the negatively biased-electrical contact;
the positive bias is made through a metal
contact (such as aluminum) on the back of the
n-type silicon. The gold layer also serves
as a means of protecting the active elements
from contamination. Detectors with depleted
depths from about SO microns to a few milli
meters are now commercially available, with
surface areas from a few to several hundred
mm2 •

A solid-state detector has several dis
tinct advantages over a gas-filled detector:

3) They can become irreversibly con
taminated, so that the background
may slowly rise.

Among the difficulties associated with
surface-barrier detectors are:

1) For a given amount of energy lost
through ionization, the number of
charge carriers (corresponding to
ion pairs in the gas) is greater
by a factor of as much as 10. This
decreases the fractional statistical
fluctuations in the ion collection
process, and provides very good
energy resolution.

2) When semiconductor purity is high,
recombination effects are less
important than for a gas; this is
particularly important when ioniza
tion is locally dense, as is the
case with alphas (or fission
fragments) .

Of course, the detection efficiency is
nearly 100% for alphas incident on the ef
fective surface area, since the range of alphas
in silicon is so short, from 18 microns (at
4 MeV) to 60 microns (at 9 MeV).

Energy resolution and sensitivity are. the
main reasons for the choice of a surface
barrier detector. Although broadening of a
monoenergetic peak due to random noise fluctua
tions in the detector and/or preamplifier is
an intrinsic limitation in many applications,
this is not a significant effect for alphas:
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For counting gross alpha and gross beta
an internal gas proportional counter is recom
mended: 'it has high-sensitivity, good geo
metrical efficiency, and reliability. The
technique involves depositing a sample extrac
ted from the water on a counting planchet,
which is then inserted into the detector
volume. The sample preparation is the dif
ficult part. Because of the low range of
alphas, only a very thin (~ 3 mg/cm2) sample
can be used without the need for a significant
self-absorption correction. The water sample
is dried by oven evaporation just below the
boiling temperature, or on a hot plate, then
counted in the proportional counter. The main
systematic error is from alpha-laden particles
which might become airborne during the drying
process. The recovery of gross-alpha activity
in this procedure is in the 85% to 90% range,
with reproducibility (precision) of about
± 20%, at 95% confidence level.

If separate determinations of suspended
and dissolved matter are desired, a separation
using a Gooch crucible or membrane filter is
possible (Ref. 18).

In the presence of both alpha and beta
activity, the alpha-beta separation can be
accomplished by measuring the counting rate
vs. voltage; a typical counter might respond
as shown earlier in Figure 5. As noted pre
viously, the first plateau is from a's, the
second from the sum of (a + /3).

A calibration procedure involving uranium
salt is also described in Ref. 18. The sen
sitivity of the method is excellent, with
minimum detectable concentrations in the region
of about 1 pCi/liter. Also, except for the
possible volatile alpha-emitters (radon or
thoron gas dissolved in water, for example),
the method is both complete and without sig
nificant interference.

Alternative methods might employ either a
thin-window proportional counter or a Geiger
Muller tube. Both have a lower counting
efficiency, and the G-M tube has the added
limitation of not separating alpha from beta
activity.

ii. Quality Control

When an instrumental technique is
adopted as a "Standard Method", its acceptance
becomes widespread throughout the nation. It
is used by local and regional water and waste
water districts for routine public health
surveillance. Consequently the reliability,
reproducibility, and accuracy of the method
are all important factors in its choice.

A recent study (Ref. 20) has been con
ducted by the Environmental Protect~on Agency's

Analytical Quality Control Service. Un!mown
samples were distributed to about 15 partici
pating laboratories; the (gross alpha) activi
ties were in the range of about 25 to 100
pCi/liter. Using the Standard Methods from
the 12th Edition of the APHA compilation
(Ref. 21), analyses were performed on each
sample. The gross alpha measurements were
found to agree quite well (the average activity
found was 0.92 ± 0.10 of the !mown activity).
To quote from Ref. 20:

"The results of the technical experi
ment show that this procedure for
gross alpha . . . . determination is
acceptable as a standard method. As
a screening technique, the procedure
performed better than expected."

D. Gross-Alpha Measurements in Air

Although measurements of gross-alpha
levels in air have been performed for many
years, only recently has an attempt been made
to standardize the method. We will discuss
here the "Tentative Method of Analysis For
Gross Alpha Radioactivity Content of The
Atmosphere" (Ref. 22), recently adopted by the
Intersociety Committee.

Air particulates collected on a filter
paper are counted with a windowless or thin
window alpha detector. The sensitivity of
the method is of course proportional to the
volume of air moved through the filter. To
quote from Ref. 22, "For example, a sample of
100 m3 of air with an alpha particulate con
centration of 0.006 pCi/m3 (6 x 10- 15 ~Ci/cc)
will contain 1.32 dpm, sufficient to produce
acceptable precision in less than an hour's
counting time in most alpha counters."

This method is sensitive to those airborne
alphas which are attached to particulate
material in the air. Naturally-occurring
radon and thoron (gases) and their daughters
can provide an interference: the daughters
of both radon and thoron are chemically active
and attach themselves almost completely to
particulate matter. Quoting again from Ref.
22:

"Since the effective radioactive
half-lives of the progency of these
naturally occurring radionuclides
are controlled by relatively short
half-life radionuclides, namely 26.8
min 214Pb and 19.7 min 214Bi for
radon, and 10.6 hour 212Pb for thoron,
their interferences may be nullified
by waiting until these daughter
activities are negligible before
counting. This would require about
3 days for the long-lived thoron
progeny."

r
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A detector with sufficient energy resolu
tion to resolve the individual alphas is re
quired for differentiating among the various
alpha emitters. "Most long-lived alpha emitters
have energies below 6 MeV, whereas the short
lived daughters of radon and thoron have
greater energies" (Ref. 22).

The main difficulty in this technique is
assuring that a reliable sample is deposited
on the filter. Possible large errors may result
in dust-laden air (e.g., in mines). Another
problem is self-absorption. If the sample to
be counted exceeds a few mg/cm2 in thickness,
some alphas will not get out of the sample to
be counted without significant energy degrada
tion.

Another common technique for gross-alpha
measurements in air is the use of a "Lucas
chamber", a small spherical or cylindrical
chamber lined with zinc-sulfide scintillator,
viewed by a photomultiplier tube (Ref. 23).
The sample is introduced into the volume and
counted directly: since the chamber size is
small, nearly all of the emitted alphas strike
the scintillator on the wall. This technique
is discussed fully in the section "Radon-222
and Its Daughters" elsewhere in this volume.

E. Chemical Separation Techniques

Alpha spectroscopy is capable of directly
identifying individual alpha emitters only under
a restricted set of circumstances. In particu
lar, the short range of alphas often necessi
tates the use of chemicaZ separation techniques
to concentrate the alpha emitter from the bulk
material of the main sample. The chief aim of
such a separation process is to reduce the
sample mass to the microgram range without
quantitative loss of the alpha emitters under
investigation.

lVhen an energy spectrometer can be used,
it is not generally necessary to'separate the
alpha emitters from each other (unless there
is overlap in the energy spectrum). However,
analytical chemical techniques for quantita
tive separations can make spectrometry unneces
sary: a "gross-alpha" measurement can be
ascribed to one-and-only-one emitter after
adequate chemical separation.

Another point about decay chains is impor-
tant. We quote from the HASL Manual (Ref. 5):

"It should be noted that many of the
alpha emitters are members of natural
or artificial radioactive series.
The activity therefore may build up
or decay depending on the particular
system. A good deal of information
can be obtained by following build-up
or decay, particularly when chemical
separations have been made. This

allows a check on the purity of
a particular nuclide fraction in
many instances."

Unfortunately, the number and variety
of chemical-separation techniques prevents a
comprehensive discussion of them here. There
are 15 elements and almost 100 alpha-emitting
isotopes in the range from bismuth to the
transuranic elements, and many possess a wide
variety of chemical oxidation states which
complicate separation.

There are three major problems involved
in analytical chemical separations:

a) The fractional recovery of the
individual alpha-emitter must be
known to high accuracy. Recoveries
above 95% are desirable, since
quantitative errors are less likely
when recoveries are high. The use
of radioactive tracers is common
as a means for checking chemical
yields.

b) The alpha-emitting fraction must be
separated from the bulk matrix in a
way which allows accurate, convenient
counting or spectroscopy at the
final stage.

c) The presence of multiple oxidation
states sometimes requires a compli
cated series of procedures, especially
in samples of unknown or mixed
composition. For example, uranium
may be found in both hexa- and
quadrivalent states in soil samples,
and these have completely different
chemical properties.

d) Sometimes it is not necessary to
perform complete separation of all
of the elements individually, since
alpha spectroscopy may be used for
the final discrimination amongst the
unknowns. However, certain inter
ferences can be important even in
this last state (e.g., the alpha from
23 7Np has an energy close to those
of several of the uraniums).

Several handbooks and compilations contain
detailed chemical procedures used at some of
the larger radiation laboratories. Among
these are the USAEC Health and Safety Lab's
Manual (Ref. 5); the handbook of the EPA
National Environmental Research Center (Ref. 24);
the USPHS Radiological Health compilation
(Ref. 25); and the Tentative Methods published
by the Intersociety Committee (Ref. 22). In
addition, Sill at the AEC's National Reactor
Testing Station has described detailed pro
cedures for separations of most of the signifi
cant alpha-emitting elements (Ref. 26, 27).
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Elements treated in their own separate
sections (see "Radionuclides") elsewhere in
this volume are:

Radon (86) and its daughters
Radium (88)

Uranium (92)
Plutonium (94)

Polonium (84)
Thorium (90)

Neptunium (93)
Americium (95)

Sill has described a technique "by which
virtually all alpha-emitting nuclides can be
determined in soil" (Ref. 27) using a few grams
of sample. We quote further (underlining in
the text is ours):

3.0 min,

164 j1sec,

218pO (E~ = 6.00 MeV, T 1/2

!<nown as Radium A)

2 14pO (Ea = 7.69 MeV, T 1/2
known as Radium C')

210pO (Ea = 5.30 MeV, T 1/2 = 138 days,
known as Radium F)

Polonium (atomic number 84) occurs
in isotopic states with atomic weights from
193 to 218. Almost all of the polonium iso
topes are alpha-emitters. In environmental
media, polonium isotopes occur most importantly
as daughters in the decay chain from radium-226
through radon-222. The radon-daughter iso
topes of polonium are:

i. Polonium

fraction by itself to eliminate
mutual interference with 237Np.

The americium fraction is stripped
from the second organic extract with
8 Mnitric acid, and the tervalent
lanthanides are removed by extraction
chromatography. All four fractions
are electrodeposited and analyzed by
alpha spectrometry. Even at a source
to-detector distance bf 1/4 inch at
which the counting efficiency is 28%,
the resolution obtained on actual
samples is generally better than 40 keV,
and few mutual interferences result.
Overall recovery of each element is
about 94 ± 3%. Quantitative results
for each nuclide are obtained directly
from the alpha spectra."

The occurrance of polonium in water,
urine, or soils can be important when the
parent (radium, radon, or a daughter such as
Pb-2l4) is found in these media.

As progeny of radon-222, these isotopes may
appear in the gaseous phase (or more commonly
adsorbed on particulates in the air). Measure
ments of these species are discussed in
"Radon-222 and Its Daughters" elsewhere in
this volume.

Chemical separation techniques for
polonium in water or urine have been des
cribed in both the HASL Manual (Ref. 5) and
the PHS compilation (Ref. 25). The procedures
are also applicable to those organic materials
which can be converted to chloride solutions
(Ref. 5). The two procedures are similar,
each using a strong HCl solution and ascorbic
acid to immobilize any iron which might be
present. This is followed by plating on a
silver disk (Ref. 25) or nickel disk (Ref. 5).
The plating procedure takes 3 to 5 hours,
after which the disk is removed and alpha
counted using an internal proportional counter

(85)
(87)
(89)
(91)
(96) and heavier

Astatine
Francium
Actinium

Protactinium
Curium

"The sample is decomposed completely
by a combination of potassium fluoride
and pyrosulfate fusions with simul
taneous volatilization of hydrogen
fluoride and silicon tetrafluoride.
The cake is dissolved in dilute
hydrochloric acid and all alpha
emitters are precipitated with
barium sulfate. The barium sulfate
is dissolved in acidic aluminum
nitrate and the elements from
thorium throufh plutonium are ex
tracted into liquat-336. Acid
deficient aluminum nitrate is then
added to the aqueous phase to reduce
the acidity, and americium, curium
and californium are extracted into
fresh Aliquat-336. Thorium is
removed by scrubbing the first organic
extract with 10 Mhydrochloric acid,
and protactinium-; uranium, neptunium
and plutonium are stripped with a
mixture of perchloric and oxalic
acids. An option is provided by which
uranium can be obtained in a separate

Here we shall merely summarize the tech
niques which have come to our attention, element
by-element, with references for more details.
The elements treated (atomic number in paren
theses) are:

Some of the alpha-emitting elements are
not discussed here, either because they do not
appear commonly in environmental samples; or
because their half-iives are very short; or
because procedures for their individual separa
tion have not come to our attention. Among
these are:
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or other alpha spectrometer. We quote from
Ref. 5: "This is a very specific procedure
and can be carried out directly in the presence
of many other radionuclides."

A technique specific for 210pO has been
developed by Peters et al. (Ref. 28), using
20epo as a tracer and deposition on platinum
with hydrogen gas as a reductant.

ii. Thorium

Thorium (atomic number 90) occurs
in isotopic states with atomic weights from
223 to 234. Almost all of these isotopes are
alpha-emitters, including 232Th, which is
naturally occurring (T 1 / 2 = 1.4 X 10 10 years)
and the parent of a long decay chain ending
at lead-208. Thorium also occurs in the decay
chain of 235U as 231Th ~Tl/2 = 25 hours, a
beta emitter) and as 22 Th (T1/ 2 = 18 days,
Eeg. = 5.9 MeV); and in the 23 eU decay chain as
2 0Th (T1/ 2 = 80,000 years, Ea = 4.6 MeV).
The historic name 'thoron' is actually radon-220
(a gas), which is not an isotope of thorium-
although it is an alpha-emitting daughter in
the thorium-232 chain.

The HASL Manual (Ref. 5) contains a colori
metric method rorcretermining thorium in urine.
The method consists of precipitating thorium
as the insoluble hydroxide, followed by selec
tive chemical removal of other materials,
complexing with an organic dye, and spectrophoto
metric determination. A fluorometric procedure
using morin is also available (Ref. 29) and is
much more sensitive and precise.

Radiochemical determinations in urine,
water, and air filters are also described in
the HASL Manual. The sample is prepared in
sulphuric acid solution, and the thorium is
extracted with a high-molecular-weight primary
amine after iron, vanadium, and uranium extrac
tion. The thorium is back-extracted with HCl,
evaporated, ashed at 600°C, residue wet-ashed
with HN03, dissolved in diluted HN03, and
counted (alpha and beta) in a gas-flow propor
tional counter. Thorium recovery in the pro
cedure is high (96%).

Another thorium procedure is described
in the SWRHL Handbook (Ref. 24). Thorium is
precipitated with ferric hydroxide after solu
bilization in HN03, then separated from Fe,
Ti, and Zr by precipitation with a rare earth
fluoride, before counting in an alpha propor
tional counter.

iii. Neptunium

Neptunium (atomic number 93) is the
first transuranic element. Its longest lived
isotope, 237Np, has a half-life of 2.14 mil
lion years and a complex alpha-decay scheme

with energies near about 4.6 MeV. Although
several neptunium isotopes are alpha-emitters,
none except 23 7Np is of much consequence
for environmental monitoring purposes, because
of either their short half-lives or low
production rates in processes of concern for
environmental surveillance.

A method for neptunium determination in
urine, feces, tissue, and air filters is
described in the HASL Manual (Ref. 5). Re
duced Np is coprecipitated with LaF3 from HN03
solution. Np is extracted into TTA (thenoyl
trifluoroacetone) from dilute HCl, backextracted
into more concentrated acid, and electrodeposited
for alpha counting or alpha spectroscopy. The
pro'.edure takes 6 to 8 hours. A similar
method specifically for urine has been de
veloped by Union Carbide at Paducah (Ref. 30).

iv. Americium

Americium (atomic number 95) is
the third transuranic element. Its more
comnonly found isotopes are 2~ 1Am (Ea = 5.5 MeV,
T1/ 2 = 440 years) and 2~3Am (Ea = 5.3 MeV,
T1/ 2 = 7950 years). None of the other isotopes
of americium has an alpha-decay mode of sig
nificance. We have already described the
chemical separation techniques for americium
developed at Idaho Falls (Ref. 26, 27).
Another typical chemical technique is found
in the HASL Manual (Ref. 5), from which we
quote: ---

"The actinide elements are con
centrated by coprecipitation with
lanthanum fluoride. Plutonium, if
present, is removed by extraction
with thenoyltrifluoroactone (TTA) by
the Hanford plutonium bioassay pro
cedure. Excess sodium hydroxide is
added to the aqueous phase to redis
solve aluminum hydroxide, while co
precipitating americium on lanthanum
hydroxide. Trivalent americium is
oxidized to the americyl ion by silver
catalyzed peroxydisulfate. Addition
of amnonium fluoride stabilizes the
americyl ion, while precipitating the
lanthanum and any alpha emitting im
purities as fluorides. Following
reduction to the trivalent state with
manganous ion, the purified americium
is collected by coprecipitation with
cerium fluoride. Measurement is by
alpha counting for Am-24l and Am-243,
the usual americium isotopes encountered.

"The method has been tested for
urine, tissue, feces and air filters.
The procedure gives excellent separa
tion from neptunium, thorium, uranium,
plutonium and curium. It is completely
compatible with the plutonium procedure
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described [elsewhere in this manual
(Ref. 5).]"

Americium-24l is an important isotope
since it is the daughter of plutonium-24l.
The 60-keV gamma ray which accompanies 36%
of the 241Am alphas is often used for detec
tion. This is discussed fully in the section
on "Plutonium" elsewhere in this volume.

5. CALIBRATION SOURCES

For calibration purposes, the analyst
needs known standard sources. To satisfy
this need, the U.S. National Bureau of Standards
has for many years provided standard materials.
The samples "consist of a practically weight
less deposit of the nuclide on a thin platinum
foil 1.27 cm in diameter, which is cemented
onto a monel disk 2.54 cm in diameter and 0.16
em thick " (Ref. 31). Samples from NBS, avail
able in the activity range from a few to a
few thousand nanocuries, can be purchased for
the isotopes 210pO (Ea = 5.305 MeV), 238Pu
(Ea = 5.50, 5.46 MeV), and 241Am (Ea = 5.49,
5.44 MeV).

6. SUMMARY AND CONCLUSIONS

In this section we have attempted to out
line the various techniques for the detection,
measurement, and energy spectrometry of alpha
particles in various media.

The most salient physical features of
alphas (their high energy, dense specific
ionization and short range), make their de
tection relatively easy. Discrimination
against other radiations is also easy. The
difficulties with alpha detection are unfor
tunately a result of these same physical
properties. For example, it is often dif
ficult to detect alpha activity if it is
accidentally spilled on the floor, especially
in cracks and near inaccessible corners.
Also, alpha emitters contained deep within
a soil sample ("deep" meaning in this sense

below 50 microns or so) require chemical
analysis prior to counting, as do alphas in
water or urine.

These problems have led to a variety of
instrumental and chemical techniques, which
we have summarized here. For gross-alpha
measurements, the standard methods in air
and water are sufficiently sensitive and well
understood to provide a satisfactory screening
technique. Also, for emission-rate measure
ments (e.g., to detect spills), instrum~nts

now exist which can probe most surfaces and
odd geometries.

The area most in need of further develop
mental work is identification of individual
nuclides. Alpha spectrometers with quite
good resolution now exist, and their use
makes possible the identification of many
individual isotopic states whenever good
sampZes can be prepared.

Proper sample preparation seems to be
the crux of the problem.

Present wet-chemical techniques, required
to isolate alpha-emitting nuclides from back
ground matrices (soil, air filters, water,
tissue, urine), are laborious, liable to
systematic error, and expensive. The use
of tracers to follow chemical-yield fluctua
tions through a long chain of analytical

'steps is crucial. However, tracers are not
universally available in convenient form,
nor is there any way to quarantee their ef
fectiveness, especially when the alpha-emitters
themselves are bound in multi-valent states
in a variety of organic compounds (e.g.,
plutonium or uranium in soil).

In conclusion, alpha detection is rela
tively well developed; however, except in
cases where samples are easily prepared,
quantitative measurements of specific activity,
especially when isotopic identification is
required, suffer important drawbacks because
of cost, time, and sample-size considerations.
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B. INSTRUMENT NarES: ALPHA

Included in the following pages are Instrument Notes of several different

kinds. The reader should be aware of the following facts, in order to find all

Instrument Notes appropriate for alpha detection and measurement:

• Semiconductor detectors are useful for both alpha and beta counting

and spectrometry. Instrument Notes for silicon surface-barrier detectors

and silicon lithium-drifted detectors have been incorporated in this

section. For more notes on semiconductors, the interested reader is

advised to consult the Gamma Spectrometry section - Instrument Notes.

• Many instruments are advertised as sensitive to alphas, betas, gammas,

x-rays,and in some cases neutrons. Often these instruments consist of

a variety of probes attachable to a central electronic counting unit.

These instruments have all been placed in the section entitled

"Combination Instruments," with the appropriate mnemonic (e.g.,

RAD-ALP ,BET ,GAM,~) .

• Liquid-scintillation systems can be used for alpha detection and
measurements. However, all these instruments have been placed in the

Radionuclide Instrument Notes (Section IV.I) in the Specific Radionuclides

diVision.

3.3.2-i
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Alpha Air Monitor

Eber1ine Alpha-3

o
RAD-ALP
Stationary
Eberline 2
January 1978

Class Stationary

400 cpm (wide energy window), with air flow of 30 liters/minute
(1. 05 ft3/minute). This results in - 8 CPM in the window when
the instrument is calibrated for 239Pu.

Range: 0-50, 500, 5000 counts/minute full scale.
Response time: about 30 seconds (fast setting), 180 seconds (slow setting),

to 90% of final reading.

Silicon-diffused junction-type detector (490 rnm2 area), 2.54 em diameter
filter, air pump, single-channel analyzer, meter or strip read-out.

Efficiency: About 50% of 2'Tf (wide energy window) from 2.54em (1") 239Pu
source.

.Background:

Principle of
Operation

Sensitivity
and Range

Sampling

Perfonnance

Continuous (air filter)

Detection Limit: 4 MPC-hours of 239Pu can be detected with an average radon
thoron !Jackground

Temperature: 20°F to 130°F
Threshold Discriminator: adjustable from 0-10 MeV energy equivalent

(0 to 1. 0 volt)
Window Discriminator:

Requirements Power: 105-125 V ac, 60 Hz at 0.1 amp [220 VAC, 50 Hz optional]
Size: 21x31 x31 em (8.25" x 12.25" x 12.25")
Weight: 6.5 kg (14.5 1b)

Features

9/79

1) Air pump must be provided separately. Model RAP-1 available as option.
Air intake is screen protected. Air flow indicator goes from 10 to 100
liters/minute (0.35 to 3.5 ft3/minute). '

2) Single channel analyzer has 10-turn adjustments for high and low settings
of window.

3) Operation modes are gross, pu1se-height-ana1yzing, or pu1se-height
analyzing with background subtraction.

4) Subtraction circuit provides automatic subtraction of a percentage of
pulses rejected by the window discriminator. Subtracted percentage
adjustable from 10% to 60%

5) Alann adjustable, 0 to 100% of full scale. Red a1ann light, squealer
and remote a1ann provided.

3.3.2.eb-1
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RAD-ALP
Stationary
Eberline 2
Page 2 o

Reference

6) Calibration controls accessable through front panel.
7) 1" diameter (25 Il1lJl) filter is standard. Optional filter holder for

47-Il1lJl filter is available.
8) Electronics is solid state. Charge-sensitive amplifier input.
9) Silicon detector is cleanable.

Manufacturer's Specifications

Cost Alpha-3 $1,295.

Address

9/79

Eberline Instrument Corporation
P.O~ Box 2108
Santa Fe, NM 87501
(505) 471-3232

3.3.2.eb-2
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Scintillation Alpha Counter

Eberline MOdel SAC-4

RAD-ALP
Stationary
Eberline 3
January 1978

9/79

Class

Principle of
Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

Laboratory

Two-inch detector ZnS(Ag) powder on a plastic light pipe, high voltage power
supply, charge sensitive input amplifier, timer, and 6 decade readout.

Efficiency: 80% of 2n minimum from a 2.54 em (1 inch) diameter 239Pu source.
Background: <0.3 counts per min.

Maximum sample diameter -5. 2em (2 1/32") ;maximum thickness - .95em (3/8").

Plateau (detector): at least 200 volts long with a slope less than 1% of
100 volts.

Preset timer from 0.1 minute to 50 minutes
Temperature: O°Cto + 60°C (32°P to l40 0 P) with less than ~50 volts

plateau shift

Power: 115/230 ±l0% VAC, switch selectable, 50-60 Hz, 114 amp, 3-wire
Size: 29.2x15.2x35.6 em (1l1/2"H x 6" Wx14" D)
Weight: 7.6 kg (16 3/4 lbs)

Detector and drawer assembly easily decontaminated. Variable high voltage
supply

Manufacturer's specifications

$1325.00

Eberline Instrument Corporation
p.6. Box 2108
Santa Fe, NM 87501
(505) 471-3232

3.3.2.eb-3
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Alpha Survey Meters

Eberline Portable MOdels

RAD-ALP
Survey
Eberline 5
January 1978

PAC-4S PAC-1SAGA

o
9/79

Class

Sampling

Features

Address

PAC-4G

Portable, hand-held

Continuous

Some models have earphone and speaker outputs, regulated power supply,
individual calibration controls for each range.

Eberline Instrument Corporation
P.O. Box 2108
Santa Fe, NM 87501
(505) 471-3232

3.3.2.eb-S
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Page 2 January 1978 o

9/79

MODEL I PAC-4S PAC-lSAGA PAC 4G

RADIATION Alpha Alpha Alpha IMEASURED Ganuna

DETECTOR Alpha scintil- Alpha scintil- Gas proportional
lation probe lationdetector and alpha probe

GM tube

RANGE o - 2 x 106 0-2 x 106 clm for 0-5 x 105
.counts/min. alphas. 0-2 R/hr countslmin

for gammas

SCALE Linear Linear Linear I
;!;10% PIS

-,
ACCURACY ±10% PIS ±10% PIS i

I

I-40°C - + 60°C -40°C - +54.4°C -40°C - + 60°C
TEMPERATURE -40oP - +l400p -40o p - +130o p -40oP - +l400p I

I

POWER 5 "D" cells 5 "D" cells 5 "D" cells
200 hours 200 hours 200 hours

3.2 kg 3.6 kg 4.25 kg
WEIGI-IT 7 pounds 8 pounds 9.6 pounds

l8.4cm HxlO.2cm W l8.4em Hx9. 8cm Wx22. 9em L 22. 9emxlO. 2cmx25.4cm

SIZE
x22.9cm L
·7 1/4" Hx 4" W 7 1/4" Hx 3 7/8" W 9" x 4" x 10"

x9" Long x9" Long

FEATURES Linear-Log Aural readout with Adjustable high
presentation optional headset or voltage control

speaker

JffiMl\RKS Waterproof High level plutonium High voltage
construction probe optional selector option

I
COST $690.00 $995.00 $795.00 I

3.3.2.eb-6
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RAD-ALP
Detectors
Harshaw
May 1977

n Class

Principle of
Operation

Resolution

Active Areas
Available

Depletion Depth

Features

Available
Accessories

References

Cost

Address

9/79

Diffused Junction Silicon Radiatjon Detectors

Harshaw Series DJ Silicon Radiation Detectors

Radiation Detectors (alpha)

Diffused junction (p- i -n) silicon detectors

Values range from 25 to 60 keV for 24lAm (5.47 MeV) depending upon active
area

10Omm2, 40Omm2, 45Omm2, 49Omm2, 70Omm2

Typically 100 jllJ1 at 100V positive bias (typically 200 jllJ1 for
70Omm2 model)

Detector surface may be cleaned using a cotton swab moistened with
trichloroethylene, methanol or denatured alcohoL Detectors are available
with microdot or BNC connectors

Model 101 Vacuum Chamber, NV-30 0-300Vdc
NIM bias supply, NV-32 High Voltage NIM power supply

Manufacturer's Specifications

Refer to factory

The Harshaw Chemical Company
Crystal and Electronic Products Dept.
6801 Cochran Road
Solon, OH 44139
(216) 248-7400

3.3.2.ha-l
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Nuclear Radiation Detectors

Harshaw Phoswich Detectors

RAD-ALP
Detectors
Harshaw
May 1977

C)
Class

Principle of
Operation

Resolution

Diameters
Available

Features

Accessories
Available

References

Cost

Address

9/79

Nuclear radiation detector (alpha, alpha/beta, alpha/gamma)

A Phoswich detector is a scintillator utilizing a thin primary crystal
optically coupled to a thicker crystal of a different scintillation
material. For alpha counting applications, CaF2 (Eu) is employed as the
primary scintillator, with a thicker NaI(Tl) crystal operating as an anti
coincidence shield. Signals originating in the crystals are electronically
separated by the difference in scintillation decay times of each material.
The calcium fluoride crystal is very efficient for alpha particles, yet
transmits higher energy gamma ray events to the NaI(Tl) crystal for elec
tronic rejection.

Typically 1 MeV for 24lAm

1. 9cm to 12. 7cm (3/4" to 5")

Because calcium fluoride is relatively inert and nonhygroscopic, no entrance
window is required between the crystal and sample in many applications.
Passive shielding requirements are greatly reduced by the anticoincidence
operation of the NaI(Tl) component.

Low background tube bases, low background shields for· table-top use, com
plete selection of nuclear instrument modules and pulse shape analysis
electronics.

Manufacturer's Specifications

Refer to factory

The Harshaw Chemical Company
Crystal and Electronic Products Dept.
6801 Cochran Road
Solon, OH 44139
(216) 248-7400

3.3.2.ha-3
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Portable Alpha Monitor

Harshaw Model 272

RAD-ALP
Monitor
Harshaw
May 1977

o

Class

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Portable

Diffused junction silicon detector (30Omm2), pulse-height analyzer,
four digit LED display

Range: 0-9999 counts
Timer range: 0.02 to 1000 minutes
Alpha sensitivity: 2 MeV to 6 MeV

Single sample counting

Efficiency: typically 25% for 24lAm alpha and standard sample holder.
Background: <1 count per hour.
Maximum sample size: 3. 2cm x 0.32cm (1 1/4" O.D.xl/8")

Power: Rechargeable NiCd batteries + battery recharger (117 VAC)
Size: 22.2cm H x8.3cm W x27.3cm D (8 3/4"x3 1/4"xlO 3/4")
Weight: 3.3 kg (7 1/4 lbs)

NIM Bin Version Optional
Easily decontaminated housing and sample holder

Manufacturer's Specifications

Refer to factory

Harshaw Chemical Company
Crystal and Electronic Products Dept.
6801 Cochran Road
Solon, OH 44139
(216) 248-7400

3.3.2.ha-5



o. ~

o

o



(J

(~)

~.'! .
•- .j i,)

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Liquid Monitor
National Nuclear Corporation Model LMS-l

RAD-ALP
Laboratory
National Nuclear Corp.
January 1978

o

Class

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Stationary

Alpha detecting unit, power supplies, amplifier, counter component, light
emitting diode display

Maximum sensitivity: _10 dpm/ml (depending on characteristic of solution
to be monitored)
Range: 0-99999 counts

Single sample counting

Accuracy: typical ±20% with optically clear solution with pH 5 to 9 if
containing concentrations over 500 ppm

Operating Temperature: 4.4°C to 65.6°C (40°F to l50 0 P)

Power: 110 or 220V
Size: 12.7 em diameter x 30.5 cm H (5" diameter x12" H)
W . ht' {6.8 kg (15 lbs) detector
elg . 6.8 kg (15 lbs) electronics

Manufacturer's specifications

$7,500.00

National Nuclear Corporation
3150 Spring Street
Redwood City, CA 94063
(415) 364,- 2880

3.3.2.na-l
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Si(Li) Surface Barrier Detectors

Nuclear Enterprises

RAD-ALP
Detectors
Nuclear Enterprises
April 1978

Class Detectors

Principle of
Operation

Specifications

Silicon (Lithium-Drifted) Surface-Barrier Detectors for Alpha and Beta
Spectrometry

Alpha FWHM Beta FWHM
Series Area Thickness Resolution (keV)

Designation (nun) (nun) Resolution (keV)
( 137CS Conversion Electron, Price Range

(2~lAm, 5.47 MeV) 624 keV)

NE 50 50 1/2 to 5 30 to 70 18 to 35 $ to $
NE 100 100 " 35 to 75 23 to 50 $ to $
NE 200 200 " 50 to 90 25 to 55 $ to $
NE 300 300 " 55 to 95 35 to 70 $ to $
NE 500 500 " 80 to 150 43 to 100 $ to $

NE 50A 50 1/2 to 5 24 to 35 12 to 22 $ to $
NE 100A 100 " 30 to 40 13 to 25 $ to $
NE 200A 200 " 35 to 50 15 to 30 $ to $
NE 300A 300 " 45 to 60 25 to 32 $ to $
NE 500A 500 " 60 to 80 32 to 55 $ to $

o

9/79

Features

References

Address

Associated electronics available separately.
Resolution measured at 20°C.

Manufacturer's Specifications

Nuclear Enterprises, Inc.
931 Terminal Way
San Carlos, CA 94070
(415) 592-8663

or

Nuclear Enterprises, Ltd.
Bath Road, Beenham
Reading
ENGLAND

3.3.2.ne-l
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Air Particulate Monitors

RAD-ALP
Stationary Monitor
Nuclear Measurements
January 1978

o

Principle of
Operation

Features:

References

Address

9/79

A gas flow proportional counter or scintillation detector, stationary or
moving filter, air ptunp, counting ratemeter, meter or strip readout.

1) Automatic air flow control to ±. 0.2 cfm within a flow rate range of
3-10 cfm'

2) Alann adjustable 0% to 100% full scale, red alann lamp, alann bell.
3) Continuous duty, non-contacting Roots type ptunp; belt-driven by split

phase induction motor at 800 RPM. Temperature rise less than 30°C above
ambient.

4) Optional digital count ratemeter.

Manufacturer's Specifications

Nuclear Measurements Corporation
2460 North Arlington Avenue
Indianapolis, Indiana 46218
(317) 546-2415
TWX 810-341-3137

3.3.2.nrn-l
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RAD-ALP
Stationary Monitor
Nuclear Measurements Corp.
Page 2

o

Specifications:
--

M:Jdel AM-2A AM-3A AM-2P AM-3P AM-22P AM-33P
Radiation a or S or a and S a and S, separately
detected a

but simultaneously

Filter 2 1/4" diameter 2" diameter 2 1/4" diameter 2" diameter 2 1/4" diameter 2" diameter
stationary . moving stationary moving stationary moving

Range 3 cycle leg 50-50,000 cpm

* 374 cpm aboveSensitivity, 278 cpm above 692 cpm,a 518 cpm,a 692 cpm,a 518 cpm,a
count build- 10 cpm 10 cpm back- 702 cpm,S 525 cpm,S 695 cpm,S 525 cpm,S
up per hour background ground with with filter with filter

filter speed speed of speed of
of I" per hour I" per hour I" per hour

Background Less than 1 cpm before collection AU. uq _~fir backgrouna proauces less man 0.1 cpm tor a ana 30 cpm for
beta. A 10 mR/hr background produces 30 cpm plus 12 cpm/mR/hr for beta.

Efficiency 20% 20% in a: 37% a: 37% a: 37% a: 37%
S: 37% S: 37%

SA-30 shield S: 37.5% in SA-30 S: 37% in SA-30
shield shield

Sampling Continuous

Response Varies inversely with count rate from -200 seconds at 50 cpm to 1 second at 50,000 cpm
time

High 300 V to 1300 V 500 V to 2000 V I 500 V to 2000 V
voltage

Power 90 - 130 VAC, 60 cycle, 5-7 amp

Size 53.3 em D x99.1 em H x99.1 em W 30.5 em D x99.1 em H x76.2 em W 53.3 em Dx99.1 em H x99.1 em W
21" D x39" H x39" W 12" D x39" H x30" W 21" D x39" Hx39" W

Weight 158.8 kg (350 Ib) 249.5 kg (550 Ib) 249.5 kg (550 Ib)

Cost $3,780.00 $4,340.00 $4,445.00 $5,110.00 $5,110.00 $5,785.00

Requirements A cylinder of P-IO gas

*AsStmling a 5. cfm regulated air flow and 10-10 lJCi/cc concentration of activity.

3.3.2.nm-2
9/7)9

o

()



INSTRUM.6NTAlTIQJ:l ,)

FOR ENVIRONMENTAL

MONITORING

. Alpha Frisker
Nuclear Measurements Corporation Model AF-l

RAn-ALP
Stationary Monitor
Nuclear Measurements
January 1978

()
Class

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Stationary

Alpha scintillation detector, amplifier, speaker, alarm

50 cm2 Alpha scintillation detector. ZnS coated aluminized mylar acts
as scintillator with thickness 1 mg/em2.

Continuous

Yield: ~20% of total activity, 10-4 ~Ci distribution over
fingertips will produce alarm wi thin 3 seconds.

Power: 115 VAC, 60 HZ
Size: 15.2 em L x 12.7 em WX14.0 em H (6"iL X 5" Wx5.5" H)
Weight: 4.5 kg (10 lbs.)

Optional indicating meter in place of speaker at additional cost.

Manufacturer's specifications

Cost $330 w/speaker $350 w/meter

9/79

Address Nuclear Measurements Corporation
2460 North Arlington Avenue
Indianapolis, Indiana, 46218
(317) 546-2415
1WX 810-341-3137

3.3.2.nm-3
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Alpha Scintillation Survey Meter

Nuclear Research ASM-30

RAD-ALP
Survey
Nuclear Research
January 1978

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Portable, hand-held

Scintillation Counter, [ZnS (Ag) Detector], counter, meter readout

Energy Sensitivity: Alpha 3 MeV or greater
Ranges: 10 3 , 10~, 10 5 , 10 6 cpm
Gannna Interference: above 5 R/hr

Continuous

Meter Accuracy: ±10%
Temperature: 40°F to 130°F
Response time:

Requirements Power:
Size:
Weight:

two "D" cells
21 em L XlI em WX15 em H (8.5"L x4.3''Wx7.l''H)
3.2 kg (7 lbs)

o

Features

Cost

Address

9/79

Earphone jack, battery check circuit. Designed 811d engineered to U.S. Navy
specifications AIV/PDR-56B. Calibration alpha source

$695.00

Nuclear Research Corporation
Street Rd, and 2nd Street Pike
Southhampton, Pa, 18966
Phone (215) 357-5015

3.3.2.nr-l
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I RAn-ALP
Detectors
Nuclear Semiconductor
,January 1978

Nuclear Semiconductor 'Top Hat'

5.486 Mev-I ~624kev

Class

15.7keV
FWHM

5.443 MeV\

5.389 MeV\)

-------"....).. '---

Alpha resolution· curve of 200mm' x
2mm TOP HA T detector for Am'" at
20·C.

Detectors

_9.2keV
FWHM

High resolution for Cs'" electrons,
9.2keV (FWHM) using a 30mm' x 4mm
TOP HA T detector at 20·C.

o

9/79

Principle of
Operation

Specifications

Features

References

Address

Lithium-drifted silicon semiconductor detectors for low-energy high
resolution detection of alphas, betas.

Series A

Maxinn.Jm Beta Maximum Alpha
Detector Area Depth Resolution, FWHM Resolution, FWHM

(mm2 ) (mm) (keV) (keV) Cost

30 2 to 5 10 to 13 30 to 45 $ 750 to $1500
50 2 to 5 10 to 13 30 to 45 575 to 1095
80 2 to 5 11 to 16 30 to 45 780 to 1550

100 2 to 5 11 to 17 30 to 45 750 to 1500
200 2 to 5 12 to 17 30 to 45 950 to 1800
300 2 to 5 13 to 17 30 to 50 1250 to 2700

Many other detectors, in Series B and Series C, with poorer resolution, are
also available at lower costs.

1. Resolutions are at 20°C. At lower temperature, resolution improves.

2. Dead layers: front <0.2 micron, back <200 microns; at extra cost
the back dead layer can be reduced to 50 microns

3. Standard or transmission mounting available at nominal extra charge

Manufacturer's Specifications

Nuclear Semiconductor
1400 D Stierlin Rd.
Mountain View, CA 94042
(415) 969-4646

3.3.2.ns-l



o

o

o



o

U to<)
INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Silicon Surface-Barrier Detectors

RAn-ALP
Detectors
Ortec
January 1977

Ortec Series A, B, C, D, E, R

Series R Detectors

Class

Principle of
Operation

Detectors

Silicon surface barrier detectors

o
Specifications

Range of Guaranteed
Max. Resolution (keV) Range of Range of

I
Series Active Areas Depletion Depth Description Range of Prices

a 8 (mm) (]Jm) I

7 100 to 300 $195 to $ 300 I
15-80 6-75 A 25 to 200 100 to 2000 Partially Depleted $145 to $3465 I600 to 2000 100 Partially Depleted $765 to Special

Order
I25 to 100 3000 to 5000 Partially Depleted Special Order

450 100 to 1500 $520 to $2610 I
18-30 9-20 B 25 to 200 150 to 2000 Totally Depleted $220 to Special Order

300 to 450 150 to 1000 Totally Depleted $500 to Special Order

19-30 10-25 C
50 to 450 100 to 2000 Annular Partially $190 to Special Order

Depleted

Special Order to $290 ID 10 2 to 15 Planar Totally
Depleted

25 2 to 100 Planar Totally Special Order to $515
Depleted

50 10 to 100 Planar Totally Special Order to $595
Depleted

100 to 300 20 to 100 Planar Totally Special Order to $785
Depleted

7 100 to 300
12-20 4-13 E 25 to 450 100 to 500 Premium Partially

I
$ 295 to $ 495

Depleted
$1190$ 270 to

R 50 to 450 100 to 1000 Ruggedized i
$235 to Special OrderPartially Depleted

17-80 11-75 Ruggedized $1170 to $1980
900 to 2000 100 Partially Depleted

9/79 3.3.2.or-l
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Features (1)

(2)

(3)

(4)
(5)
(6)

RAD-ALP
Detectors
Ortec
Page 2 Jan. 1977

Table shows prices for best-resolution detectors. Less expensive
detectors with poorer resolution are available in series A.
Various mounts available: ring mount, rear microdot, rear BNC, trans
mission mount.
Front electrode is 40 ~g/cm2 gold, except for series R (ruggedized)
which has 50 ~g/cm2 of altnninum.
Rear electrode is 40 ~g/cm2 ·of aluminum. . -6
Resolutions are quoted on all detectors, measured at 22°C and 10 torr.
Many specialized detectors are also available.

o

References

Address

9/79

Manufacturer's Specifications

ORTEC, Inc.
100 Midland Road
Oak Ridge, TN 37830
(615) 482-4411

3.3.2.or-2
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Alpha CoWlting and Spectroscopy System

ORTEC 576

RAD-ALP
Spectrometer
ORTEC
March 1978

C)
Class

Principle
of Operation

Laboratory

Two completely independent alpha spectrometry channels are contained in a
double-wide NIM module. Each channel has a vacuum chamber with a sample
holder and surface barrier detector, a detector bias source, a pre
amplifier, a shaping and stretching amplifier, a biased amplifier, a test
pulser, and a discriminator.

Power: NIM- BIN
Size: Double wide NIM module
Weight:

Individual samples 2 at a time
* 241System resolution (for 5.486 MeV Am): < 30 keV FWHM

Efficiency: * > 25% at 5.486 MeV, 1 1/2 inch diameter sample, 1mm spacing
BackgroWld:* < 20 counts/day above 3 MeV
Sample size: Up to 1 1/2 in. diameter planchets or filter paper
Sample spacing: Adjustable from 1 to 15 mm from detector
Nonlinearity: < 0.1% of full scale (O-lOV)
Stability: System, < 0.1% within 10cC temperature change pulser,

50 ppmjOC

Sensitivity
and Range

Sampling

Performance

Requirements

Energy ranges:
Energy output:

4 to 6 MeV, 5 to 7 MeV, and 6 to 8 MeV
0.1 to 10V

Features

References

Cost

9/79

1) Energy zero adjustments on front panel
2) Factory calibrated
3) Interval pulses for quick system checkout
4) NIM logic output from discriminators can be used for either COWlting

or MCA routing

Manufacturers

Alpha 1: $5,240.00 2 TM
NOTE: Alpha 1 - Two port alpha cOWlting system with 300 mm Ruggedized

low backgroWld detectors and visual readout . Including the following
576-300R Dual alpha spectrometer 719 timer
778 Dual Printing cOWlter 40lM/402M Minibin

3.3.2.or-3



*Based on 576-450R, basic unit with 450 mm2 Ruggedized™ low background detectors.
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RAD-ALP
Spectrometer
ORTEC
Page 2

ORTEC Incorporated
100 Midland Road
Oak Ridge, 1N 37830
(615) 482-4411

Address

o

o
3.3.2.or-4

9/79
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Silicon Surface Barrier Detectors

Princeton Gamma-Tech

RAD-ALP
Detectors
Princeton Gamma-Tech
January 1978

Class Detectors

Principle of
Operation

Specifications

Silicon Surface Barrier Detectors for Alpha, Beta Spectroscopy

Fully Depleted Detectors

FWHM
Active Area Resolution (keV) Depletion Depth Price Range

(rrun2
) ex S (]Jl1l)

25 19 10 ISO to 2000 $200 to $1100
SO 19 10 " " 260 to 1650

100 20 13 " " 320 to 2000
ISO 20 13 " " 350 to 3000
200 20 13 " " 400 to 3000
300 23 18 ISO to 1000 450 to 1230
400 28 21 200 to 1000 530 to 1500

Partially Depleted Detectors

FWHM
Active Area Resolution (keV) Depletion Depth Price Range

() (rrun 2
) ex S (]Jl1l)

25 18 12 100 to 2000 $ 95 to $ 950
SO 18 12 " " 110 to 1700

100 19 13 " " 140 to 2000
ISO 20 15 " " 140 to 2700
200 24 19 " " 175 to 2400
300 21 16 100 to 1000 220 to 1240
400 26 21 100 to 1000 290 to 1220

Annular Detectors

FWI-M
Active Area Resolution (keV) Depletion Depth Price Range

(rrun2
) ex 13 (]Jl1l)

SO 25 20 100 to 2000 $160 to $1300
100 30 25 " " 220 to 1500
150 30 25 " " 270 to 1700
200 40 35 " " 290 to 1900
300 40 35 100 to 1000 320 to 1400
400 45 40 " " 450 to 1500

Enviroguard Partially Depleted Detectors (Series E)

Active Area Resolution (keV) Depletion Depth Price Range
(rrun2) ex 13 (]Jm)

-

/~'"

/ \ SO 19 15 100 to 500 $170 to $ 700. )
"'-~ 150 21 16 100 to 500 $230 to $ 850

300 24 19 100 to 500 $390 to $1000

9/79
3.3.2.pr-l
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RAD-ALP
Detectors
Princeton Gannna-Tech
Page 2 o

Features

References

Address

9/79

1. Energy resolution measured with 241Am alpha at 5.477 MeV, and 137Cs
conversion electron at 624 keV. ., 2

2. Entrance window 40 ]1g/cm2 of gold; back wmdow 1S <40 ]1g/cm AI
3. Axial, transmission, ring mounts all available

Manufacturer's specifications

Princeton Gamma-Tech
Box 641
Princeton, NJ 08540
(609) 924-7310

3.3.2.pr-2
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o



Filter, air pumps (extra), diffused junction Si decontaminab1e detector,
amplifier, sing1echaIll1e1 analyzer, meter or recorder output.

Principle of
Operation

o
I-, INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

U J 6

Air Particulate
Selective Alpha Monitors

RAD-ALP
Mobile
RADeCo/SAI
January 1978

f.. -)
\ -)',,_../

o
9/79 3.3.2.ra-1



50, 100, 500, lK, and 5 K counts per minute on meter/recorder

I
-~-

Model

Range

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

444 444A

RAD-ALP
Mobile
RADeCo/SAI
Page 2

442A

o

Fnergy
detected

Area of
detector

Baseline
Window

500 rrnn2

0.1 to 10 MeV
0.1 to 1.0 MeV

0.1 to 10 MeV
0.1 to 1.0 MeV

o to 10 MeV adjustable
o to 1.0 MeV adjustable

Alpha
efficiency

Background
compensation

Air flow

Operating
temperature

10% of 4rr geometry for 5.15 a with
1 MeV window

Digital
1 adjacent window

0.5 to 3.0 CFM, from panel indicator

O°C to 48.9°C
32°F to 120°F

_15% of 4rr with 1 MeV
window

Digital Digital
2 separate adjustable 1 separate adjustable

windows window

1 to 6 CFM

Filter

Power

Size

Weight

47 ron diameter membrane type

110 V, 60 Hz/ 230 V, 50 Hz

40.6 ern Wx 15.9 ern Hx 27.9 ern D
16" Wx6 1/4" H xll"D

8.2 kg (18 lb)

Cost $1400.00 $1550.00 $2200.00

Features

References

Address

9/79

1) Threshold adjustable audible alarm
2) Requires external air mover accessory ($390)
3) Fail safe alarm
4) Alarm delay
5) Short/long time constant
6) TTL Pulse output for driving remote readout

Manufacturer's Specifications

Radeco/SAI
4060 Sorrento Valley Boulevard
San Diego, CA 92121
(714) 452 -9150
TWX 910-337-1774

3.3.2.ra-2

o
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ALPHA AIR MONITOR (MOVING FILTER)

MODEL SAAM-3

Stationary

RAD-ALP
Air Monitor
Technical Associates
February 1978

()

9/79

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

Air is dra"WIl through section of filter tape. Tape with alpha deposits
moves to alpha scintillation detector with predetermined time elapsing
before count is taken (allows for decay of radon daughters)

Integrated digital readout within preset time--or digital ratemeter
readout and printed record
Sensitivity--l% of most restrictive alpha contamination standards

Air pumped through filter section for 30 minutes
Traversal of filter section to detector takes 4-5 hrs.

Scaler accuracy for counting: ±.1 count
Timer accuracy: . .±l%

Power: 115 Vac, 50-60 HZ
Size: 22" Wx36" Lx54" H (on wagon with 6" casters)
Weight: 450 lbs.

Automatic subtraction of radon daughters
May be left unattended for periods up to 30 days
Digital printer furnishes complete record

Manufacturer's Specifications

$4700.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

3.3.2.te-l



o

o

C)



U ',J

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Walk-Thru Hand and Shoe Monitors

WT-l-A3 Alpha
WT-l-B3 Beta-gamma
WT-l-P3 Alpha-beta-gamma

RAn-ALP
. Stationary
Technical Associates
February 1978

Class Stationary

Prineiple of
Operation

Sensitivity and
Range

Hand sensitivity:

Range:

Sampling

Perfonnance

Requirements

Features

References

GM or alpha proportional detectors, 3 ratemeter channels, timer warning
system, alarms

W'r-l-A, W'r-l-R, W'T'-lP,
Proportional detectors GM Tubes 12 thin window Pancake GM

approx. 0.005 ].lei 0.005 ].lei 0.005 ].lei
measured against Pu-239 measured measured against Pu-239

against Cs-137 and C-14

0-500, 5000, 50,000, 500,000 cpm

Micro-switch (in hand probe) initiates count

Accuracy: ±.S% full scale

Power: 115 VAC (or 230 V)
Size: 1.2~(mHx63.ScmWx71.lcmD(4' Hx25"Wx28" D);

console - 22.9cm H x53.3cm Wx3cm D (9" H x2l" Wx13" D)I
Weight: 65.8 kg (145 lbs) includes console

Fast traversal - 1 second pause, then walk thru
Audible and visual alann
Timer warning system
Fits doorway

Manufacturer's Specifications

Cost

Address

WT-LA3 - $2800.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

WT-lB3-$1950.00 WT-1P3 - $2800.00

9/79 3.3.2.te-3



o

C~)

o



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

BETA- PARTICLE INSTRUMENTATION
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1. INTRODUCfION

This section covers several different
classes of instruments and techniques for
beta-particle detection and isotope identi
fication. These include:

(a) Gross-beta instruments (such as
hand-held meters) for use in radio
logical protection and radiation
surveys. These instruments may
measure absorbed dose (rad) or
particle flux (particles cm- 2 sec-I).

(b) Beta spectrometers for identifying
individual beta spectra. These are
used for isotope analysis in a
sample containing several beta
emitters.

(c) Gross-beta techniques in air and
water, used as screening measure
ments for public health purposes.
These measurements usually de
termine specific activity (pCi/m 3 ,

pCi/g, or pCi/liter).

(d) Chemical separation techniques to
prepare samples for beta detection
or spectroscopy.

Separate sections elsewhere in this
Volume have been devoted to some of the more
important beta-emitting nuclides found in
environmental media (see "Radionuclides").
These radionuclides are:

(1) Tritium (Hydrogen-3)
(2) Krypton-8S
(3) Strontium-90
(4) Iodine-129, 131.

For some of the other important beta
emitters, chemical separation techniques or
other specific instruments have been developed
to the point that some special description
is merited. Therefore, separate brief dis
cussions in this section have been devoted
to the following beta-emitters:

(1) Carbon-14
(2) Ruthenium-l06 and 103
(3) Xenon-133 and l3S
(4) Cerilun-144 and 141.

2. PHYSICAL CONSIDERATIONS

The term beta-particle was originally
used to refer to those particulate emissions
of radioactive nuclear decay which had small
mass (to distinguish them from alphas) but
were charged (to distinguish them from ganunas).
Although the naturally-occurring beta emitters

are sources of negative betas (6-), the
artifically-produced isotopes include a large
nunmer of 6+ emitters as well.

A beta particle is an electron. This
fact was not known when beta-radiation was
first discovered by Rutherford in the earliest
days of nuclear physics, but as time went
on the properties (mass, charge, interactions)
of the two types of particles turned out to
be identical. Nevertheless, some doubt as
to the exact identity of the two particles
existed for a long time. }Vhat finally settled
the issue were two discoveries: first, the
fact that positive 6+ particles annihilated
with atomic electrons; and second, the fact
that 6-, when captured into atomic orbits,
obey the Pauli exclusion principle just like
electrons.

Beta-emission can be thought of as a
mechanism for adjusting the relative numbers
of neutrons and protons in a nucleus, to bring
the neutron/proton ratio closer to the "region
of stability" on the chart of the nuclides.
For practical purposes, negative beta emis
sion can be thought of as the "conversion" of
a neutron to a proton within the nucleus.
Indeed, the simplest case of nuclear beta
decay is the decay of a free neutron into a
proton, a negative beta, and an anti-neutrino.
Proton-to-neutron conversion produces positive
beta particles.

We shall not go into detail here about all
of the many features which characterize beta
decay. However, one key feature, essential
to design of beta detection instruments, must
be discussed. That feature is the experimental
fact that beta particles emerge from nuclear
decay with a spectrum of energies. It is now
kno~~ that all beta-emission is accompanied by
the emission of a neutrino (or anti-neutrino),
whose symbol is v (or V). The neutrino is a
massless particle with only very weak inter
actions as it traverses matter. The DvO par
ticles (6- and V, or 6+ and v) together with
the recoiling nucleus share the available
kinetic energy. It is this sharing which pro
duces the '''ide beta energy spectrum. Thus
6- and 6+ emission can be thought of as the
following "virtual" processes within a nucleus:

n -+ p + 13- + v

p -+ n + 13+ + v.

Beta emission is commonly tabulated and
referred to by its maximum possible beta energy,
Emax . The spectrum, however, ranges all the way
from Emax to zero energy. The energy distribu
tion reveals details about the dynamical processes
(for example, nuclear spin-flip or non-flip) which
occur within the nucleus during the decay. In
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H 3
Avg./hnergy 6·7 keY

Cll
Avg.p energy 389-3 keY

C14
Avg. p energy 49'3 keY

o

Spectrum No: 1
Energy keY 156
% Emission 100
Type of fJ
£:0115510n

Type 01 0
Iransilion

1 Ref,:' Llderer.C.M. ,t 11
, Tables of ISOlopel 6th Ed.

Spectrum No: 1
Energy keY 970
% Emission 100
Type of {3 ~

emission
Type 01 0
transiliol\

o

Spectrum No: 1
Energy keY 18-6
%Emission 100

Type .of fJ-
emiSSion
Type of
transilion

t
Ref.: lederer.C.M. et ~I

Tables of Isotopes 6lh Ed.

N13 o 15 Na 22
Avg. f3 energy 487 keY Avg. f3 energy 719·9 keY Avg.{3 energy 214·7 keY

Spectrum No: 1 Spectrum No: 1 Spectrum No: 1
100 Energy keY 1190 100 Energy keY 1700

100 Energy keY 545

80 % Emission 100 % Emission 100 80 % Emission 100
Type 01

80
{3~ pi' /3+emission

% %
0 0 0

0

Particle energy, MeV Particle energy, MeV Particle energy, MeV

Na 24 P32 S 35
Avg.(3 energy 552·9 keY Avg.j3energy 692-9 keY Avg.{3 energy 48-6 keY

100
Spectrum No: 1 2 Spectrum No: 1 Spectrum No: 1
Energy keY 2801391 100 Energy keY 1708 Energy keY 167

0-04100 % Emission 100 % Emission 100

rr Type 01 {3- Type 01 p-
% % emission emission

0 0 Type of 0 40
Type of 0

transition transition

20
ReI.: Lederer, C.M. ,t "

20 A.r.: NRC 59·8-100 20 Tables of ISOlopt'lS 6th Ed.

t t
0 0 0

Particle energy, MeV Particle energy, MeV Particle energy, MeV

CI 36 AR41 K 43
Avg. f3 energy 321- 3 keV Avg.f3 energy 295'3 keY

Spectrum No: 1 Spectrum No: 1 2 Spectrum No: t 2 3 4

Energy keY 714 2490 1200 Energy keY t 81 0'240820460
% Emission 100 0'78 99
Type 01

% Emission 1·33·5 87 8
{3- p- p- Type of

% 60 emission "'- {3-r P-
2'

% % emission

40 0 Type of
40 transition 0 0 0 0

20 20
20 Ref.: ltdtlrer C M. It"

Tabttls of Isutopes 61h Ed.

0 0 0

FIGURE 1. The beta ray spectrum and average beta energy of 59 isotopes (from Mantel, Ref. 1),
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Ca 45
Avg. p energy 76· 2 keY

Ca 47
Avg. {3 energy 332·1 keY

Sc 47
Avg. {3 energy 160·6 keY

o 0

Spoctrum No: 1 2
Energy koV 440 600
% Emission 70 30

Typo of fJ - fJ-
emission

o

40

20

MeV

o 0 0

{r p-p-

Type of
transition

Spectrum No: 1 2 3

Energy keY 670 1979 1480
% Emission 82 16 2
Type of
emission

o

40

20

60
%

Spectrum No: 1
Energy koV 254
% Emission 100
Type of remission

Typo of 0transition

100

2o

Co 60
Avg. {3 energy 94'7 keY

Spectrum No: 1 2
Energy keV 313 1486

% Emission 100 0-12

0·60 0'90 1·20

Particle energy, MeV

Type of
emission

'Typo of
transition

Ref.: l&<terer.C.M. et .1
Tables of Isotopes 6lh Ed.t

000

123
130271462

1 46 54

P- fJ- fj-

Spectrum No:
Energy keY

% Emission

Type of
emission

Type of
transition

Fe 59
Avg. f3 energy 116'9 keY

o

40

20

%

IRef,: Lederer C.M. et "
Tables of Is.olopet 6th Ed.

Spectrum No: 1 2 3

Energy keV 1540
13

gJ30

50 35 15

{3+ p+ pt

000

Cr 49
Avg. f3 energy 586·9 keY

o

100

o I' 0

Rof.: L_.C.M.•, .,
Tabl" 01 110'01'" 8th Ed.

Spectrum No: 1
Energy keV 324
% Emission 100

Type of {3 +
enllS$lon
Type of 0
transition

Zn 65
Avg. f3 energy 140'8 keY

Spectrum No: 1 2 3

Energy koV 2200
1380

710

42 35 23

{r rr rr

Ge 77
Avg. (3 energy 615·7 keY

o

80

40

20

100

%

MeV

o 0 0 I' 1'1'1'

ReI.: NRC 59·'·2'

Spectrum No: 1 2

Energy keY 571 657
% Emission 38· 7 19

Type of rr {3 t
emission

Type of
transition 0 0

Cu 64
Avg. f3 energy 218'2 keY.

Spectrum No: 1 2 3 4 5 6 7

Energy koV 66~8<?515J3~052~1 00

% Emission 17 24 35 7 7 5 5

Ga 72
Avg. f3 energy 426-4 keY

Cu 61
Avg. f3 energy 500·3 keY

Spectrum No: 1 2 3 4

100
Energy keV 122fl J>40

560
51 2 5 3

80 /3+ /3+/3+ fJ+ 80

% % 60
o 0 0 0

40 40

20 20

0

MeV

Ga 68
Avg. {3 energy 807·7 keY

Spectrum No: 1 2

100 Energy keY 1880770

100 4 10080
p+ fJ + 80

% 0 0 %
60

40

20

0

FIGURE 1. (Continued)
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o

Spectrum No: 1
Energy keY 444
% Emission 100
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t Ref.: NRC 59·5·36
NRC 59·5-35

Type of
emission

Type of
transition

As 76
Avg. {3' energy 1079·3 keY

Spectrum No: 1 2 3 4 5 6 7

Energy keY ~185?2ol/~1~970

% Emission 0·6 0·9 3·6 56·4
1·3 6·6 30·6

o 0'40 1·20 2'80

Particle energy. MeV

40

20

%

tRef.:NRC 59·4·66

As 74
Avg_ {3 energy 415- 7 ~eV

Spectrum No: l' 2 3 4

Energy keY '9101516360720

26'13617714-5

{3~{j+{rrr

o

20

%

Kr 85
Avg_ {3 energy 245·3 keY

Rb 86
Avg. f3 energy 670·9 keY

51'90
Avg. f3 energy 196 -1 keY

rr

Speclrum No: 1
Energy keY 544
% Emission 100
Type of
emission
Type of
transitioll

Particle energy, MeV

o

20

60

40
%

I' 1

rr r
Ty..,., of
transition

Spectrum No: 1 2
Energy keY 696 1777
% Emission 9 91

o 0-300'600-90 1·20 1·50

Particle energy, MeV

40

20

o 1

{3- {3- %Typo of
emission

Speclrum No: 1 2
Eneryy keY 150 672
% Emission O' 7 99

o 0·1 0-2 0·3 0·4 0'5 0-6

Particle energy, MeV

10017'"-_~

80

% 60

40

20

o

Type of
emission

Type of
transition

ReI.: NRC 60·5·120

0·40 0·60 0-80

Particle energy, MeV

o

40

%

Ref.: NRC 60·5·119

o 0

1'00

Particle energy, MeV

Type of
emission

Type of
transition

o

20

40

Zr 95 Nb 95
Avg. ,13 energy 119·1 keV Avg. {3 energy 46·3 keY
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FIGURE 1. (Continued)
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Ref. : LederM'. C. M." ,1
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3 4

Range-energy curves for beta-rays
in various substances. Note that
both scales are logarithmic.
(Ref. 2)

0<l1 '------ol~..l..__'__LL...L..I....L.L.L..J.....L..JL.L_...L-__'____'____'__.LJ

) ·1 . ·2·3·4 ·5 -6 ·7 ·8 ·9 1

Beta ray energy, MeV

5..
100~

U
'f
11
~

i.c
0 10
~

'"c
~

E
~

E
'K

i

0,'

FIGURE 2.

The maximum energy in beta decay can be
very small (Emax = 18.5 keV for tritium) or
very large (Emax = 3.53 MeV for one of the
betas from rhodium-l06). However, most Emax
values are in the energy region between 0.3
and 1.0 MeV. Because electrons of this
energy stopping in material do not traverse
with the kind of clean, straight trajectory
typical of heavier particles such as alphas,
it is not nearly as meaningful to speak of
their "range". This is due to collisions
with atomic nuclei; at the energies in
volved, electron-nuclear scattering has a
wide angular distribution. However, range
energy curves for betas are in wide use;
they usually deal with what is called the
maximum range. Cember (Ref. 2) notes the
useful rule-of-thumb that the absorber
thickness which stops one half of the betas
is found to be about one-eighth of this
"range". Figures 2 and 3 (from Cember)
show the ran~e of betas in various materials
and in mg/cm ,respectively. For materials
with low atomic numbers, the range in
mg/cm2 (Fig. 3) accurately fits the observed
behavior.

Figure 1, a large number of beta spectra are
shown. These spectra (from Ref. 1) demon
strate the wide variety in the types of spectra
which characterize beta-decay.

The main detection mechanism for betas
is ionization energy loss, that is, the
interaction with the atomic electrons.
Although ionization and nuclear scattering/
deflection occur simultaneously for betas
traversing through matter, the phenomena are
sufficiently different that they can be con
sidered separately.

10

Like all charged particles, betas lose
more energy per unit material traversed as
they come to the end of their range and stop.
However, the effect does not become very
significant until the kinetic energy is
below about 100 keV. This can be seen in
Fig. 4 (from Ref. 2), which shows the
specific ionization (number of ion pairs
per cm) in air as a function of beta energy.
(The average energy lost per ion pair in
air is about 34 eV.)

1·0
>
i
,:

~
.5

0·1

',0 10 100

Range. mg/cm 2

1,000 10,000

Another feature of electron interactions
is bremsstrahlung, which is the emission of
photons by the electrons as they decelerate
in a medium. The energy distribution of
the bremsstrahlung photons emitted by an
electron of energy E is a liE spectrum, so
that most bremsstrahlung from beta particles
is soft. However, even behind an absorber
thicker than the "maximum range" of the
betas, penetrating bremsstrahlung photons
will sometimes appear and be detected. This
is another reason why the "range" of betas
is a concept without exact meaning. Brems-

FIGURE 3. Range-energy curve for beta particles.
The range is expressed in units of
density thickness. Note that both
scales are logarithmic. (Ref. 2)

strahlung also occurs for heavier charged
particles, of course, but the probability is
proportional to 1/M2; thus for alphas it is
less probably than for betas by a factor of
(mS)2/(rna)2 = 1.9 x 10- 8

, a very small number
indeed.
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twice the 511-keV mass-energy of each particle.
This gamma energy can be detected, of course,
and can provide a unique signature for a
stopping S+.

Some beta emitters are "pure", that is
there are no other accompanying radiations.
Examples of pure beta emitters are tritium,
carbon-14, phosphorus-32, sulphur-35, calcium
45, and strontium-90. More commonly, beta
emission is preceded, accompanied, or fol
lowed by emission of photons (gamwa rays,
x-rays). Examples are cesium-137, krypton-85,
and cobalt-60.

Beta particle energy, MeV

FIGURE 4. Relationship between beta particle
energy and specific ionization of
air. Note that both scales are
logarithmic. (Ref. 2)

The following is quoted from Cember
(Ref. 2):

"For purposes of estimating the
bremsstrahlung hazard, the following
approximate relationship may be used:

f = 3.5 x 10-4ZE,

wllere f = the fraction of the incident
beta energy converted into
photons,

Z atomic number of the absorber,
E maximum energy of the beta

particle, MeV.

"Because the likelihood of
bremsstrahlung production increases
with atomic number of the absorber,
beta-ray shields are made with
material of the minimum practicable
atomic number. In practice, beta
ray shields of higher atomic
number than 13, aluminum, are
seldom if ever used. 11

In all of the above discussion, the be
havior of S+ particles (positrons) is essen
tially identical to that of S-. Positrons
exhibit nuclear scattering, ionization energy
loss, and bremsstrahlung. In these features,
only minor deviations from the behavior of
S- occur. The one feature in which S+ differ
from their negative counterparts is, of
course, annihilation: they essentially always
annihilate at rest, and sometimes in flight,
by interactions with the atomic electrons they
encounter. The annihilation converts the
rest energy of the (S+/e-) pair into photon
energy shared by the resulting 2 or 3 gamma
rays. This total rest energy is 1.022 MeV,

It might seem curious to list 60Co as a
beta-emitter, since it is nearly always thought
of as a gamma emitter (which it is: its two
gammas are very widely used in medical therapy).
This illustrates a distinction between beta
and gamma emission which for many nuclides is
completely arbitrary. In common usage, a
chain of decays from a radionuclide to its
daughter is usually characterized by whichever
of its components is either the n~st probable,
or the most easily detected, or the most use
ful in applications.

Figure 5, from infoI11la tion in Ref. 3,
shows the principal decay schemes of the
isotopes tritium, cesiunl-137, and cobalt-60.
Tritium exemplifies the case of a pure beta
emitter. Cesium-137 has two decay modes into
barium-137: for 6.5% of the decays, a S
(Emax = 1.176 MeV) leads directly to the 137Ba
ground state; for the remaining 93.5%, a S
(Emax = 514 keV) leads to an isomeric state
with half-life 2.55 minutes, which goes to
the ground state by emission of a 66l-keV
gamma. Cobalt-60 is the well-known "gamma
emitter", because of the two prominent gammas
(1.173 and 1.332 MeV) in the decay chain.
However, it can be seen that a S- always
accompanies the decay: for 99.88%, a S-
(Emax = 319 keV) precedes the sequential two
gamma emission; for 0.12%, a S- (Emax = 1.48
MeV) leads directly to the intermediate state,
followed by emission of the single 1.332-MeV
gamma.

3. MEASURElvlENT CONSIDERATIONS

Figures 2 and 3 show that the range of
betas is short. For isotope identification,
the total ionization deposited in stopping a
beta is not as useful a signature as it is
for gamma or alpha detection, because of the
distributed spectrum. This means that
absolute isotope identification must rely
upon either precise spectral measurements,
or upon chemical separation techniques. Since
each of these poses special problems, each
has been the subject of much intense research
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A. Detectors which Measure Particle Flux or
Dose Equivalent

There are two types of measurements in
this category:

1. A measurement of particle flux
(particles cm- 2 sec-I) may suffice
(e.g., spills).

5.26 years {3 - ( E max =0.319 MeV), 99.88 %

Y ( 1.173 MeV)

Y (1.332 MeV)

60 N'
28 I

{3- ( E max = 514 keV)

93.50/0

2.55 min

{3- (E max =

1.176 MeV) Y (661 keV)

6.5%

137

56
80

X BL 729- 4079

2. A measurement of dose equivalent may
be required. This can occur when
unavoidable exposure must be quanti
fied for radiation protection pur
poses. Since the quality factor for
betas is unity, dose equivalent
(rem) is numerically equal to absorbed
dose (rad).

In either of these cases, it is always
preferable to ascertain the specific radio
nuclide(s) responsible for the activity.
However, in neither case is it always possible.

For detection of betas on or near a
surface, an important requirement for a beta
detector is a thin-window or thin wrapping.
Typical windows in beta counters have thick
nesses of a few mg/cm2

• The window thickness
of a survey instrument is often determined by
the desire to count alpha particles as well;
in this case windows of a fraction of a mg/cm2

may be used. Alternatively, it might be
desirable to screen out alphas and detect
only the betas, in which case thicker windows
are called for. Because of the continuous
spectrum of betas, there will always be some
particles on the low-energy end lvhich are not
detected. For survey instruments, especially
where the radionuclide responsible might be
unkno~~, the thin window is required to mini
mize this low-energy absorption loss.

Once a beta particle penetrates the
insensitive windolv or ~~apping, its detection
is possible using any of a number of mechanisms
(ionization chambers, scintillation detectors,
solid state detectors, Geiger-~fuller tubes,
gas proportional counters).

for
spilled

FIGURE 5. The dominant transitions in the
decays of tritiumJ cobalt-60 J and
cesium-137 (information from Ref. 3).

and development effort. We shall discuss
them separately below.

Detection and measurement are quite
different concepts, of course. For many
pUI~oses, mere detection is sufficient:
example, when a beta-active material is
and needs to be located and cleaned up.

For survey work, the most conmon instru
ment is a G-M counter or proportional counter
with a thin window, through which betas pene
trate. The chamber is usually filled with
gas at slightly more than 1 atmosphere, and
the amount of gas is determined by the criterion
that a beta have a high probability of pro
ducing at least one ion pair. This dictates
a path-length of 5 to 10 mm of gas (Ref. 4),
to assure ion-pair probabilities in excess
of 99%. These instruments do not nOlTIally
stop any but the lowest-energy beta particles,
and are completely unable to provide spectral
information.
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For measurements of the type which
concern us, various ionization-detecting
spectrometers are common. We shall discuss
the following types separately:

is the most difficult problem in calibrations.
Another concern is the problem of jamming of
ratemeters at high instantaneous rates. A
well-designed instrument must have a way of
letting the operator known that it is being
jammed.

The key parameter in any spectrometer
system is, of course, energy resolution.
Resolution is nearly always balanced against
sensitivity (measured by such parameters as
solid-angle acceptance, counting rate, source
thickness) in the sense that attainment of
the very best resolution is usually accompanied
by a sacrifice in one or another of these
parameters and hence in sensitivity.

For separation of beta-emitters from
each other by spectral analysis, the ultimate
in resolution is not typically crucial, be
cause of the broad energy spectra of the
betas, and is not usually designed for at the
expense of a sacrifice in sensitivity. Some
compromise is usually achieved depending on
the type of isotope-differentiation desired.
1~en detection of mono-energetic conversion
electrons is desired, of course, the resolu
tion becomes a crucial parameter.

gas proportional counters
solid scintillation counters
liquid scintillation counters
solid state detectors

i.
ii.

iii.
iv.

B. Beta Spectrometers

Precision beta spectrometry has been one
of the most valuable research tools in under
standing the detailed features of beta-decay
nuclear dynamics: the shape of the spectrum
is sensitive to a number of parameters in
the quantum-mechanical matrix elements which
govern the decay. Here, we shall only con
cern ourselves with the use of beta spectro
metry in another task: differentiation
between different beta-emitters in a mixed
or unknmm sample.

The very best energy resolution is
achieved by the class of spectrometers which
use momentum selection in a magnetic field.
We will not discuss these here, since they
are seldom used in environmental monitoring
measurements. Their role in research, of
course, is indispensable. Perhaps the most
complete discussion of spectrometers of this
type is Siegbahn's article in his monumental
compilation (Ref. 5), where various types of
spectrometer designs are discussed, compared,
and criticized.

For beta absorbed dose measurements, the
thin-window ionization chamber is the most
frequently used instrument. It is also sensi
tive to gammas, and "beta/gamma" ion chambers
are widely available commercially. These
instruments are usually calibrated using gamma
sources (e.g., cobalt-60), and have read-outs
in absorbed dose (rad) or less commonly in
exposure (roentgen); this latter is not a
sensible unit for expressing beta measure
ments, however.

Windows on G-M detectors are today com
monly made from various organic films such
as Mylar, with a vacuum-evaporated conducting
surface on the inside. For survey use, G-M
tubes usually employ one of two special mix
tures as the counting gas: (98.7% helium +
1.3% butane), or (99.05% helium + 0.95% iso
butane). Proportional counters employ either
pure methane or a mixture known as P-lO gas
(90% argon + 10% methane) (Ref. 4).

Calibrations of ratemeter instruments
involve using a known radioactive source in a
known geometrical configuration. This last

When a tissue-equivalent ion chamber is
used, the measurement is fairly well repre
sentative of absorbed dose, provided the wall
thickness allows the betas to penetrate. The
problem with windows this thin is that they
may not be thick enough to achieve particle
equilibrium by incident gamma rays in the MeV
energy range. In situations where mixed
energy, mixed-species beta/gamma activity is
present, use of a series of window thicknesses
is advised in order to estimate the true ab
sorbed dose more accurately. This discussion
points up a most important fundamental aspect
of radiation protection measurements: more
important than accurate measurements of some
components of a mixed field is the assurance
that all components are at least qualitatively
identified. The reader is referred to the
section on "Particle Equilibrium" elsewhere
in this Volume for details.

Absorbed dose should be proportional to
the total energy deposited in the detector
sensitive volume. As such, it properly inte
grates over the beta energy distribution.
Particle flux, on the other hand, .merely
measures all particles energetic enough to
pass through the detector insensitive layer
and then produce enough ionization to make a
"count". Even if the particular beta-emitting
nuclide is known, it is still not easy to
calculate absorbed dose from flux, since both
the energy spectrum and various geometrical
effects (thickness of the source, solid angles)
enter into the calculation. If there is
ignorance as to the isotope responsible, it
is simply impossible to go from particle flux
to rad.
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Among the ionization-detecting spectro
metric techniques which we will not discuss
here are cloud chambers, enlulsion detectors,
Cerenkov counters, and differential range/
absorption measurements. None of these is
used commonly in applications which concern
us.

The use of ionization chambers for beta
spectroscopy is restricted by the small
pulse-height. In the pulse-ion-chamber mode,
a fundamental limitation is a lack of suf
ficient pulse size: an electron with low
enough energy to be completely absorbed in
any reasonably-sized chamber does not produce
enough primary ionization. With the use of
pressurized ion chambers, higher energy betas
can be fully stopped so this is less of a
restriction. However, the thick walls re
quired to withstand the pressure make external
counting impossible, so that internal sources
must be used. A discussion of pulse ion
chambers can be found in the section "Alpha
Particle Instrumentatiorr' elsewhere in this
Volume. The gas proportional counters (dis
cussed next) are the preferred gas-filled
instrument for beta spectrometry.

i. Gas Proportional Counters

The gas proportional counter was not
widely used for beta counting in the early
days of nuclear physics, chiefly because of
the difficulty in achieving the high gains
and good stabilities required. With the
development of better electronic systems and
improved gas-purification, beta counting
with proportional counters has become perhaps
the most common technique for routine measure
ments. Today, gains of 10 4 to 10 5 are typical,
and even 10 6 is used in some counters for
beta spectrometry at low energies.

The gas-filled proportional counter is
distinguished from the ionization chamber
by the following feature: the primary ioni
zation electrons are accelerated by the high
fields to a point where they produce further
ionization by collisions in their passage
through the gas to the collector. For beta
counting, the main requirement is high gain,
in order to overcome the low initial ioniza
tion of the primary betas. A discussion of
the way pulse height varies with applied
voltage can be found in many sources, for
example in the book by Curran and Craggs
(Ref. 6). The operating characteristics of
these counters has been described well by
Curran and Wilson (Ref. 7).

The choice of gas for filling is parti
cularly critical for beta counting (in
contrast to alpha counting, where gains of
~100 are usually sufficient and a wide
variety of gases will do). The governing

parameter for resolution in a gas counter is
the amount of energy required to produce a
single ion pair. The choice of counting gas
(and its purity) depends on this parameter.
A common gas is P-lO (90% argon/lO% methane).
Quoting from Ref. 7:

"Pure argon is unsuitable,
o'ving to the existence of a long
lived excited state which gives
rise to after-pulsing. On the
other hand, higher concentrations
of methane give much higher operating
voltages. The methane may be re
placed by nitrogen, carbon dioxide
or other gases without notable loss
in performance. Many gases are
unsatisfactory for use in propor
tional counters operating at high
gas gain, principally because of
their electro-negative character
involving the capture of electrons
to form negative ions."

The gas impurities which are least tolerable
are the halogens. Noble gases are often
chosen partly because of the low average
amounts of energy required to produce an ion
pair (26.4 eV/pair for argon, 24.2 for krypton).
Neon can be used, but its value is 36.6 eV/
pair and it has a lower stopping pmver than
argon at a given pressure. Methane is the
most common mixing gas because of its value of
27.3 eV/pair, and because argon/methane can
be easily purified (Ref. 7).

The "maximum range" of a one-MeV beta
in air at STP is about 300 cm (Fig. 2); thus
it is obvious that to stop betas of this energy
in any gas, the vessel must be pressurized.
Pressures of a few atmospheres have been com
monly employed, and work has even been done
on pressures above ISO atmospheres, in order
to stop betas in a very small geometrical
area. The design of counters to minimize the
problems with walls has been well discussed
by Curran and Wilson (Ref. 7). These authors
also discuss another technique for detecting
betas of high energy: the use of a magnetic
field to confine the particles to the volume
and increase their path length.

As with any of the techniques involving
radionuclides, source preparation is a critical
step in the measurement process. The problem
is not as severe as for al~has, in which
thicknesses of a few ~g/cm are required;
however, for low-energy beta spectrometry as
little as a fraction of a mg/cm 2 is necessary
(see Figure 3). Techniques such as evapora
tion, sublimation, freeze drying, electrolytic
deposition, and lacquering have all been used
successfully, and are discussed by Curran and
Wilson (Ref. 7). Another technique, des
cribed by Phillips and Kauffman (Ref. 8), uses
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thin (~ ~g/cm2) conductive films upon which the
sample can be deposited. This enables the
sample to be counted with essentially total
geometrical efficiency.

ii. Solid Scintillation Counters

The advantages of using a scintilla
tor coupled to a photomultiplier tube for
beta spectrometry are the fast time response,
high gain, and relatively low noise of the
system. Another advantage of solid scintil
lators is that they are available commercially
in a wide variety of sizes and shapes. Since
most betas will normally all stop in thick
nesses of the order of 1 em of scintillator,
detectors of modest size may be used.

Unfortunately, the widespread use of
solid scintillators for spectroscopy is
hampered by several factors. Perhaps the most
important is intrinsic resolution: the ioni
zation energy required to produce one photo
electron at the tube photocathode in these
counters is about 300 eV, compared to about
30 eV/ion pair in a gas and only about 3 eV/
electron-hole pair in semiconductors. This
intrinsic limitation makes high resolution
measurements with scintillators uncompetitive.
However, it is often the case in beta-spectro
metry that high-resolution systems are un
necessary, due to the wide spectrum of the
beta energies. Thus for many applications
the intrinsic resolution of scintillators is
sufficient.

Another problem with betas is back
scattering. When an ensemble of low-energy
electrons impinges on a solid (scintillator)
surface, a significant fraction will back
scatter out before coming to rest. This is
due to multiple-Coulomb-scattering inter
actions, and the effect increases with atomic
number. Quoting from Neiler and Bell (Ref. 9):

"About S% of the S-rays
entering a flat anthracene surface
from a nearby source will scatter
out before being stopped and
hence will produce smaller pulses
than they shOUld. For NaI(Tl), on
the other hand, SO% to 90% of the
entering electrons will scatter out
before stopping. It is consequently
quite difficult to obtain a satis
factory S-spectrum using NaI(Tl)
wi th an external source."

Although the scattering out may be re
duced by collimating the beta-particles in
front of the phosphor, this is still not a
sufficient remedy' for the higher-3 materials.

One advantage of solid scintillators is
their ease of calibration: using a gamma
source, an absolute calibration can be relied

upon to detect long-term drifts in pulse
height due to phototube gain changes. Another
advantage is the inherently low background
from such detectors compared to gas-filled
counters. This is due to their small size,
and the ability to use electronic discrimina
tion to bias against any minimum-ionizing
high-energy cosmic rays 'vhich traverse the
scintillator.

As discussed above, many beta particles
are accompanied by coincident gamma rays or
daughter x-rays. These can be measured by a
two-phosphor coincidence arrangement, and
can be used as a unique signature for certain
particular nuclide decays. To take advantage
of this property, one can place the unkno'vn
beta-emitter between two crystals. The use
of these systems is described by Neiler and
Bell (Ref. 9). Of course, one of the problems
of beta-spectrometry in these cases is that
a single-phosphor detector will have a dis
torted pulse-height spectrum from those events
in which both the beta and the photon register
in the same scintillator.

There is one application in which solid
scintillators have found some use: the measure
ment of gaseous beta-active nuclides (tritium,
krypton-SS). The section on ''Tritium'' contains
a detailed discussion of this type of applica
tion. The problems of backscattering and
resolution are just as important, but they may
be counterbalanced by the ease of sample pre
paration and handling.

iii. Liquid Scintillation Counters

The use of liquid scintillation
counting for betas is described in detail in
the section on "Tritium" elsewhere in this
Volume. Liquid scintillator is applicable
wherever the active nuclide can be dissolved
or suitably immersed in the liquid: the
detection efficiency is 100% except for the
betas escaping from the volume near the edges.

This technique is very sensitive, and is
commonly used for carbon-14, krypton-SS, and
xenon-133 as well as for tritium. An important
disadvantage is the cost, since liquid scintil
lator must be discarded after the sample is
dissolved in it and counted. Also, the
intrinsic energy resolution is not great: the
same comments which were made about plastic
scintillator in the previous paragraphs apply
equally well here.

As with plastic scintillators, the liquid
systems can yield distorted energy spectra for
those radionuclides in which the beta-emission
is accompanied by or followed closely by x-ray
or gamma emission.

Another problem with the introduction of
varied or unkno~~ samples into liquid scintillator
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is quenohing: either by coloration of the
liquid, or by allowing chemical reactions to
compete with light emission as a de-excitation
mechanism for the scintillator molecules
(Ref. 4).

iv. Solid State Detectors

The entire field of nuclear spectro
scopy was revolutionized in the early 1960's
by the introduction of solid state semicon
ductor detectors for high-resolution particle
detection. The most striking advances were in
the field of gamma spectroscopy, where the
resolution of previous techniques (such as
NaI(Tl) scintillators) was surpassed by large
factors. For beta spectroscopy, the advances
have been nearly as great, but the importance
of the new technique for beta spectral work
has been far overshadowed by the gamma spectro
scopy. Partly, this is due to the lack of need
for very precise energy resolution in much of
beta spectroscopy research, because of the
wide energy spectrum. However, for conversion
electrons, this technique will provide very
high selectivity for the mono-energetic line.

From Fig. 2, it can be seen that the
maximum range in aluminum of a 1 MeV beta is
1.4 mm. This is sufficiently short that betas
can be totally absorbed in solid state detectors
of quite modest dimensions. (Silicon is
nearly identical to aluminum in its stopping
power for betas.) Two problems are important,
however: First, some backscattering will
occur (as discussed above in the section on
solid scintillators), resulting in a degreda
tion of energy resolution on the low-energy
side for a fraction (several percent) of the
incident betas. This effect is not as serious
for silicon as it would be for a high-Z scintil
lator like NaI(Tl), because of silicon's low
atomic number. Nevertheless, it contributes
to the difficulty in measuring low-energy
spectra in the presence of high-energy betas.

Second, a premium is placed on making the
dead layer at the surface of the detector as
thin as possible. For this latter reason,
detectors with sensitivity almost directly at
the surface have been developed. These are
the siZioon surfaoe-barrier deteotors.

Surface-barrier detectors have been dis
cussed in the section "Alpha Particle Instru
menta tion" elsewhere in this Volume; we shall
repeat much of that discussion here. For
detailed discussion of the theory of operation
of these devices, the reader is referred to
several excellent discussions in the litera
ture (Ref. 10, 11, 12, 13).

A typical silicon surface-barrier detector
is a cylindrical diode with a very thin p-type
silicon layer on the face of an n-type silicon
,vafer. Above the p-type layer, a thin surface

of gold (thickness < 0.02 microns, <40 ~g/cm2),

provides the negatively biased electrical
contact; the positive bias is made through
some metal contact (e.g., aluminum) on the back
of the n-type silicon. The gold layer also
serves as a means of protecting the active
elements from contamination. Detectors with
depleted depths from about SO microns to a
few millimeters are now commercially available,
with surface areas from a few to several
hundred mm2.

A beta detector using silicon or germanium
has several distinct advantages over a gas
filled detector. The two primary advantages
are:

1) For a given amount of energy lost
through ionization, the number of
charge carriers (corresponding to
ion pairs in the gas) is greater
by a factor of as much as 10. This
decreases the fractional statistical
fluctuations in the ion collection
process, and is the main reason for
the superb resolution.

2) Collection time in the nanosecond
range makes fast time resolution
possible; this is due to the high
mobilities and short distances
involved.

Among the difficulties associated with
surface-barrier detectors are:

1) The detectors are fragile and require
careful storage and handling.

2) The output signals are very small,
and electronic amplification is
required.

3) Noise in the detector/amplifier
system is often the dominating
characteristic around which a system
is designed.

4) The detectors can become contaminated,
and once this happens decontamination
is essentially impossible.

Of course, the detection efficiency is
essentially 100% for betas which enter the
sensitive area of the detector (backscatter
loss being the dominant degrading effect).
Furthermore, backgrounds from external sources
(e.g., cosmic rays) or from detection of gamma
rays are very small because of the small size
of a typical detector.

Energy resolution is the main reason for
the choice of a surface-barrier detector.
Broadening due to random noise fluctuations
in the detector and/or preamplifier is an
intrinsic limitation. In addition, there is
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broadening from backscatter losses, and from
variations in the energy lost in the dead
initial layer. Line widths of about ±5 eV
for electrons in the 1 MeV region are typically
obtained in the best systems.

C. Gross-Beta Measurements in Water

Measurements of gross-beta in water are
now well-standardized. The standard techni
que is described in the compilation Standard
Methods For the Examination of Water and
Wastewater, 13th Edition (Ref. 14). This
method is used as a screening technique
throughout the United States, as one of the
mainstays of public-health monitoring. If
gross-beta levels are shown to be sufficiently
small, it is usually unnecessary to isolate
and measure individual radionuclides with more
complicated techniques.

The standard method deposits the sample
on a counting pan by oven or hot-plate drying.
Counting is with an internal gas proportional
counter.

In the presence of both alpha and beta
activity, the sep'aration can be accomplished
by measuring the counting rate vs. voltage; a
typical counter might respond as shown in
Figure 6. The first plateau is from a's, the
second from the sum of (a + S).

D. Gross-Beta Measurements in Air

Measurements of gross-beta levels in air
have been performed for many years, but only
recently has an attempt been made to standar
dize the method as has been done with the
Standard Methods in water. We will discuss
here the "Tentative Method of Analysis for
Gross-Beta Radioactivity Content of the Atmos
phere" (Ref. 16), recently adopted by the
Intersociety Committee.

Air particulates collected on a filter
paper are counted with an end-window Geiger
Mueller tube, thin-window proportional flow
counter, plastic scintillator, or solid state
detector. The choice of detector depends
partially upon whether or not gross-alpha
measurements are desired concurrently. In
that case, an internal gas proportional counter
would probably be the best choice. External
counting devices can be used to include or
exclude alphas depending upon the window
thickness.

The sensitivity of the method is of course
proportional to the volume of air moved through
the filter. To quote from Ref. 16, "A sample
of 10 m3 of air with a beta particulate con
centration of 3 pCi/m3 (3 x 10- 12 ~Ci/cc) will
contain 66.6 dpm, sufficient to produce accept
able precision in ten minutes' counting time."

ll.

"

FIGURE 6. Alpha and alpha + beta aounting rates
as a funation of voltage in a
proportional aounter (from Ref. 2).

"Since the effective radioactive
half-lives of the progeny of these
naturally occurring radionuclides
are controlled by relatively short
half-life radionuclides, namely
26.8 min 214Pb and 19.7 min 214Bi
for radon, and 10.6 hour 212Pb for
thoron, their interferences may be
nullified by waiting until these
daughter activities are negligible
before counting. This would require
about 3 days for the long-lived thoron
progeny."

This method is sensitive to those airborne
betas which are attached to particulate material
in the air. Naturally-occurring radon and
thoron (gases) can provide an interference. The
daughters of both radon and thoron are chemically
active and almost completely attach themselves
to particulate matter. Quoting again from
Ref. 16,

The accuracy of measurements of this type
depends upon several factors, among them the
uncertainty in the volume of air sampled; the
possible error from self-absorption effects
which may not be properly accounted for; and
calibration difficulties.

2000

Voltage

A

400

Quality control studies by the Environ
mental Protection Agency's Analytical Quality
Control Service (Ref. IS) have shown the
standard method to have very little bias.
Fifteen laboratories measured unknown gross
beta activities of about SO to 100 pCi/liter,
and the average over all samples was 0.99 ±
0.04 of the known quantities. However, one
key problem with gross-beta measurements is
that with any instrument there is some ef
fective beta energy below which the betas will
be absorbed and not counted . . . • hence
gross-beta measurements are intrinsically
iifficult to interpret.
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Because beta spectra are so broad, and
because of the possible energy-dependent res
ponse of many counting instruments, it is
desirable to perform calibrations with at
least two or three beta sources of differing
energies. If the dominant nuclide species
being measured or sought is unknown, "Cesium
137 is a desirable standard, since its average
energy corresponds to that of aged mixed
fission products in fallout" (Ref. 16).

The main difficulty in this technique
is assuring that a reliable sample is deposited
on the filter. Possible large errors may
result in sampling of dust-laden air. Another
problem (already mentioned) is self-absorption:
If the sample to be counted exceeds a few
mg/cm2 in thickness, a sizeable fraction of
the betas may not get out of the sample to be
counted without significant energy degradation.
This self-absorption is a strong function of
the low-energy end of the energy spectrum of
the (presumably unknown) beta-emitters being
measured.

E. Chemical Separation Techniques

In the above discussion, one theme has
been reiterated several times: because of
the broad energy spectrum of betas from an
individual radionuclide, the ability of even
the highest-resolution beta spectrometers
to identify individual emitters in a mixed·
sample is limited. Also, the relatively
short range of betas, especially at low
energies, may require that they be separated
from the bulk material of the sample.

For these reasons, chemical separation
techniques have been developed to concentrate
one particular element (or one class of ele
ments) prior to beta counting or spectroscopy.
The chief problem, as with any chemical tech
nique, is the possibility of uncertainties
in the yield of the element(s) being sought
as successive chemical procedures are per
formed. Of course, once a truly complete
separation has been made, spectrometry is
unnecessary: a "gross-beta" count may be
attributed to the radionuclide in question
and to it alone!

Decay chains and parent-daughter rela
tionships can also be used in some circum
stances, in which a good deal of information
can be obtained by following the in-growth of
a daughter, or the relative quantities of
nuclides following build-up and decay of a
long chain (such as the chains of alpha and
beta emitters among the heavy elements). The
in-growth technique is particularly useful
when the daughter's presence is more easily
detected than the parent's (e.g., strontium-90

measurements by determinations on yttrium
90) .

There is such a large number of chemical
separation techniques in the literature that
a comprehensive treatment of them here is pro
hibitive. We shall therefore only attempt to
summarize those techniques which have been put
down in some of the major compilations.

Among these compilations are the U.S.A.E.C.
Health and Safety Laboratory's Procedures
Manual (Ref. 17); the handbook of the EPA
National Environmental Research Center in
Las Vegas (Ref. 18); the U.S. Public Health
Service compilation (Ref. 19); and the Tenta
tive Methods published by the Intersociety
Committee (Ref. 16).

The beta-emitting radionuclides treated
here are:

i. carbon-14
ii. ruthenium-l06 and 103

iii. xenon-133 and l3S
iv. cerium-144 and 141

Beta-emitting radionuclides treated in
their own separate sections (see "Radionuclides")
elsewhere in this Volume are:

Tritium (Hydrogen-3)
Krypton-8S
Strontium-90
Iodine-129, 131

Some important contributors to gross
beta measurements in environmental samples
are daughters in the decay chain of radon-222.
Among these beta-emitters are lead-2l4,
bismuth-2l4, lead-2l0, and bismuth-2l0. These
are treated, along with the entire radon-222
decay chain, in the section "Radon-222 and
Its Daughters".

Many other contributors to gross-beta
levels are more easily determined by gamma
spectroscopy, and these also are not treated
here. For many environmental samples, gamma
spectroscopy is easier, more accurate, and
enables the use of larger samples in the bulk.
As an example, in natural rocks, where man's
impact has been minimal, one important beta
.emitter is potassium-40. 40K has an 89%
branching ratio to calcium-40 by 8- emission
(Emax = 1.314 MeV), but in rock-type samples
it is almost always preferable to detect the
1.460-MeV gamma which follows the electron
capture decay mode (11%) to argon-40.

A very large majority of the beta-emitting
nuclides are not treated anywhere in this
Survey either because they are essentially
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never found in environmental samples; because
their half-lives are very short; because they
are gamma as well as beta emitters and are
measured as such; or because procedures for
their chemical separation have not come to
our attention. As a guide to the user,
Table 1 shows all beta-emitting nuclides with
half-lives greater ,than 6 hours, by energy
and half-life. This useful table is taken
from the Radiological Health Handbook (Ref. 20),
and is itself a revision of a chart originally
compiled by Hallden of the U.S.A.E.C.

i. Carbon-14

Carbon-14 is one of the most well
known of the radionuclides: its use in
"radiocarbon dating" of archeological arti
facts has made it a household word. 14C is
a pure ~- emitter, with a very weak beta
(Emax = 155 keY) which is difficult to detect
in many media. The long half-life (5730 years)
which makes it useful in dating is a drawback
in measurements, since 14C occurs in environ
mental samples at low activity levels.
Carbon-14 is also widely employed in research,
such as when organic compounds tagged with
14C are used to trace biochemical processes
in living systems.

The primary mechanism for natural 14C
~roduction is by cosmic-ray interactions with

4N in the atmosphere. The reaction is
NI4 (n,p)C I4 . With its long half-life, the
radiocarbon ultimately gets into equilibrium
with the stable carbon in the biosphere. It
is not appropriate here to discuss in much
detail what is now known about carbon-14
production and distribution. The interested
reader is referred to other sources for more
information (Ref. 21, 22).

The problems with measuring 14C are in
many respects similar to the problems with
tritium, which also has a weak beta. Carbon-14
In biological or environmental samples is not
difficult to prepare for measurement, since
carbon-based chemistry is one of the most
sophisticated disciplines in the world of
science. For gas counting, organic samples
are usually converted to carbon dioxide by
combustion, and inorganic samples by decom
position with acids. The CO2 can then be
used as a gas, or alternatively converted to
BaC03 for counting as a solid. For liquid
scintillation counting, the CO2 can be trapped
in an organic base (for example, phenylethyl
amine or ethanolamine) and then introduced
directly into the scintillator solution
(Ref. 4).

Liquid scintillation counting is the most
common 14C measurement technique today. This
method is as sensitive for 14C as it is for

tritium: activities as low as ~0.2 pCi/cm3
of organic solvent can be measured. The
section on "Tritium" elsewhere in this Volume
contains a full description of the various
considerations in this technique, which will
not be repeated here.

The other common technique for 14C mea
surements is use of an internal gas counter
(proportional, G-MO with radiocarbon CO2
introduced to the counting gas, or as BaC03.
Again, the "Tritium" section contains a dis
cussion of similar techniques for tritium.

ii. Ruthenium-l06 and 103

Ruthenium (atomic number 44) is one
of the important fission product elements
which may be emitted by nuclear fuel-reproces
sing plants. The ruthenium isotope of most
interest in environmental media is 106Ru.
Its half-life is 367 days, and it is a pure
beta emitter (Emax = 39.2 keY) leading to a
short-lived daughter (Rhodium-l06), which itself
decays (T 1/ 2 = 30 seconds) to stable palladium
106 by a complicated ~- spectrum dominated by
a very energetic beta (Emax = 3.53 MeV) and
several half-MeV-range gammas.

The commonest beta detection technique
for 106Ru is measurement of the energetic
beta from the rhodium daughter. This can be
done, after chemical separation, with very
little interference. Since the 30-second
half-life of the daughter 106Rh is so short,
it is an ideal tag for the parent 106Ru, whose
own beta is so weak as to be almost undetect
able in a mixed sample.

Ruthenium-103 (40 days) is also found in
some samples. It has a multiple beta spectrum
dominated by an 89% mode with a low-energy
beta (Emax = 200 keY) followed by a 490-keV
¥amma. It can be detennined in a mixture with

06Ru by separate counting with and without a
heavy (~0.3 g/cm2) aluminum filter: the 106Rh
daughter beta of 106Ru will penetrate through
the filter while the 103Ru beta will not.
Since as little as 5 m~/cm2 of material will
screen out the weak 10 Ru beta, it is not
counted.

Ruthenium-l03 and 106 can both be counted
with gamma spectroscopy, and in many saIDples
this is the preferred method: one may detect
the 490-keV gamma from 103Ru or a 622-keV
gamma (11%) from 106Rh. Indeed, the radio
chemical technique in the HASL Manual (Ref. 17)
contains the following note: "This procedure
is recommended only for those samples in which
the ruthenium activity cannot be directly
measured by gamma spectrometric methods."
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TABLE 1.

H.It-ll Ie
Emn (Hsv! 0_1-0_ 3 0_ 3-0_ 5 0_5- 0_1

0-0_ I

6-12 hr. In'2 Tm l16 81 20 .. Pa 23l1 1135 Tllet Pb212 Ac228 Zn U Sr" Pd'OI
Pa 2311 Tat 80 Pb212 Ac22.8

Pa 2H

12 hr-I d Nb'o Pdl12 "U 1iS y87 Hb" )133 IrJ" CU IIl Ga 72 8r76

1130 Pr ll12 Gd lSI

Pt1t7 Hp2U Am 2q2

1-3 d HOi U lUl70 rain As71 ln72 Bal35 C,IH SmlS3 euA] 8r 77 8r l2 MOll Scilla Cun Ge n Ga72
lh" I Tblss ThUI Pa232 Np238 In llS Sn l21 re lSI 1187 .ls72 AsH RhlOS

TI200 Pa U2 Np23i Cd llS TIJ I31 r.e'u
gnl53 I' 87 Os I~3 tt1'l3.

3-5 d HOi" Yb175 10 132 DylU 'fb175 RelU PtlU Se lf7 Ybl15 AulU B12111 SeH Calf7 y87 pH
Au l99 Ta"3 Pb 2'.

5-10 d XIII]3 fbi 55 Cs' S I TIll IS7 lu 171 lu 172 lU I77 Sn 125 1131 h l33 Tbll l Mn52 ~o;:72 Ag 1'1

UU7 Er lU lu l77 1131 CS l32 fbi"
Pb 2O•

10-13 d ~d '11I7 Ir 110 Ha l31 Nd l1ll7 I'U CSIH 8a"0 Nd l '1 CSIJa
Pb2 I I

13-15 d Ra 22s

15- 20 d OSI.1 Eul SI Pano Villa As7"

20-30 d Pa 253 Th 2H Po2311l Pa233 Po 2'H Po 2311l

30-40 d Rh lO3 Nbts Ru l03 Te l21 Ce lllli Ce lllli

40- 50 d Fe S. Hg20J fes, Hf I a I

50-100 d S35 JlhlS Sb l2lll Trnl aa Se" Cosa lr's fbliO Sb l2lll fbiiO Ir l92

Tml18 ,I as

103-153 d Gd lSI
,Ia I ra l12 fa la2

150-200 d Callis LulH lUIH

200- 250 d ln lS

-'

253 d-I Y RUIOI AgllO Celli" COS7 Ce I" AglIO

1-2 Y Tm l71 Eu lSS Sn 121

2-3 y Cs 13IIl Sb l2S Pm"7 Na 12 Sb I 25 Cs I 3IIl

3-5 Y lu l72

5-10 Y Ra 228 C080 Ae221 Cdl13 Ae 228

10- 20 Y H3 Pb2 I 0 Pu2lll I EUlS2 EulSIII y237 Eu lS2 Kr 85 Eu l52 EU ISIIl

20-30 Y Ae 227 Sr to Cs 137

30-50 Y

50-100 Y Sml SI

> 100 Y NIl! Pdl07 RelS7 CIIIl Rb1J7 leU 112t CSIS5 Be lo !n 'IS Am2~ 2
Ac 2Z7 Ra228 Th 231 Th2' I Pa2" Th2,. IfpU8

Emitters of conver
sion electrons and posi
trons as well as emitters
of beta rays are in
cluded, since all these
particles produce similar
effects when absorption
methods are used to
determine energy.
lVhereas isotopes can
decay by emission of
beta particles of dif
ferent energies, the
emitter is listed in the
energy group correspon
ding to each beta, pro
vided its contribution
to total beta activity
is greater than 5%.
All the betas from one
emitter will lie in the
same half-life interval.
Isomers and metastable
states of nuclides are
included, but these pro
perties are not indicated
here.

Beta Emitters by Energy and HaZf-Life (from Ref. 20).

This table can help
identify unknown beta
emitters whose half-life
and energy have been
determined by standard
laboratory techniques.
A detailed compilation
of nuclear data, such
as National Bureau of
Standards Circular 449
and supplements, should
be consulted for de
tails of these emitters
and their decay.

Only isotopes with
half-lives greater than
six hours are listed;
in general, a shorter
half-life limits identi
fication by the methods
described.

Daughters with
shorter half-lives than
their parents are listed
in italics under the
half-life of the parent.
In the natural series,
the short-lived daughters
are listed under the
half-life of the
nearest antecedent
having a half-life over
six hours.

G
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0.9·1. 1 1.1·1.3 1 3·1.5 1. 5·1 .1 1.1·1 .9
1. 9- 2.1- 2.3- 2.1- 2.9- 3.1- 3.5- 3.1- 3.9·0.1-0.9 2. I 2.3 2.5 2.5-2.1 2.9 3.1 3.5 3.1 3.9 4.2

F." Ga" s." Sr" j's! hi ss ~cua Paz,. S." G." Sr't I' " Ac 221 EU lS2 Till leI G."
Hn 52 Sr" ytlPd'O' Cu" G.II

Ga" Rb" 1.'17 £r 171 Er l71 TI'o, 8121'
Sm'" Ta'IO "c 228 Aca'

K" In" Br" Co" Ga" Pd'" Br" Na H Coss 1'33 G," Nb lO Br" K" Pr U2 Ga 72 At' " G," K" At' "
Nb" C. IU A/1121"o Eu lS1 NO" Tb'" Eu'" lr'7 Rei" Rh ' " Tb'"Rh'" Br"

Gdls. Ir It. Rh'oo RlI'" Ir illt
At l12

If II'

NI" As7' Inl' 5 (;077. PmPII Pm'SI Ge n Mon Sc" Sb 122 la lllO Cu" Go" As" As" Sb' a yao As" CulJlI C072 As" Ca72

lalliO Sm l53 OSIU "U'U T120.0 Cd 115 La Ilf Ce '''3 1187 TI'OO l 0 72 Te lSI Ho'u TeISI As" As"
HO"f OSIU CellI! OS'I la lllO La lllO

Np'30 ra'l2 Np"

re l27 Sb l27 Z," Re" l 817.1\ Rh 'oO I'H Sb'l7 /132 Ho'" Ca U pH Rh'oo 81'10
/132 Holti Sb'l7 81 2111 81 21\ Rh'OO / 132

Pb 211l / 132 Pr"o
81 21 '

Sb ll ~ Aa lll Bi 213 8j 210 8[213 As72 So '" As 72 Sb l18 As"
Pm'"

I I26 l o"IONd"7 Nb91 BaHO 1'26 LaUD [0 I "0 T{207 Pb21 I £0"0 La'"o

Pr t"3 P"

Rb" AsH As71l AsH Rb" Eu 15.

10 118 Pa 23l1 PaZ"

Rb" Rb'" Tela Tel 21 Rb"

Cd I IS /,,11.

Tb ll50 Sb lH COS6 Sr u yll SblH Sb lH

Te l27 Tm l70 Tm l70 Sn l23

Rh '02 Rh l02

Rh' 015
Ga158 Rh loe Pr l •• Rh l06 Rh lO6

Bi 212

Tl20.

81'"
Ac228 Ac 221 Ac Z2I Ac 221

Eu IS • Eu l52 BiZ I0 Eul S2 Eu IS •

CS I37 rrt23 ,"0

• This chart is a revision of the

81" ,
original table by Naomi A.

AI"
Hollden, Physicist, Analytical

CI" Npua K·O Sc•• Bronch, U. S. A. E. C.
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The HASL radiochemical separation tech
nique (Ref. 17) employs ruthenium carrier.
The sample is

"transferred to a dIstillation faask
with 1:1 H2S04, cooled, and KMn04
crystals added. The ruthenium is
distilled as Ru04 into a receiver
containing 6 N NaOO. Ruthenium is
further purified by successive
precipitations as the hydrous oxide
and metal."

iii. Xenon-133, 135

In nuclear reactors, radioxenons
are among the important isotopes which can
be discharged in air effluent: this ~s es
pecially important in the boiling water
reactors, where gas hold-up is short. (See
"Nuclear Reactors" elsewhere in this Volume.)

Two of the four important radioxenons
are S emitters. These are:

(1) Xenon-133: Tl / 2 = 5.27 days,
Emax = 346 keY. The
beta is followed by an
80-keV gamma leading to
stable cesium-133.

(2) Xenon-135: Tl / 2 = 9.2 hours,
Ema = 920 keY. The beta
is followed by a 250-keV
gamma leading to cesium
135, which itself decays
(T l / 2 = 3 million years)
to stable barium-135 by
S- (Emax = 210 keV).

Two other important radioxenons are gamma
emitters. We shall list their properties here
for reference:

(3) Xenon-131m: Tl / 2 = 11.8 days,
Ey = 164 keY, leading
to stable xenon-13l.

(4) Xenon-133m: Tl / 2 = 2.26 days,
Ey = 233 keY, leading
to xenon-133, whose
S- decay has just been
discussed above.

Xenon is, of course, a noble gas and as
such is not amenable to normal chemical· mani
pulation. "Chemical separation" can be ac
complished in gaseous samples, if required,
by purging the gas of ,its more reactive com
ponents (e.g., the radioiodines).

The beta-emitting radioxenons are usually
monitored by techniques very similar to those
used for krypton-85. These techniques are

either ionization chambers, gas proportional
counters, or G-M tubes. The reader is re
ferred to the separate section "Krypton-85"
elsewhere in this Volume for details.

The gamma emis~ions are also easily de
tected, and where gamma spectroscopy is avail
able it is often preferred over beta detection.

iv. Cerium-144 and 141

Cerium-144 is one of the radionuclides
most commonly associated with fresh fallout
and general mixed fission products. Because
of its 284-day half-life, it is sufficiently
long-lived to be distributed in a wide band
throughout the northern hemisphere whenever
large nuclear bomb tests deposit fission pro
ducts in the stratosphere. 144Ce is a beta
emitter, with three principal beta lines
leading to praseodymium-144, which itself
decays to neodymium-144 by energetic S
emission (Emay = 2.99 MeV) with a l7.3-minute
half-life. "The three 144Ce betas have energies
and branching ratios as follows:

(1) Emax = 309 keV,76%;
(2) £max = 240 keY, 5%;
(3) £max = 175 keY, 19%.

The frequent occurrance of cerium-14l in
the same samples with 144Ce can provide an
interference, if a separation is desired.
141Ce decays by beta emission with Tl / 2 = 33
days: its two betas have £max = 582 keY (30%)
and Emq.x = 442 keY (70%). The daughter of
141Ce 1S stable praseodymium-14l.

One common way of separating 144Ce from
nearly all other interferences is by counting
the energetic decays of its daughter 144Pr:
using filtration with about 0.35 g/cm2 of
aluminum only this (2.99-MeV maximum) beta
survives. Because of the short l7.3-minute
half-life of 144Pr, equilibrium is reached
very quickly, after which the disintegration
rate of 144Pr equals the rate for the parent
144Ce.

If it is necessarr to separate 141Ce and
144Ce activities, the 44Ce activity can be
measured by determining the 144Pr rate after
filtration, as ~ust described. In a mixture
of 144Ce and 14 Ce, the many intertwined beta
spectra are characterized by several maximum
energies: 442 and 583 keY from 141Ce; 175 keY,
240 keY, and 309 keY from 144Ce; and 2.99 MeV
from 144Pr. '

The HASL Manual (Ref. 17) describes
three methods ~e radiochemical determina
tion of cerium-14l and 144. In each method,
the final sample is counted by the 144Pr
method, using a thin-window G-M counter. In
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the first, cerium~144 and a cerium carrier
are ignited to insoluble oxides and fused with
Na2C03 at 900°C; redissolved in HF, HN0 3, and
H2S04 acids; and precipitated as ceric iodate
for counting. In the second (Ref. 23),
cerium is leached from an ashed sample by
digestion in a mixture of H202 and HCl; the
rare earths and alkaline earths are collected
as oxalates and ignited to carbonates for
collection as hydroxides. Cerium is then
precipitated as iodate for counting. In the
third, cerium(IV) is extracted into 0.75 M
di-2-ethylhexyl phosphoric acid in n-heptane
from 1 Mpotassium bromate/lO Mnitric acid
solution, then back-extracted with H202-HN03,
converted to oxalate, and determined gravi
metrically before counting. Among these
three methods, one can determine cerium in
water, urine, soil, feces, vegetation, milk,
food, and air filters (Ref. 17).

The second method has been used by Sutton
and Dwyer (Ref. 24) to measure 144Ce levels
in wheat flour. Levels in the range of 10 to
20 pCi/kg were measured, simultaneously with
cesium-137 at levels of about 35 to 125 pCi/kg.

Sill and Willis (Ref. 25) have described
a chemical method for separating cerium and
lanthanum for counting, by coprecipitating
with BaS04 from strong H2S04 solutions con
taining potassium salts and hydrogen peroxide.
Recoveries in excess of 99% are reported.

Beta spectrometry is also well-developed.
The requirement for high resolution is
generally not severe, because most beta
energy spectra are broad. Also, the best
instruments (e.g., surface-barrier detectors)
have far better resolution than is usually
required. The principal exception is for
detection at low levels of internal-conver
sion electrons, where resolution is important,
being directly related to the ultimate sensi
tivity.

The principal problem still needing
further research and development is in the
area of chemicaZ separation techniques. At
present, these techniques are often laborious,
costly, and liable to error. Unfortunately,
there does not seem to be any more promising
approach to the identification of low-level
pure beta emitters than the use of chemical
separation followed by counting. The con
tinuous beta spectra make it very difficult
indeed to separate by spectrometry alone an
individual beta emitter from a mixed sample.
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For this section we particularly acknow
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4. SIJMv1ARY AND CONCLUSIONS
Seymour Block,
Lawrence Livermore Laboratory

In this section, we have attempted to
outline the various techniques for detection,
measurement, and energy spectrometry of beta
particles in various environmental media.

The current state of the art in beta
particle instrumentation is generally satis
factory. Instruments for detecting beta
particles are varied and well-developed, and
in the hands of competent personnel they are
capable of defining beta radiation fields to
sufficient accuracy.

George A. Morton,
Lawrence Berkeley Laboratory

Claude W. Sill,
USAEC Health Services Laboratory,
Idaho Falls



I
-~-

INST RUM ENTATION

FOR ENVIRONMENTAL

MONITORING

· .• J" '.J

6. REFERENCES

• .1

RAD-BET
Page 23

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

J. Mantel, "The Beta Ray Spectrum and the Average Beta Energy of Several Isotopes of Interest
in Medicine and Biology," Int. J. Appl. Radiat. Isotopes ~, 407 (1972).

H. Cember, Introduction to Health Physics, Pergamon Press, Oxford (1969).

C.M. Lederer, J.M. Hollander, and I. Perlman, Table of Isotopes, 6th Edition, Wiley, New York (1967).

International Comission on Radiation Units and Measurements, Measurement of Low-Level
Radioactivity, ICRU Report 22, Washington, DC (1972).

K. Siegbahn (Editor), Alpha-, Beta-, and Gamma-Ray Spectroscopy, Vols. 1 and 2, North-Holland
Publishing Company, Amsterdam (1965).

S.C. Curran and J.D. Craggs, Counting Tubes, Butterworths, London (1950).

S.C. Curran and H.W. Wilson, "Proportional Counters and Pulse Ion Chambers," page 303,
Volume 1 of Ref. 5.

C.R. Phillips and P. Kauffman, "A Simplified Method of Preparing Conductive Films for
4 Pi Counting," Int. J. Appl. Radiat. Isotopes 19, 811 (1968).

J.H. Neiler and P.R. Bell, "The Scintillation Method," page 245, Volume 1 of Ref. 5.

G. Dearnaley and D.C. Northrup, Semiconductor Counters for Nuclear Radiations, 2nd Edition,
Wiley, New York (1966).

J.J. Taylor, Semiconductor Particle Detectors, Butterworths, IVashington, DC (1963).

F.S. Goulding, "A Survey of the Applications and Limitations of Various Types of Detectors
in Radiation Energy Measurement," IEEE Trans. Nucl. Sci. NS-ll (3), 177 (1964).

G. Bertolini and A. Rota, "Beta and Electron Spectroscopy," p. 341 in Semiconductor
Detectors, G. Bertolini and A. Coche (editors), Wiley, New York (1968).

American Public Health Association, Standard Methods for the Examination of Water and
Wastewater, 1015 Eighteenth Street N.W., Washington, DC (1971).

E.J. Baratta and F.E. Knowles, "Statistical Limits of Accuracy and Precision of Gross Alpha
and Beta Radioactivity Measurements in Water," Radiol. Health Data and Reports 12, 195
(1971). -

Intersociety Committee for a Manual of Methods for Ambient Air Sampling and Analysis,
Methods of Air Sampling and Analysis, published by the American Public Health Association,
1015 Eighteenth Street N.W., Washington, DC (1972).

J.H. Harley (Editor), Procedures Manual, Report HASL-300, USAEC Health and Safety LaboratoD',
376 Hudson Street, New York (1972). Previous editions ,.ere issued as Report ~~O-4700.

F.B. Johns, Southwestern Radiological Health Laboratory Handbook of Radiochemical Analytical
TeChnirues, Report SIVRHL-ll, S"~L, now EPA National Environmental Research Center, Las
Vegas 1970).

U.S. Public Health Service, Radioassay Procedures for Environmental Samples, Pub. No. 999-RH-27,
U.S. Public Health Service, Washington, DC 20201 (1967).

U.S. Public Health Service, RadiOl~ical Health Handbook, Consumer Protection and Environ-
mental Health Service, Rockville, (1970).



INSTRUMENTATION

FOR ENVI RONMENTAL

MONITORING

RAD~BET

Page 24

21. W.P. Libby, Radiocarbon Dating, University of Chicago Press, Chicago (1955).

22. D.E. Watt and D.E. Ramsden, High-Sensitivity Counting Techniques, Pergamon Press, London
(1963).

23. D.C. Sutton, "Detennination of Ceriwn-144 in Vegetation and Soil," Report HASL-143, USAEC
Health and Safety Laboratory, 376 Hudson Street, New York (1964).

24. D.C. Sutton and K.R. Wwyer, "Ceriwn-144 and Cesiwn-137 Measurements in the 1963 U.S. Wheat
Crop and Milling Products," Science 145, 486 (1964).

25. C.W. Sill and C.P. Willis, "Detennination of Radioisotopes of Ceriwn, Bariwn, Lanthanwn,
and Neptuniwn after Separation by Bariwn Sulfate," Anal. Chern. 38,97 (1966).



I
-&]-

I

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

.1
'•..1

C. INSTRUIvlENT NOTES: BETA and BETA -GAJ'vllv1A

RAD-BET
Instrument Notes
September 1979

9/79

Included in the following pages are Instrument Notes of several different

kinds. The reader should be aware of the three following facts, in order to

find all Instrument Notes appropriate for beta detection and measurement:

1) Silicon surface-barrier detectors and silicon lithium-drifted detectors

are useful for both alpha and beta counting and spectrometry. Instru

ment Notes for all of these detectors have been incorporated in the

Alpha section (mnemonic RAD-ALP) , and the interested reader is referred

to that section. These Notes are not included here.

2) Many instruments (ionization chambers, G-M counters, gas proportional

counters, etc.) are advertised by their manufacturers as useful for

detecting and measuring both betas and gammas. However, many similar

instruments, useful for betas, are advertised as if they were only

ganuna instruments. We have made a somewhat arbitrary decision to

place the Instnunent Notes according to the manufacturers I claims.

Hence both this section (RAD-BET and RAD-BET,GAM) and the section

on gamma/x-ray detectors (RAD-GAM and RAD-GAJ\1,XRA) should be consulted

together for a fuller overview of instruments of this type.

3) Many instruments are advertised as sensitive to alphas, betas, gammas,

x-rays, and in some cases neutrons as well. Often these instruments

consist of a variety of probes attachable to a central electronic

counting wlit. These instruments have all been placed in the section

entitled "Combination Instruments", with the appropriate mnemonic

(e.g., RAD-ALP ,BET ,GAM) .

4) Liquid-scintillation systems are usually used for beta-detection

and measurememt. However, they have all been placed in the section

RAD-NUC, "Radionuclide Instrument Notes."

3.3.3-i
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Detectors
Amperex
January 1977

./

Beta Detector

Amperex Electronic Inc.

Recommended circuit

for anti-coincidence s~t '18536/18

80
90

Class

Principle of
Operation

Specifications

Detector

Beta detector

GOSMIC-Rt..Y GUARD TUBE FOR LOW-LEVEL ,B-COUNTING

TYPE NU~-~-ER-----'-- I"" 113518
1--._- ...-.--.-.-.----------.-,--.- .•... -.------------.----1

Ap~iica~ion ! ,n anti·coincidence with 18536
1--..--.----...--..--------"... --.-... -------------1

WgJl I
Thickness (n:;~/cm2 or iTlm) , 1 nlm
Eft. length ('Td;l) I
Outside diarr;f'ter (0101) . 78
Material Cr Fe

Tube Dimensions
Max. diameter (:nr'l)
Max. overalilengtn (0101)

-_._-----+---------------+

References

Cost

Address

9/79

Gas·filling
Max. starting voltage (V)
Plateau (V)
Maximum slupe (%/lOOV)
Ma,dmum dead time (I's)
Maximum background (elm)

Recommended Resistance R, (MQ)
Tube capacitance (pF)
Weight (g)

NOTES TO TABLE

1) Measured at 50 cis and R,=10 MQ.
2) Shielded with 10 Col Fe and 5 Col Hg (Fe outside).
3) Max. background in a.c. combination 18536·18:2 clm.

Manufacturer's Specifications

$372.50

Amperex Electronic Inc.
230 Duffy Ave.
Hicksville, ~~ 11802
(516) 931-6200

3.3.3.am-l

NeA (halog.)
650
800.1200 I

3 1

1000 1
70 2 ,3

10
8
190
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Beta, Garrmn Survey Meters

Eberline Portable Models

RAD-BET, GAM
Portable Survey
Eber1ine
January 1978

E-120 E-130G

E-400 E-520 E-530

6112

PIC-6A

R·

----::;;-' .'

, ..~:\
" '" I, I ' . _;,.;

6l

6122

RT-l

9/79
3.3.3.eb-1
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Portable, handheld

RAD-BET,GAM
Portable Survey
Eberline
Page 2

c
Sampling Continuous

mR/hr)

I+10% P/S I
(0-2000mR/hr)

MODEL RT-1 E-130 G PIC-6A E-520 , E-530

!
RADIATION Gamma Gamma GamBa Beta- Beta-
MEASURED Gamma Gamma

DETECTOR Gfvl Tube GM Tube Ionization Gfvl Tube Gfvl Tube
chamber

RANGE Approx. 25 10,100,1000 1 mR/hr to 0-2000 mR/hr 0-200 mR/hr
chirps/min in mR/Hr 1000 R/hr (5) Ranges (4) ranges
a 10 mR/hr field (6 decades)

SCALE None Linear Linear Linear Linear

ACCURACY * 2:.20% of .:':.8%(0.2mR/hr) P/S.:':.5% P/S .:':.5%
reading .:':.15% P/S (0- 200

r\
~ ;

1 X fi 3/4 Hi I

Ihandle included I
handle

included

23°e to 54°C -40°C to +60°C -23°C to 60"C -40°C to +60°C -40°C to +60°C
TEMPERATURE

(-lOOP to 130 0 P) (-40 0 P to +140 0 P) (-lOOP to l40 0 P) (-40 0 P to (-40 0 P to
+140 0 P) +140 0 P)

POWER 9v Neda #1604 2 "D" cells (2) 1604 2 "D" cells 2 "D" cells
Batt. (nominal) 300 hours Neda type 300 hours for 300 hours for
300 hours (C-Zn cell) l battery C-Zn cell C-Zn cells

-
I\lEIGf-IT 0.17 kg (6 oz) 1.4 kg (3 pounds) 1. 48 kg 2 kg 2 kg

(3 1/4 pounds) (4 3/8 pounds) (4 3/8 pounds)

SIZE 3x6x7.9cm l7.lx8.6x6.0cm 21. 3xlO. 2

I
10.2x20.3 10.2cm IV

(1 3/16" Thk x (6 3/4"Lx3 3/8"IV x l4.3cm x l7.lcm x 20.3cm L
2 3/8"Wx3 1/8"H) x 6"H) (8 3/8"Lx4"W I (4" Wx8" L x l7.lcm H

I I I i x 5 5/8"H) I 6 3/4"xH) (4" Wx8" L IJ including handle
"

FEATURES Audible Variable meter Beta window Both mR/hr & Both mR/hr
Warning response time in bottom CPM scales and CPM

scales

REMARKS Pocket - Battery voltage Weather proof Utilizes 2 Splash and
Monitor regulated housing detectors dustproof

COST $100.00 $295.00 $470.00 $390.00 HP-270 $340.00 HP-270
I with probe with probe

*P/S - full scale

9/79
3.3.3.eb-2
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RAD-BET,GAM
Portable Survey
Eberline
Page 3

\
/

9/79

lvDDEL 6112 E-400 E-120

RADIATION Ganuna Beta Beta
MEASURED Ganuna Ganuna

DETECTOR GM Tubes GM Tubes GM Tubes

I RANGE 1 mR/hr-lK R/hr 0-200 mR/hr 0.5, 5, 50 mR/hr

I
5 ranges 4 Decades 600,6K,60K

ISCALE Linear Linear Linear

ACCURACY 2:.10% vs Cs137
±10% F/S ±5% F/S

2:.20% of reading

-17.7°C to
-40°C to +60°CTEMPERATURE +48.9°C -40°C to +60°C

0°F-120°F -40°F-+140°F -40°F to +140°F

Four
POWER 1. 5 volt 5 "D" cells 2 "D" cells

"C" cells 200 hours for 300 hours for
20-60 hrs C-Zn cell C-Zn cell

WEIGHT
1

3.18 kg 2.95 kg 1. 36 kg
(7 pounds) (6 1/2 pounds) (3 pounds)

I 9l.4em Lx13.3cm W l8.4emxlO.2emx 8.3cm H 17.1 em Lx8.6 em W
SIZE 36" Lx5 1/4"

x 24.llcm x (6.03 emx7.94 em) H
,\\Tx3 1/4" H (7 1/4" Hx4" [6 3/4" Lx3 3/8" W
j(probe retracted) l'lx9 1/2" L) x (2 3/8" + 3 1/8") H]

FEATURES
I

Telescoping Lin-log meter Calibration source
probe to presentation included

! 15 ft 1 in.
I rI

I Calibrated E-120E has cpm meterto l37Cs
Ganuna field face only.

COST $1800.00 Less probe Less probe
$495.00 $195.00

3.3.3.eb-3
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RAD- BET, GAt'"
Portable Survey
Eberline
Page 4

(~

Eberline Survey Meters

10~' " I I r !I II I II

(keV)

• SH IELD OPEN

D SHiELD CL.OSED

EBERI.INE E-400

[~ m-
'l_.~J \U

PHOTON

/.0

~ ~

f J

oJ"""-';-I~I_--,_"",--I.'-,'LL'L'1-;','-;!I-;:-_..L--L'-'-'-','-'--,LL', '.'- j
. 10 100 1000

ENERGY

>

>
!-

!
(j)

z
w
(j)

e.1 -

(keV)

EBERLINE E- 400

'U:1\JF-:l I-I au, _

PHOTON

1.0

>
!-

>
'- L
'f) !

~ I
O.I~

f.;./ jI • SHIELD OPENr ) ~ SHIELD CLOSED

I' .
0.0 I ul'..-':'-,:-1_--'_L!_'L...L'-L'-'-,.1-,Lltl__'----L'--.J' LL.LL.LU

10 100 1000

ENERGY

Eberline Instrument Corporation Geiger
counter Model E-400, Serial No. 389. *

Eberline Instrument Corporation Geiger
counter Model E-400 Serial No. 380. *

* "The Photon Energy Response of Several Commercial Ionization Chambers, Geiger Counters, and
Thermoluminescent Detectors", Los Alamos Scientific Laboratory Report No. LA-4052, UC-37,
Instruments TID-4500 dated February 1969.

Features Some models have earphone and speaker outputs, regulated power supply,
individual calibration controls for each range.

Address Eberline Instrument Corporation
P.O. Box 2108
Santa Fe, ~4 87501
(505) 471-3232

9/79 3.3.3.eb-4
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RAD-BET,GAM
Stationary Air Monitor
Eberline 6
January 1978

T,i
na
ne
y

Particulate Air Monitor

Eberline Ai\1S-2

'OOK100 IK 10K

CPM INCREASE PEA MINUTE

TYPiCAL PERFORMANCE CHARACTERISTICS
FOR EBERLINE MODEL AMS-2

10

HT·,-__-, -.--- -.--__--,

lIT" '-------'---_-L -.L-__---1

Class Stationary

Principle of
Operation

Sensitivity
and Range

Air filter collects particulates. Collected beta and gamma radioactivity is
detected and measured by a pancake-type geiger tube. Meter read-out, and
strip chart recorder. Air pump RAP-I included.

1) Counting efficiency for I" diameter source: 99Tc (45%), 137CS (60%)
90Sr/90y (75%) ;_2rr efficiency

2) Background <500 counts/minute when air flow is 1 ft 3/minute, measured in
Santa Fe, NM

3) Range: ~OO, 5K, 50K counts/minute full scale
4) Response time: 20 seconds for 90% of final reading.

Sampling Continuous

Performance Accuracy: Linearity ±5% of full scale
Temperature: -29°C to 60° C (- 20°F to +140°F)

Requirements Power:
Size:
Weight:

105-125 Vac, SO -60 Hz at approximately 0.2 amps
45.7 x6l x38.l em (18" Hx24" Wx15" D)
64 kg (140 Ib)

Features 1) iVlodel RAP-l Regulated Air Pump is furnished with AJvIS-2.
2) Can be calibrated for many different isotopes.
3) 1 n~/hour of 60Co yields 350 counts/minute. 2

4) Geiger-Muller detector is pancake-type, 1.75" diameter, 1.4 to 2.0 mg/cm
mica window.

5) Shield is equivalent to 2" of lead.
6) Takes 2" filter paper. A box of 50 filters (Type HU-70) is provided.
7) Air intake normally about 1 ft 3/minute (28.3 liters/minute). Air flow

meter goes from 0 to 100 liters/minute.
8) Alarm indicator is flashing red light, bell, and relay contacts for remote

alarm. Alarm point adjustable, 10% to 100% of full scale.
9) Strip-chart recorder speed is one inch/hour.

9/79 3.3.3.eb-5
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RAD-BET,GAM
Stationary Air Monitor
Eber1ine 6
Page 2

Reference

Cost

Address

9/79

~~ufacturer's Specification

$1,900.00 including RAP-I Regulated Air Pump

Eber1ine Instrument Corporation
P.O. Box 2108
Santa Fe, NM 87501
(50S) 471-3232

3.3.3.eb-6
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Hand and Foot, Portal Monitors

RAD-BET,GAM
Stationary Portal Minitor
Eberline 7
January 1973

Eberline HFM-3/HFM-4A, PMC-4B/PMP-4B

Hfj.j- 3

r
\..

I

HFI.j-4A

~..

P;,IC-4B

3.3.3.eb-7
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Stationary

RAD-BET,GAM
Stationary
Eberline 7
Page 2

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Geiger-Muller tubes detect beta/gamma radiation, meter read-out.
HFM-3 and HFM-4A are hand/foot units, PMC-4B/P~W-4B is portal unit.

HFM-4A 0-999 counts preset level, S-y , 0 - 99 counts for a.
HFM-3: 0-500, 0-5000. and 0-50,000 counts/minute full scale
PMC-4B/PMP-4B: 160 x 7000 counts/minute alarm settings
Counting Times:l~1-4A) 6 sec, 12 sec, 30 sec, 60 sec.

Continuous

Accuracy: Linearity ~5% of full scale

Requirements
Power:
Size:
(l-!xWxD) :
Weight:

HFM-3
115 VAC, 60 Hz
1.5xO.6lx1.27m
(59" x 24" x44") 68" x 24" x 50"
286 kg (525 lb)

HFM-4A
115 VAC, 50-60 Hz
1. 5 mx O. 7 m xL 04 m
(59.25" x 27.5" x 41")
113 kg (- 250 lb)

Features

PMC-4B
Power: lIS VAC, 50-60 Hz
Size: 19.1 cm xl1.4 cm x 19.1 em

(7.5" x4.5"x 7.5"
WEight: 4.2 kg (9 1/4 lb)

HFM-3 Hand/Foot Monitor

PMP-4B
115 VAC, 60 Hz
20.1 cm x 51.4 em
(79 1/4" x 20 1/4") inside
17.7 kg (39 lb)

(1)

(2)
(3)

Geiger-Muller tubes, 30 mg/em2 envelope, halogen quenched. 4
hand and foot cavity, one in hand probe.
Alarm point adjustable. Visual and 1000 Hz audible alarm.
Response time to ~O%: 2.2 seconds (fast), 22 seconds (slow).

in each

PMP-4B Portal

(1)

(2)
(3)

Geiger-Muller tubes, 5/8" diameter 11" long with 30 m~/em2 walls.
7 tubes in frame, 4 smaller tubes along foot channel.
Two alarm lights per channel.
10-foot cable to PMC-4A console.

PMC-4B Console

(1) Response time to 63% of final reading: about 7 seconds
(2) Failure indication feature if no pulses counted in 30 seconds.

~1-4A Hand/foot Monitor

(1)

(3)

References

Geiger-~fuller tubes, active area of each of 4 hand detection:
in2 = 323 cm2; active area of each foot detector 78 in2 = 503

(2) 4n a efficiency 15%
4n S efficiency 20%
I~1-4A is available for only hand monitoring.

Manufacturer's Specifications

50
cm2

Cost

Address

9/79

~1-3 unit w/detectors
PMC-4B conSOle}
PMP-4B portal
HFl\1-4A

Eberline Instruments Corporation
P.O. Box 2108
Santa Fe, ~1 87501
(505) 471-3232

3.3.3.eb-8

$ 3,700.00
2,400.00

7,500
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RAD-BET, GAM
Stationary
Elliott Process Inst.
February 1978

2011 ampoule holder for gammOl emitters

Amersh<J1ll bo;;le holder.

5 Illl ampoule holder for gam013 emillers

1 ml source dish for beta emitters

/

9/79

Class

Principle
of Operation

Sensitivity
and Range

Sffinpling

Perfonnance

Requirements

Features

Cost

Address

Laboratory

Coniliination of re-entrant cylinder, gffinma chamber, and a parallel-plate
beta chamber containing air at atmospheric pressure

Energy Sensitivity: (Gannna) 100 keV to 3 MeV

Continuous

Accuracy: Gffiruna, ±l%; Beta, ±3%
Response time: Zero

Power: 100 pW per pA
Size: 25.4 cm H x 25.4 cm diffineter (widest part) [10" H x 10" diameter]
Weight: 4.15 Kg (9.1 lbs)

A.E.R.E. Type l383A

$186 (ex. works)

GEC-Elliott Process Instruments Limited
Century Works, Lewishffin
London, SE13 7u~, ENGLN\~

Attn: A.E. Pegg
Tel. 01-692 1271 Ext. 260; Telex 22469 Ellautolew Ldn.
Cables Elliotauto London SE 13

3.3.3.el-l
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Laboratory

Hand and Shoe Monitor

Johnson Model U-M

RAD- BET, GAJ'.-I
Stationary
Johnson and Associates
March 1978

Principle of
Operation

Sens i tivi ty and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Uses GM tubes for both hand and foot, amplifier, LED display,
audible-visual alarm

Range: 0-100,000 cps

Continuous

Accuracy: better than ±- 5%
Display response: instant

Power: 115 VAC at 0.24 amps
Size: Electronic section 43.2 emx38.l cmx21.3 cm (17"x15"x8 3/4")

Base pedestal - 45.7 cm x 71. 1 em x 7.6 cm (18"x28"x3")
Weight: 56.7 kg (125 lbs)

Paper roll protects shoe detectors

~funufacturer's Specifications

$2,950.00

William B. Jolmson and Associates, Inc.
Research Park, Boonton Ave.
Montville, N.J. 07045
(201) 334-9222

3.3.3.jo-l
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Survey Meter

Jolmson Model GSlvI- 8

RAD-BET,GAlvI
Survey
Jolmson and Associates
March 1978

Class Portable, handheld

9/79

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

.References

Cost

Address

GM detector, amplifier, meter readout

Beta and Gamma
0-1000 mr/hr (lR)

Continuous

Meter display - 10 second time constant

Power: 4.5 volts D.C. (3 D Cells)
Size: 10.2 em xlO.2 cm x17.8 em (4" x4" x7")
Weight: 1.8 kg (4 lbs) (including batteries and detector)

Internal detector, light weight, non -saturable,
Intermediate range

~~ufacturer's Specifications

$250.00

11m. B. Jolmson and Associates, Inc.
Research Park, Boonton Ave.
~Dntville, N.J. 07045
(201) 334-9222

3.3.3.jo-3



,,
(



I
-~-

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

.} )
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Survey Meter

Nuclear Associates 05-700

RAD-BET,GAM
Survey
Nuclear Associates
January 1978

Class Portable Handheld

Principle
of Operation

Sensitivity
and Range

Sampling

Perfonnance

Requirements

References

Cost

Address

9/79

GM tube, amplifier, meter readout.

Energy Sensitivity: Beta: 175 keV minimum
Gamma: 20 keV through cobalt-60 y's

Ranges: 0.5, 5, 50 mR/hr (300, 3000, 30,000 counts/min)

Continuous

Meter Accuracy: ±2% of full scale
Temperature Range: 15°C to 75°C
Response Time: One to three seconds dependent on scale

Power: Four 1.5 V "n" cp.lls
Size: 22 cm L xlI em I-V x18 cm I-I (8.5" L x4.5" Wx7" H)
Weight: 1. 82 kg (~ lbs.)

Manufacturer's specifications

$210.00 for 05-700
$ 16.00 for 05-701 (optional headset)

Nuclear Associates Inc.
100 Voice Road
Carle Place, N.Y. 11514
(516) 741-6360

3.3.3.na-l
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

.J ., /'

RAD-BET,GAM
Stationary
Nuclear Enterprises, Inc.
February 1977

Contamination Monitor

Nuclear Enterprises Model 3054

.. 1'-'-
,~ -.
',hr :
". J,

Class Stationary

Principle
of Operation Twelve Gi'1 tubes, four ratemeters, threshold detector, alann.

226Ra 80 C/sec per mrad/hr
Activity

for
High Level Alarm

1 JJCi

1 JJCi

3 JJCi

3 JJCi

10 JJCi

10 cm

2.27 MeV (y90); to
Minimwn

Detectable
Activi ty

0.05 JJCi

0.1 JJCi

0.3 JJCi

1 JJCi

3 JJCi

Sensitivity: Emax of beta,
Range: Maximum

Permissible
y Background

25 JJR/hr

100 JJR/hr

1 mR/hr

1 mR/hr

1 mR/hr
Background Time Constant: 10 sec.
Accuracy: 90%
Temperature:
Period of Rotation: 10 sec
Minimwn Distance of Source from Array during Rotation:

Sensitivity
and Range

Performance

Requirements Power: 100-125V or 200-250V ac; 50-60 Hz at 100 VA
Size: See manufacturer I s specifications
Weight: " " "

Features Backgrollild threshold detector, zero-input fail-safe circuit, display lamps.
UKAI...A - :)05~,

References Manufacturer's specifications

Cost Refer to factory

Address Nuclear Enterprises Ltd.
Bath Road, Beenham
Reading, Berks, ENG~\~

Tel.: Woolhampton 2121

Nuclear Enterprises Ltd.
931 Terminal Way
San Carlos, CA 94070
(415) 592 -8663

9/79 3.3.3.ne-l
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

.J

Beta/Gam Dose Ratemeter

Nuclear Enterprises Model 0500

RAD-BET, GAM
Survey
Nuclear Enterprises, Inc.
February 1977

'·25

'·2

Capof~': / 1\:.
',0 '. .......

~ . ..... --

!

' ..
Q)

0·8
~

!caponQ)
0·6I/)

0 /0
004"lJ1

Q)
~Q)

(\) ::J0·2
0"

~r
10keV 100keV 1MeV IOMeV

Photon Energy

Class Portable, handheld

9/79

Principle of
Operation

Sens i tivity and
Range

Sampling

Perfonnance

Requirements

Features

References

Cost

Address

Ionization chamber (500cc), amplifier, meter readout

Range: dose rate XI - 0-3, 3 to 10, 10 to 100, 100 to 1000 mrad/hr
XIO 0 to 30, 30 to 100, 100 to 1,000, 1,000 to

10,000 mrad/hr
dose: 0 to 1,000 mrad

Continuous

Temperature range 10°C to +40°C
Energy response: ',ith end cap-gamma response uniform from SO Kev to 10 MeV

1Vithout end gas 101V energy response is e:x.'tended dm\'l1 to 10 keY
keY

P01Ver: Two 1.5V D size cells; Two 22.5V batteries type 15-F-15
Size: 18.7 on H x14.7 on Wx28.8 em D (7.4" x5.8" x 1l.3")
Weight: 13.2 kg (7 Ibs)

RF shielded; sealed to eliminate the effects of humidity. Developed
in conjunction with UKAEA at Hanvell.

Manufacturer's Specifications

Refer to factory

Nuclear Enterprises, Inc.
931 Terminal Way
San Carlos, CA 94047
(415) 592-8663

3.3.3.ne-3
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INSTRUM ENTATI ON

FOR ENVIRONMENTAL

MONITORING

RAD-BET ,GAM
Survey
Nuclear Enterprises, Inc.
February 1977
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Class

INSTRUMENTATION

FOR ENVI RONMENTAL

MONITORING

Portable, handheld

RAD-BET,GAM
Survey
Nuclear Enterprises, Inc.
Page 2 Feb. 1977

Principle of
Operation

Sensitivity and
Range

Performance

Requirements

Features

References

"Energy-compensating filter" and GM tube on an extension rod, amplifier,
meter readout.

Sensitivity: ~20% for gammas from 50 keV to 6 MeV

Range: Gammas, 0.1 R/hr to 100 R/hr

Dose Rate Accuracy: ~33 1/2% at 20°C
Temperature: -5°C to +45°C

Power: Two R20 (British U2), 50 hours mllllJllUffi
Size: Meter unit: H.4em xlO.2cm x16.5em (4 1/2" Wx4" H x6 1/2" L)
Weight: 2 kg (4 1/2 lb) including probe

UKAEA Model 3057
1. TI1ree-decade log scale.
2. Live zero fail-safe.
3. Probe may be up to 6 m from meter.
4. Battery check.

Manufacturer's Specifications

Cost

Address

9/79

Refer to factory

Nuclear Enterprises Ltd.
Bath Road, Beenham
Reading, Berks, ENGLAND
Tel: Woolhampton 2121

3.3.3.ne-6

Nuclear Enterprises Inc.
931 Terminal Way
San Carlos, CA 94070
(415) 592-8663
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FOR ENVIRONMENTAL

MONITORING

Hand and Foot Monitor

Nuclear Research Model HFM-2

RAD-BET, GAM
Survey
Nuclear Research V
May 1977

Class Stationary

9/"/9

Principle
of Operation

Sensitivity
and Range

Perfonnance

Requirements

Features

References

Cost

Address

Detects and measures beta-gannna contamination on hands, shoes, hair, face
and clothing. Seven halogen-quenched GM tubes (4 for hands, 2 for shoes,
1 in external probe); hand and shoe detectors shielded with 0.5" lead,
ratemeter amplifier, alarms.

Energy response:
Scaler range: 0 to 99,999 counts (3-four digit registers), one for each

hand, and one for shoes.

Preset time: 1 to 30 secs, variable

Power: 105-125 V a.c., 50/60 Hz
Size: 173 an H x53 em Wx56 an D, (68-3/8" H X2l-l/l0" Wx22" D

shoe deck 10 cm H x53 an Wx45 an D (4" H x2l" Wx18" D)
Weight: 300 kg (650 lbs) shipping

Allows self-examination for contamination, audible response in proportion
to degree of contamination. External survey probe

Manufacturer's specifications

$6295.00

Nuclear Research Corp.
Becon<i~treetPike-a-t -Street·· Road
Southampton, PA 18966
(215) 357-5D15

3.3.3.nr-l
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Survey Meter

Union Carbide Nuclear Ratemeter
(Nucleus Model NRM-l)

RAn-BET,GAM
Survey
Nucleus, Inc.
February 1977

Class Portable, hand-held

9/79

Principle of
Operation

Sensitivity
and Range

Sampling

Perfonnance

Requirements

Features

References

Cost

Address

GM tube, amplifier, meter read-out, speaker

Energy sensitivity: Beta over 500 keV (> 20%), X and gannna over 30 keV
Range: 0-1000 cpm
Maximum flux: Approximately 1 mR/hr

Continuous

Accuracy: 10%
Response time: 10 seconds to 90% of reading

Power: One 7 volt battery
Size: 11.4 emx17.8 em x lO.8 em (41/2" Hx7" Wx4 1/4"D)
Weight: 1.1 kg (2.5 pounds)

Audible output, 1 year guarantee

Manufacturer's Specifications

$185.00

Nucleus, Inc.
P.O. Box R
Oak Ridge, Tenn. 37830
(615) 483-0008

3.3.3.nu-l
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INSTRUMEKr'rAl'ttN d
FOR ENVIRONMENTAL

MONITORING

Beta-Gamma Air Monitor

RAIJeCO Model GM-220

RAI)-BET,GAM
Continuous Air Monitor
RA.DeCO
January 1978

Class Laboratory continuous monitor for airborne beta-gamma emitters

Principle of
Operation

Sensitivity
and Range

Filter, GM tube, amplifier, meter/recorder readout.

Range: lK, 10K, lOOK counts/min
Energy Range: 150 keV up
Air Flow: 0.5 to 3 cfm, front panel indicator
Probe: Detector: 3-4 mg/em2, Pancake type GM tube

Quench: Halogen
Operating Voltage: 900 V dc
Shield: 2" lead equivalent, nominal

Perfonnance Accuracy: ±.l0% of calibration
Temperature: 40°F - 120°F
Filter: 47 rran
Air flow: ±.2% of set level

Beta Efficiency: 90Sr_90y : 35%
HC: 5%

Time constant: continuously
variable 3 to 15 seconds

9/7)9

Requirements

Features

Reference

Cost

Address

Power: l10V, 60 Hz
Size: 41. 9 em x 22.2 em x 22.9 cm D (16-1/2" x 8-3/4" x 9"D)
Weight: 31.8 kg (70 lb)

Threshold adjustable audible alarm;
External air mover accessory. Failsafe indication.

Manufacturer's Specifications

$2200.00

RADeCO
4060 Sorrento Valley Boulevard
San Diego, CA 92121
(714) 452-9983

3.3.3.ra-l
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u
INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

WIDE RANGE RECORDING AREA MONITORING SYSTEM

Model WRAM

Portable, remote probe

RAD-BET,GAM
Area Monitor
Technical Associates
January 1978

Pressurized ion chamber, log response count rate meter, strip chart
recorder, alarms

Principle of
Operation

Sensitivity and
Range

Range: 1
Range 2:

0.01 mR/hr to 100 mR/hr
100 mR/hr to 1000 R/hr

9/79

Performance

Requirements

Features

Cost

Address

Time constant automatically varies from less than 1 second at highest
level to 60 seconds at lowest level. Up to 300 hrs. continuous running time
for PLR-s. 100 hrs. between charges for recorder.

Power: PLR-s ion chamber and electronics: Three 1.4 V mercury cells
Strip chart recorder: 12 C-size nicads (built-in charger)

Size: 12". Wx 12" H x 12" D excluding handle
Weight: 14 lbs.

Remote operation (up to 5000 ft. cable)
Portable
Permanent monitoring record without need of outside power
Unit is dust and fume resistant
Remote alarm (Model RAL-4) optional

WRAM: $2370.00
RAL-4 remote alarm (optional): $80.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91206
(213) 883-7043

3.3.3.te-l
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HIGH RANGE SURVEY METER

Model CP-TP-54A
Model CP-TP-54B

RAD-BET,GAM
Survey
Technical Associates
January 1978

Class

Principle of
Operation

Portable (handheld)

Extendable air ion chamber, MOSFET amplifier, meter readout

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

CP-TP-54A: 0 to 0.5, 5, 50, 500 R/hr
CP-TP-54B: 0 to 5, 50, 500, 5000 R/hr

Continuous

Accuracy: ±.S% full scale
Time constant less than 2 seconds on all ranges

Power: Single "D" cell
Size: 13" x 6 1/2" x 4" (excluding handle and with chamber close-coupled)
Weight: 4 lbs.

High dose rate capability (to 5000 R/hr)
Interchangeable ion chambers
Probe may be close-coupled, extended up to 200" on_rod or
extended on 25' cable
Can monitor around a corner

Manufacturer's Specifications

CP-TP-54A: $940.00
CP-TP-54B: $920.00
Includes 40" extension rod
Additional 40" extension rods: $50.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

3.3.3.te-3
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MONITORING

Portal Monitors

Technical Associates Model PPM-21 and PPM-2lA

Stationary

RAD-BET,GAM
Stationary
Technical Associates
February 1978

Principle
of Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

9/79

Geiger Muller Tubes detect beta-gannna. Scaler circuitry swns pulses.
Indicator lights for contamination, system failure alarrnz location of -con
tamination, safe operation, etc. Timer and light beam sWltching included in
PPM-2lA.

8 channels (11 GM detectors)
Detector position light up--console lights indicate on hwnan silhoutte
location of contamination.
Presettable alarm level:lO-990 counts occurring within recycling time
(presettable) for PPM- 21 or within preset time (1- 99 sec) for PPM- 2lA

PPM-21: Recycling count (digital ratemeter operation)
PPM-2lA: Light beam switching - scaler in preset time

Scaler accuracy for counting ±. 1 count
Timer accuracy ±. 1%

Power: 115 VAC, 50-60 Hz (or 230 V)
Size: 223.5 em H x63.5 cm Wx 71.1 em D (88" Hx 25" Wx28" D)

console 22.9 em Hx25.4 em WX33.0 on D (9" H xlO" Wx13" D)
Weight: 81. 6 kg (180 lbs) total weight

Scaler counting (high accuracy); low level alarm
Detector position light up
Audio and visual alarms
Light beam switch and timer warning system (PPM- 2lA)

~~ufacturer's Specifications

-":3.3.3. te-5



Cost

Address

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

PPM-21:
PPM-21A:

Technical Associates
7051 Eton Ave.
Canoga Park, CA 91303
(213) 883-7043

$1900.00
2250.00

RAD-BET,GAM
Stationary
Technical Associates
Page 2

9/79
3.3.3.te-6
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

BETA-GAMMA PARTICULATE AIR MONITOR

Model FM-5-ABN

Laboratory

RAD-BET,GAM
Particulate Air Monitor
Technical Associates
March 1978

Principle of
Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

Reference

Cost

Mdress

9/79

Motor blower, filter paper, 2" Pancake GM detector, count rate
meter, strip chart recorder, speaker, alarms

Range--0-500, 5000, 50,000 500,000 cpm
Limit of sensitivity: 10-4 ~c (betas> 0.1 MeV) or 10-8 ,~c/rn1
minute exposure

Continuous

Accuracy: linearity ±. 2% full scale
Background: typically 10-15 cpm
Air flow adjustable to 100 liters/MIN

Power: 115 VAC, 50-60 Hz
Size: 43.2 ern WYo 33.0 ern Hx34.3 ern D (17" WX13" Hx15 1/2" D)
Weight: 18.2 kg (40 lbs.)

Quick change filter
Audio and visual alarms

Manufacturer's specifications

$1215.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

3.3.3.te-7
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FOR ENVIRONMENTAL

MONITORING

BETA-GAMMA BACKGROUND SUPPRESS PORTAL MONITOR

Model PPM-23

Stationary

RAD-BET,GAM
Portal Monitor
Technical Associates
February 1978

Principle of
Operation

Sensitivity and
Range

Sampling

GM tubes detect radiation--rate-of-change principle gives difference
between increased radiation level and backgrmmd for net contamination

8 channels (32 Pancake--2" O.D.--GM tubes)
Detector position light up--console lights indicate on human
silhouette location of contamination

Background is constantly monitored with a 20 second time constant
Increased radiation level is monitored for 2 seconds or less

Requirements Power:
Size:
Weight:

115 Vac 50-60 HZ
223.5 cm H x63.5 em WX 71.1 cm D (88" Hx 25" WX 28" D)
81.6 kg (180 lbs) total weight

9/7)9

Features

Cost

Address

Very fast contamination checks possible with rate-of-change principle
Audio and visual alarms
Detector position light up

$5100.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

3.3.3.te-9
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Radiation Survey Meters
Texas Nuclear MOdels 9120, 9121, 9122

RAD-BET,GAM
Portable Survey
Texas Nuclear
JailUary 1978

Portable

9/79

Class

Principle of
Operation

Sensitivity
and Range

Sampling

Perfonnance

A geiger-muller tube, amplifier, and meter

Model 9120 Model YlZ1 Model 9la,

I";;Operating Range .f>~. ~

(mr/hr) 0.02 to 200 0.2 to 2000 2.0 to 20,00/1':.

Shield open
Minimum Beta 160 keV N/A N/ASensitivity Shield closed

1700 keV

Compensated over the
Energy range of 80 keV to 1.3 MeV
Dependence

See instruction manual for response curve

Continuous

Accuracy: ±30% calibrated with 0.66 MeV y-rays, 137Cs
Operating Temperature: -30°C to +60°C
Response Time: To 90% of final reading for step increase

1st decade about 1 minute
2nd decade about 10 sec
3rd decade about 2 sec
4th decade about 1 sec

Temperature Dependence: < 12% of reading from 10°C to 40°C

3.3.3.tx-l



Features

Requirements Power: Three 1.5 Ni-Cd cells, 35 hours continuous operation
Size: Model 9120 - 40.0 em x8.9 em x 7.6 em (15.75" Lx 3.5" Wx 3" D)

Model ~ig} 35.9 em L (14 1/8"L)

Weight: Model 9120 - 1.5 kg (3.3 lb)
Model ~i~~} -1.4 kg (3.llb)

Log scale readout, battery check circuit, earphone jack, optional re
charging base which adapts instrument to area monitoring, full scale
reading maintained up to 1000 Rlhr

I

-~-
INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-BET,GAM
Portable Survey
Texas Nuclear
Page 2

()

References

Cost

Address

9/79

Manufacturer's Specifications

Model 9120
Model 9121
Model 9122

Texas Nuclear Division
P.O. Box 9267
Austin, Texas 78766
(512) 836-0801

3.3.3.tx-2

$590.00
$560.00
$560.00
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Radiation Survey Meters

Victoreen

RAD-BET, GAM
Survey
Victoreen
January 1978

Model 592B

Model 2012

MODEL 2035 592B 808D 2012

Radiation
Detected Beta & Gannna X-ray and Gannna Gannna Beta and Gamma

Range 0.2 to 11 R/hr 0-10,0-100,0- 0.1 mR/hr to 0.01 mR/hr· to
0.1 mR/hr to 100 R/hr 1,000 mR/hr 100 mR/hr 10,000 R/hr (log)
(log)

Energy ±20% gannna ±lO% from 45 keV ±20% from 80 keV ±l5% 80 keV to
Dependence 80 keV to 1. 2 MeV to 1.3 MeV to 2 MeV 1.2 MeV (gannna)

Accuracy ±.20% f/s ±lO% f/s ±l5% f/s ±20% f/s

Power 4 "D" cells 3,1.3 V Batteries 90-130 VAC, One Sv Tr-134R
Requirement 6, 22-1/2 V 60 Hz or 12 V three 1. 34 volt

Batteries dc, 220 V ac RM-502R, three
available 30 volt "B-C"

Features Model 2036 (gannna Fail safe alarms Rigid probe and
only) with ext. probe extensions

available

Overall 15.3 em L )(10.2 cm 30.5 em L x12. 2 em W 10.8 em D x35 em 32.2 em
Dimensions WX 14.0 emA x 17.1 em H Wx23. 5 cm H (12-3/4' long)

(6" Lx 4" W (12" LX 4-3/4" W (4-1/4" Dx 13-3/4" W 11.4 em
x 5-1/2" H) x 6-3/4" H) x 9-1/4" H) (4-1/2" dia.)

Net weight 1. 82 kg (4 pounds) 2.26 kg (5 pounds) 5.1 kg (11-1/4 pounds) 2.2 kg (5 pounds)

Cost $580.00 $560.00 $795.00 $795.00

References

Address

9/79

Manufacturer's Specifications

Victoreen Instrument Div.
10101 Woodland Ave. ,
Cleveland, Ohio 44104
(216) 795-8200

3.3.3.vi-1
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-BET,GAM
Survey
Victoreen 2
January 1978

Roentgen Meter

Victoreen Model 570

Class

Principle of
Operation

Sensitivity and
Range

Requirements

Cost

Address

9/79

Portable, hand-held

External ionization chamber, meter read-out

See chart on reverse side

Power: 105 - 130 VAC, 50-60 Hz (220 VAC available on request)
Size: 17.8 em L xlO.2 em Wx17.8 em H (7" Lx 4" Wx 7" H)
Weight: 2.7 kg (6 lbs)

$995.00 plus chambers

Victoreen Instrument Division
10101 Woodland Avenue
Cleveland, Ohio 44104
(216) 795-8200

3.3.3.vi-3
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RAD-BET,GAM,
Survey
Victoreen 2
Page 2

CONDENSER R-METER GIAMBERS

(R/Sec. ) Nominal
Intensity Intended Volume Wall

Model Range Limits (1) Rated Uses Wall (CM3) Thickness
Number (Roentgen) Model 570 Accuracy (keV.eff) Material Approx. mg/an2

Low Energy Chambers

651 250 90 ~5% I 6-35 Mylar 0.20 6.6

Medium Energy Chambers

188 0.025 24 10-5 ±.5% 42-660 Phenolic 1450 212
130 0.25 9 10-3 ±5% 42-660 Phenolic 177 212
227 1 0.195 ~10% 42-660 Phenolic 41 212
633 2.5 0.3 ~10% 42-660 Phenolic 17 212
228 5 5.1 ±.l0% 42-660 Phenolic 8 212
326 10 5.1 ~10% 42-660 Polystyrene 6 80
70-5 25 45 ±.3% 30~250 Nylon 1.83 67
131 100 75 ~3% 30-350 Nylon 0.46 89
154 250 120 ~3% 30-350 Nylon 0.183 89

High Energy Chambers

552 2.5 0.3 ~5% 400-1300 Delrin 9.7 569
553 25 45 ~5% 400-1300 Delrin 1.83 583
621 100 75 ~5% 400-1300 Delrin 0.46 576

Skin Equivalent Chamber
Mixed

576 0.25 0.009 ±.l0% (2) Beta-Gamma Mylar 170 7

(1) These intensity limits were based on full scale reading and may be increased if readings less
than one half full scale are taken. A goverrunent report entitled ''Measurement of High-Inten
sity Gamma Radiation" indicates that VICTOREEN Chambers have given valid readings in pulsed
gannna fields of as high as 5 xl04 R/sec. Copies of this report are avaiable from VICTOREEN
or office of Technical services, U.S. Dept. of Connnerce.

(2) This rated accuracy is based on use with protective plastic sleeve 1/16" thick.

3.3.3.vi-4
9/79
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Digital Radiation Monitor

XETEX Models 304A and 30SA

Class

Principle of
Operation

Sensitivity

Portable, handheld

Uses halogen-quenched filtered GM tubes as detector, digital logic,
LED display

f3-Y

30SA
0.1 mR/hr· to 99. 9 IriR/hr
overrange indicator .

304A
0.1 mRfhr to 99.9 iriR/hi
overrange :indicator

304A-l} push button
30SA-l

304A-2!
30SA-2] continuous

137Accuracy: ±.lS %referred to Cs
Energy dependence: ±.lS% from 60 keV to 1.3 MeV

betas greater than 0.25 MeV
Response time: nominal one second

Range

Performance

Sampling

1
",-J

Requirements Power:

Size:
Weight:

~~~~=~ 4 AA alkaline cells, _ 100 hours life

304A-2 4 AA NiCad cells, 8 hr/charge life
30SA-2
7.1 cmxlS.S emx3.9 em (2.8l"x6.09"xl.S3")
0.24 kg (8.5 oz) w/batteries

9/79
3.3.3.xe-l
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Features

References

1. Autoranging
2. Six decade coverage (30SA)
3. Digital display
4. Overrange indication
5. Earphone
6. Charger included for 304A-2 and 305A-2

Manufacturer's Specifications

Qlst $275.00
$375.00

(304A-l)
(305A-l)

$345.00
$465.00

(304A-2)
(305A-2)

Address

9/79

XETEX, Inc.
1486 Oddstad Drive
Redwood City, CA 94063
(415) 366-8401

3.3.3.xe-2
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1. INTRODUCTION

There are a variety of applications in
which x-ray and y-ray fluxes are produced at
levels of concern from the point of view of
radiation protection. Among these are:

a) charged particle accelerators,
particularly electron accelerators;

b) sealed gamma ray sources, used
in medical, industrial, and
research applications;

c) x-ray tubes, such as those in
therapeutic and diagnostic
medical usage, and in industrial
applications;

d) leakage of unintentional x-rays
from a klystron transmitter,
color television receiver, or
other high-voltage device.

There are wide variations in the energy
spectra, intensities, and temporal (pulsed)
characteristics of the photon fluxes involved,
and no unified treatment can be given of ways
to measure radiation-hazard levels from all
of the various sources mentioned. However,
the properties of photon interactions with
matter permit a convenient division of the
measurement problem into domains of energy,
which will be discussed below.

Photons which traverse matter can inter-
act in a variety of ways: (a) at the lowest
energies, the photoelectric effect is the
most important interaction; (b) Compton
scattering from atomic electrons is an
important energy-loss mechanism at inter
mediate energies (a few hundred keV to a few
MeV); (c) above a few MeV, electron positron
pair production dominates the interaction;
(d) photo-induced nuclear interactions such
as (y,n), (y,~), photoexcitation, or photo
fission may be important in particular cir
cumstances. The relative effectiveness of
each of the above processes, either for
attenuation or for usefulness in measurement,
depends upon target material as well as
energy. Any discussion of measurement
techniques must, therefore, take place in the
context of the properties of photon inter
actions with matter. There exist several
summary articles and reports about radiation
protection instrumentation (References I, 2,
3,4, 5,6, 7), shielding design (Ref. 8,9) and
the physics of photon interactions (Ref. 10,11).

No comprehensive treatment of either of the
last two shall be attempted here; the
interested reader is referred instead to the
cited works. However, an abbreviated treat
ment of some aspects of the problem will be
introdtlced here where appropriate.

This section shall specifically exclude
the following types of radiations, which are
dealt with elsewhere in the volume: (a)
gammas from decay of induced radioactivity
(say, in beam pipes around accelerators),
discussed in "Beta-Gannna Instrumentation";
(b) photons below about 5 keV; (c) gamma
spectroscopy as used for radionuclide identi
fication, discussed in "Radionuclides"; (d)
the measurement by such techniques as film
badges of individual doses received by radia
tion workers, discussed in "Personal Dosi
metry".

2. RADIATION PROTECTION CONSIDERATIONS

In the general case of occupational
exposure to external radiation, the relevant
~~ximum Permissible Exposure guideline
(discussed in more detail in the introductory
part of this volume) is a basic limit to
absorbed dose-equivalent of 5 rem/year, with
no more than 3 rem to be accumulated in any
l3-week quarter and no lifetime accumulation
up to age N years in excess of 5 (N-18) rem.

For the general public, the relevant
limits are 10% of those for occupational
exposure, or a basic limit of 500 mrem/year.

3. INSTRUMENTATION - GENERAL CONSIDERATIONS

From the point of view of radiation pro
tection instrumentation, it is useful to
divide up the photon energy spectrum into
three broad regions, delineated approximately
in the following way:

(a) below 150 keV

(b) 150 keV to 3 MeV

(c) above 3 MeV

Our division near 150 keV in energy is
for the following reason: at energies much
below 150 keV the number of different types
of useful instruments is extremely limited,
while at higher energies a much wider
variety is available. The reason has to do
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with the wall thickness of various detectors,
and is related to the idea of particle aiui
libri1..Ull, which is one of the most gener ly
applicable concepts in radiation instr1..Ullen
tation. However, we shall not repeat here a
treatment on particle equilibri1..Ull which is
contained in the introductory section of
this vo11..Ulle.

The introductory section also contains
a discussion of the unit of exposure
(the Roentgen) and its relationship to the
unit of absorbed dose (the rad). It was
pointed out that for energies below about 3
MeV, the measurement of exposure with an air
equivalent ionization chamber is nearly
equivalent to the measurement of absorbed
dose with a tissue-equivalent ion chamber or
almost any other device designed to measure
absorbed dose. This is the energy region
in which the roentgen has been defined: in
which ionization in air has a meaningful
relationship to ionization in tissue, and
in which the ranges of the charged secondaries
from photon interactions are short.

Above about 3 MeV, the pair-production
cross-section becomes increasingly important,
and its Z2 dependence on the atomic n1..Ullber
(Z) requires that any ionization detector
match closely the composition of tissue.
This leads to the need for tissue-equivalent
instr1..Ullents for measurements at higher
energies. This concept has been discussed
in the introductory section of this vo11..Ulle
and will not be repeated here.

Another general consideration is the
difference between dose and dose rate. For
many applications (such as at pulsed acceler
ators or medical x-ray machines) the relevant
radiation occurs in extremely short bursts,
from a few milliseconds down even to a
fraction of a microsecond in duration. Many
instr1..Ullents cannot respond in such short
times, and will seriously underestimate the'
intensity of the radiation field if used
in these situations. There are two ways to
circumvent this problem. The first is to
alter the source appropriately: thus one can
often decrease the intensity and lengthen the
time of a medical x-ray pulse until the
measuring instr1..Ullent can respond properly.
The second method is to use a measurement
technique which is intrinsically an integrat
ing device (such as a photographic film, a
TLD chip, an ion chamber in the charge mode,
or other electronic instr1..Ullent operated in
current-integration rather than instantaneous
mode) • With this in mind, it can be seen

that one extremely valuable feature is the
flexibili ty to allow optional use of such an
electronic instr1..Ullent in either pulse-counting
or current-integration mode.

Still another general consideration is
the directional sensitivi¥ of response and
the sensitive aperature 0 any instr1..Ullent.

A standard practice should be that any
commercial instr1..Ullent must quote specifica~

tions for these two parameters; unfortunately,
this is not always the case. The importance
of the directionality of response is obvious.
Fortunately, in most gamma and x-ray measure
ment situations the direction from which the
radiation is emerging is known. The aperture
size consideration can be a little trickier.
For example, suppose an ion chamber with
10 cm2 effective aperture is calibrated so
that a given output indication corresponds to
1 mR/hour, in a general, diffuse photon radi
ation field of a size much larger than 10 cm2 •

Now suppose instead that a focussed beam of
diameter only 1 cm2 is being measured. If the
instr1..Ullent response is the same, then it is
easy to see that within the beam the radiation
field actually correspondS to an absorbed dose
rate of 10 mR/hour, since the amount of ion
ization produced in the instr1..Ullent is identi
cal in the two cases.

For this reason, both the effective
sensitive aperture of the instr1..Ullent and
the effective size of the radiation field
must be understood, and the instr1..Ullent aper
ture should preferably be the smaller of
the two.

Another comment about these instruments
concerns stability of calibration. The effect
of ambient temperature is one important con
sideration. Sealed ionization chambers should
show little or no temperature sensitivity over
the normal temperature range (OOF to 100°F);
the same is true of G-M tubes and proportional
counters. However, air ion chambers open to
the atmosphere will change in response. To
quote from Bellian (Ref.12):

"This change can be as great as 30%
assuming that there is a very large pressure
change accompanied by a large temperature
change. Under most conditions, the
correction factor will not vary more than
±lO% ••.. the problem lies in where the
instrument was calibrated and under what



j 6

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-XRA, GAM
Page 5

conditions. Most instnnnent manu
facturers who sell ion chamber
instnnnents that are open to the
atmosphere calibrate them to
standard temperature and pressure.
••••At Los Alamos, Las Vegas,
Denver, etc., there can be a
considerable error because of de
creased barometric pressure."

Bellian's report also contains a table of
correction factors for various pressures and
temperatures.

Humidity is another important factor.
We again quote from Bellian (Ref. 12):

"The humidity response of these
detectors can be considered more of
a problem of deterioration of the
instnnnent in its overall life rather
than an immediate problem in basic
measurements. The Geiger counter,
proportional counter and the scin
tillation counter show little effect
to humidity providing reasonable
care is taken to keep their contacts
dry. The ion chamber in the present
day design, shows little humidity
effect, however, the older instru
mentsshowed considerable leakage
when exposed to high humidity. In
general, one will obtain the best
life out of his survey meter if he
keeps it as dry as possible. When in
an extremely high humidity area, it is
wise to put several bags of silica gel
in the inside of the survey meter."

The final general corranent about the
electronic instruments concerns the electronic
circuitry. Most ionization chambers are
attached to and read out through electro
meters. While the electrometer tube has
been a standard device for many years; it
suffers from several drawbacks, perhaps the
most important of which are shock sensitivity
and poor stability, both long and short term.
Recently, the vibrating reed and MOSFET (metal
oxide semiconductor field effect transistor)
have been introduced. The MOSFET I S advantages
are low cost, shock insensitivity, and high
reliability; its disadvantages are that it
has high noise and can sometimes be burned
out by overloading. The vibrating reed, while
expensive, has low noise and excellent resis
tance to overloading.

Another corranon electronic circuit is
the count rate meter, used with G-M tubes,

proportional counters, scintillators, and
some ion chambers. The typical circuit
connects the detector output through a
discriminator, into a pulse-shaping network
(usually a multivibrator), and then into
the rate meter. Perhaps the most corranon
source of difficulty in these instnnnents is
the high voltage power supply, which must be
well regulated because of the extreme depen
dence upon high voltage of detector sensiti
vity and of dead time (in the case of G-M
tubes and proportional counters). Another
problem is saturation, or jarraning. At very
high count rates, zero output may result;
this is true especially for G-M tubes, which
stop pulsing at high rates, or produce pulses
too small to fire the discriminator.

Dead time is not usually an electronic
problem with most corranercial rate meters,
except when attached to G-M tubes, which can
have detector dead times of as much as 200
microseconds. In this latter use, corrections
may be important at the higher counting rate
levels; the user should be aware of the need
for corrections, usually applied according to
instructions supplied by the manufacturer.

4. X AND GAMMA RADIATION BELOW ABOUT 150 keV

Three general references for discussion
of instnnnentation in this energy region are
ICRU Report No. 17 (Ref. 2), NCRP Report No. 26
(Ref. 5) and NCRP Report No. 33 (Ref. 7). In
addition, the proceedings of two recent
Conferences (on Color Television X-Radiation
Measurement (Ref. 7) and on Radiation Safety
in X-Ray Diffractlon and Spectrometry) (Ref. 13)
contain good summaries of work in those
areas.

There are two quite different measurement
problems in the low energy region: (a) the
measurement of exposure levels from short,
high-intensity bursts of radiation, such as
from a medical x-ray application; (b) the
measurement of continuous low-level emissions
from various sealed sources (such as the 17
keV x-radiation from decay of plutonium) and
from unintentional x-ray leakage of color
T.V. receivers, klystrons, and other high
voltage sources. In the former case, the total
absorbed dose can be significant (a few to
a few tens of mrad) but the pulse is usually
short (5 to perhaps 500 msec); the "signal"
is therefore large enough to detect easily,
and the measurement problems are due to
energy dependent response and inadequate
temporal response in the instnnnents. In
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There are many different detection tech
niques which are sensitive to low-energy
photons. Some of these are:

1. Ionization chambers

the latter case, the signal is extremely
small (accurate readings of 0.1 mrad/hour
may be required), but the pulsed nature of
the source is less troublesome if only be
cause of the weakness of the signal. These
two areas shall be dealt with separately.
If no other radiation types are present
(as is the case in many medical or industrial
applications) the instrument reading of ex
posure (Roentgens) is sufficiently close to
absorbed dose (rads) that they may be used
interchangeably for most radiation protection
purposes (see the Introduction to this
volume).

FIGURE 1:
2. Geiger-Muller counters

3. Scintillators

4. Film and Emulsion

5. Solid state detectors (thermolum
inescence, flouroluminescence,
induced conductivity in semi
conductors).

Three critical parameters must be exam
ined: the energy-dependence of the response,
time characteristics, and the limit of sen
sitivity.

To gain insight into the measurement
problems with air ionization chambers, consider
that exposure of 1 Roentfen brings about the
release of about 3 x 10- 0 coulombs of charge
from 1 cm 3 of air. A rate of 1 mR/hour thus
yields an ion current of about 10-1 6 ampers
per cm3 • (Ref. 14). The only way to increase
the current is to increase the sensitive vol
ume, which introduces other problems, such as
variations of sensitivity in the volume.
The ultimate sensitivity of' an ion chamber
depends on electronic circuitry capable of
detecting these extremely small currents or
charges.

In a cavit¥ ionization chamber, when the
majority of inItial Interactions occurs in
the chamber wall, this produces a basic limi
tation to low-energy sensitivity. Chambers
with walls as thin as 5 mg/cm2 have been
constructed (Ref. 3), in order to overcome
this problem. Figure 1 (from Ref. 14) shows
a typical energy response for a well-designed

Variation of response with
photon energy of a typical
cavity ionization chamber
whose wall material is
approximately air equivalent.

ion chamber, whose walls are approximately
air equivalent; the fall-off at low energies
is due to wall thickness and the rise above
unity response is due to the fact that just
before the fall-off there is an energy region
in which the effective atomic number of the
walls exceeds that of air.

ICRU Report No. 17 (Ref. 2) discusses in
detail the use of free air ionization chambers
below 150 keY, along with the corrections
needed due to attenuation and scattering of
photons in air, recombination of ions, and
various other effects. A standard instrument
for absolute measurement of exposure (roent
gens) within about 1/2% is described, as well
as the relationship of exposure to absorbed
dose, Ref. 2 also states that as of 1970
commercial instruments for measurement down
to energies of about 5 keY were available
from only four manufacturers: Philips
(Eindhoven, Netherlands); P.T.W. (Freiburg,
W. Germany); Siemens (Erlangen, W. Germany);
and Victoreen (Cleveland, Ohio, USA). Of
these, only the domestic (Victoreen) instru
ments have been included in the Instrument
Note section of this survey.

Of the other possible detection means,
the most common is Geiger-Muller tubes. G-M
counters can detect a SIngle ionization event,
since the avalanche resulting from very great
multiplication of the initial ionization is
detected as a pulse. The sensitivity is about
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"Two thermoluminescent materials,
lithium fluoride and lithium borate
may prove to be a value for dosimetry
at low energies. The effective atomic
number of the former is higher than
that of soft tissue whereas that of
1ithium borate is lower. Attempts
have been made to produce a dosimeter
with tissue-like x-ray absorption
characteristics by mixing them in a
suitable proportion (see Kirk et al.
Ref. 17)".

The use of solid state detectors in the
low energy region 1S hampered by the fact that
the atomic numbers of the detectors are very
different from those in tissue, producing too
rapid a variation of response with energy.
To quote from ICRU Report No. 17 (Ref. 2):

In Figure 4, from Ref. 18, the energy
deperldence on TLD-700 material (Ref. 19) is
shown. It can be seen that it is quite
satisfactory down to perhaps 25 keV, below
which its response varies quite significantly.

Film and emulsion are also sensitive to
low energy x-rad1at10n. (Indeed, W. K.
Roentgen discovered x-radiation in 1895 by the
darkening of film, and film is the most
commonly used technique in medical diagnostic
applications). Up to at least a few Roentgens
of exposure, the linearity of response of
film is quite good (density vs. exposure).
As an example, Fig. 3 (from Ref. 16) shows this
linearity for two kinds of Kodak film. The
spatial resolution of film is excellent, and
far exceeds the requirement of any typical
radiation-protection application. Its draw
backs are two-fold: first, the processing of
film must be done with great care if absolute
exposure values are desired from absolute
density measurements. Second, the time delay
(between film exposure and processing plus
analysis) makes its use inappropriate for
many applications .•• thus, it finds its most
common use in attempts to quantify intense,
spatially complex x-ray sources (for example,
slit leakage from the sides of tubes or voids
in shielding) or in long-term, integrating
dosimetry (for example, placed on a wall and
developed only periodically). It is seldom
used for rapid surveys if only because of the
inconvenience and cost.

2.62.01.61.0

Variation of response of a
G-M tube with photon energy
for various wall materials.
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two orders of magnitude greater than that of
a cavity ion chamber with comparable dimensions.
However, there is a very significant energy
dependence at low energies, because a single
x-ray at low energies will give one 'count'
even though its energy deposition is vastly
less than a single photon of high energy.
Figure 2 (from Ref. 15) shows the variation in
response of typical G-M tubes of various wall
materials. Scintillators have also been found
useful. They are the most sensitive of all
detectors: a NaI(Tl) crystal of even modest
size will detect individually every low-energy
x-ray incident upon it. Due to this fact, the
detector is a significant perturbation on the
radiation field, and in some situations large
detectors are thus ruled out. The energy
dependence of the inorganic scintillators [such
as NaI(Tl)] for measuring roentgen or rad is
very non-uniform, since the effective atomic
number differs considerably from that of air
or tissue. On the other hand, the organic
plastic scintillators are composed essentially
of (CI-0 n ' which is reasonably tissue-equivalent.
It is the high-Z atoms (such as iodine) which
make the difference here: the photoelectric
cross-section is proportional to Z5 and in
high-Z materials it predominates at low
energies in a way quite different from the
correct tissue-equivalent behavior. The
inorganic scintillator/photomultiplier com
binations must be used with a spectrum ana
lyzer of some sort if one desires a measure
ment of absorbed-dose, at least unless the
energy spectrum is already known.

oo

FIGURE 2:
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FIGURE 3: Optical density against roentgen exposure plotted on linear grid
for Commercial film and for Type Mfilms in Ready Packs.

As far as the application of TLD's in
the x-ray domain is concerned, many of the
same comments made about film apply: it
is most useful as an integrated dosimeter
(say, on a wall for weekly information)
and is not often used for survey work.

A. Continuous, low-level leakage

In this section, emissions from gamma
sources, color TV receivers, klystrons, and
other low level, low energy (~ 150 keV)
x-radiation sources will be considered. The
industrial application of x-ray diffraction
is also treated here, although the intensity
levels are in this case very high.

Emissions of this kind generally have a
known energy spectrum: for isotope sources
this is certainly true, and for leakage
radiation at least the maximum energy is
known, since x-radiation significantly
above the accelerating voltage does not
occur. This simplifies the problem
enormously. In order to discuss the detailed
problems of measurements from leakage sources,
the particular case of color TV receivers will
be treated. This choice is due primarily to
the large amount of attention which the color
TV problem has received recently, and to
the existence of the TV X-Radiation Measure
ment Conference referred to above (Ref. 7).
It should be pointed out here that,in our
opinion, the possible hazard from color TV
receivers has been vastly over-emphasized,
and that it actually poses rather small
hazard probability today.

Most x-radiation emitted from the
active elements within a typical color
TV set is limited to the energy region
below about 30 keV, and it tends to
emerge into the open air through narrow
cracks and slits. (Ref. 20,21). The
levels which must be detected here are

Energy Response of TLD-700
thermoluminescent material.

FIGURE 4:
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FIGURE 5:

very low: the recormnended NCRP maximum
emission level is 0.5 mR/hr over a 10 cm2

area, at a distance of 5 cm from the
receiver surface. (Ref. 22).

Figure 5, from Ref. 21, shows the energy
spectra of the three important x-ray sources
(picture tube, rectifier, and shunt regulator)
from a typical 25" rectangular color TV
receiver (manufacturer undisclosed), operat
ing at 25 kV. It can be seen that the x-rays
are peaked at about the energy of the tube,
with a secondary peak at about 12 keV from
the shunt regulator. Figure 6 (from Ref. 21)
shows the spatial distribution from a typical
receiver when de-tuned and adjusted so that
the radiation level is exactly at the
0.5 mRlhr maximum recommended by NCRP.

In order to measure this type of radia
tion, several specific instruments have been
designed, which also have usefulness for
other x-radiation leakage monitoring. One of
the earliest, built in 1949, is a flat,
cylindrical ion chamber run either in con
denser mode or attached to an electrometer.
It has O. 1 mm windows of nylon, coated on
the inside with aquedag to make them conduct
ing. This instrument has been described by
Braestrup. (Ref. 23) Its principal disad
vantage is that the measurement is time
consuming (several minutes for 0.1 mR/hr
levels) and represents an average over a
large (50 cm2) area. This latter problem
is very serious when searching for narrow
beam leaks, as will be pointed out below.

In 1968, the U.S.P.H.S. National Center
for Radiological Health (now the Bureau of
Radiological Health) designed a TV-set
x-ray Survey Meter (Ref. 24) using sixalumin
um lB85 G-M tubes connected so that the meter
circuit responds only to the signal from
that G-M tube with the highest momentary
output. The most sensitive scale responds
to a product of exposure rate and detector
area of 0.5 mR/hr over 13 cm2 ; more intense
exposure levels over smaller areas are in
tegrated over the 13 cm2 effective area.
Its energy dependence was found to be accept
able down to about 20 keV (Ref. 24); in Fig. 7
the energy dependence is shown explicitly
compared to several other instruments.

Another Bureau of Radiological Health
study (Ref. 16) examined the relative merits
of film (Kodak Royal Blue in Ready Pack),
an end-window G-M tube (Eberline RM-3A) ,
and an ion chamber (Victoreen 440RF) , when FIGURE 6:

SCALE

fJ'%m; MICRO-ROENTGEN/HOU R

Spatial Distribution from a
Typical 25" Color Receiver
(full raster) when adjusted
to 500 ~R/hr level at 5 cm
from tube front.
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used to test leakage from an ensemble of
about 100 misaligned Type GEF4 shunt voltage
regulator tubes. The size of the leakage
spot varied from a few nun2 to a few cm2 ,
and the effective energy was 10 to 16 keV.
It was found that, using the film as the
standard, the two electronic instruments were
both unable to distinguish the intense spot
like characteristic of the leakage beam from
a diffuse source of lower intensity over a
bigger area. The average "area correction
factor" for the two cases were a factor of
18.5 for the G-M tube and 30 for the ion
ization chamber. The conclusion of the study
was that the data "suggest a need for addi
tional investigation and development of
instrumentation for surveying small-area
x-ray beams which are also very intense and
soft. " (Ref. 16).

The following summary is taken directly
from Ref. 16:

"Based on the work conducted at the X-ray
Exposure Control Laboratory, several
statements can be made and verified by
experimental data concerning the cali
bration of radiation detection devices
used in measuring x-ray emissions from
color television receiver components.

"Film has been found to be the best
detector for permanently recording
and measuring in detail the area
distribution of x-ray exposures,
especially for small x-ray be~s sU<;:h
as found from the components lnvesh
gated. Calibration of film for each
quality tested is necessary for
accurate results, but the quality
dependence over the range 20 to 30 kv,
0.1 to 0.5 nun Al HVL, is at most 30
percent, so only the extremes need be
calibrated and an average conversion
curve used for the purpose of survey
ing high voltage shunt regulator
tubes and the like.

"End-window G-M tubes are useful in
probing for narrow x-ray beams in
that they can locate rapidly with
relative ease the x-rays emitted
from television components and from
sets. A drawback, however, to the
ordinary large-aperture end-window
probe is that only a small fraction
(5 percent on the average for our
data) of the actual intensity will
be read when surveying narrow x-ray
beams.

"Ion chamber survey meters are con
sidered the best for accurate
exposure measurements of broad
beams that uniformly irradiate
the entire volume of the ion
chamber and are of high enough
exposure rate to give statistically
valid readings. In narrow beam
use the. resulting readings were too
low by an average factor of 30."

This conclusion is the fundamental one
for usage in any leakage. applica~ion: for.
narrow beam, high-intens1ty stud1es there 1S
need for an electron1c 1nstrument with a
small sensitive area, but at present no
such instrument of either the ion chami)er or
G-M tube type has come to our attention.

Several other techniques have been pro
posed, but only one, the use of a small
scintillator, shows any promise for measur
ing slit-like sources. (We exc~ude he~e

the use of film or TLD-type dev1ces, Slnce
for survey work around electronic products
it generally takes too long to get an answer.
Film, of course, has excellent spatial reso
lution.)

The use of a NaI(T1) scintillation
detector in the Eberline Model PRM-5 with
PG-1 probe, has been described by Re<;:hen
and Williams (Ref. 25). The PRM-5 un1t
houses a battery-operated high voltage supply
for the phototube, a double pulse-height
discriminator, and a count rate meter. The
discriminator must be adjusted to a pulse
height 'window' of interest. The detector,
a thin (0.1 nun) chip of NaI of area 8 cm2 ,
is capable of absorbing 99% or more of al~

x-radiation up to about 24 keV. The senS1
tivity is adequate: 0.5 mR/hr produces
110,000 cpm. It thus has extremely large
dynamic range, making it' 'very useful for
plotting approximate iso-exposure rates
around television receivers and other
electronic products" (Ref. 25). The
instrument is easily calibrated, (Ref. 25),
and convenient to use. However, the small
detector area makes a survey for minute
cracks difficult, and it should therefore be
used in conjunction with a larger-area
detector. Reference 25'contains a complete
analysis of this instrument's performance,
and should be consulted for details.

For the problem of sources distributed
broadly in space, a very useful study has been
made at Zemth Radio Corporation by Savic
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FIGURE 7:

2. Victoreen Thyac III ~1 Counter with
a 489-35 a, a, y probe;

1. Victoreen 440RF shielded ionization
chamber;

et al (Ref. 26), who tested the following five
mstruments:

3. Victoreen lB85 bare GM tube;

5. Eberline Model PRJl1-5 pulse rate
meter having single channel analyzer
capability in conjunction with a
sodium iodide (NaI :Tl) crystal
Plutonium Gamma Probe (Model PG 1).

4. Victoreen Scintillator "y probe"
which was used with the Thyac III
count rate meter.

The Victoreen 440 RF ionization chamber
was used as a standard, and Fig. 7 shows the
energy dependence of the other four instru
ments compared to it. Here the rate of
emission is 1 mR/hr of approximately mono
chromatic radiation with the energy on the
abcissa, and the data are taken 18" from
the front of a color TV picture tube. It
can be seen that all except the Thylac III
(with garrnna probe) can be used in this
application with only minor corrections re
quired for energy dependence in the 25-35 keY
energy region. It should be noted that the
Victoreen lB85 G-M tube is the detector
used in the NCRH instrument described above
(Ref. 24).

Throughout the literature on this sub
ject, the Victoreen 440RF ionization chamber
is almost always considered to be the refer
ence instrument. It seems that the only
reason why one would desire another instrument
is cost considerations: The 440RF sells for
$950. Victoreen's 208A/239A Minometer
chamber, in tum, is the common reference
laboratory standard. The responses of these
two instruments are shown in Figures 8 and
9, taken from Victoreen's own data (Ref. 27).

To summarize the section on leakage
radiation from color TV receivers, klystrons,
and other similar sources, it can be seen
that while instrumentation does exist for
the measurement task, it has difficulties
which must be understood by the user. For
measurements of broad-area, low-level radia
tion the ionization chamber technique is
certainly the most reliable; of course,

chambers with slowly-varying energy depend
ence at low energies must be used. The use
of G-M counters is recommended only when the
energy spectrum is understood. For studies
of slit-like, high-intensity leakage the
scintillation/photo-multiplier technique
seems best, because its sensitive area can
be made small. Alternatively, an instrument
like that described in Ref. 24 (with 6 G-M
tubes, connected so that only the one with
the greatest instantaneous count rate is
read out) can be useful. The use of TLD's
and film or emulsion is very satisfactory,
but only in those situations where an instan
taneous answer on exposure levels is not
required.
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apply only to these categories; thus, low
duty-cycle, high-voltage klystrons may emit
radiation similar in quality to that consid
ered here. Indeed, any device with high vol
tage is capable of being a source of x-rays.
We shall explicitly deal primarily with the
medical x-ray problem.•. the other situations
are implied throughout. Of course, as pointed
out in the section on "X-Radiation", the med
ical use of x-rays accounts for more than 90%
of all human exposure to man-made sources of
ionizing radiation.

The important properties of the radia
tion under consideration are the following:
a) energy between about 5 and 150 keV;
b) pulsed time structure; c) large inten
sities in each pulse (say, at least a few
mR); d) the radiation is intended to be
directed only at a (relatively small)
target; (although the x-ray diffraction
and spectroscopy applications do not common
ly involve pulsed radiation, they are also
treated here).
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B. Medical and Industrial X-Rays

In this section we shall deal with those
photons with energies below about 150 keV
which occur mainly from pUlsed sources. We
have in mind primarily medical (and dental)
x-ray machines (for therapeutIc and dIagnostic
applicatIons) and industrial x-ray machines,
but it is not intended that thIS sectIon

When one considers the radiation
protection aspects of x-radiation from
industrial or medical usage, there are
several sides to the problem:

(a) Proper functioning of the
x-ray machine itself;

(b) Proper design of collimation sys
tems, beam-stops, and shielding;
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(c) Proper operation of the machine by
the operator (proper alignment,
correct exposure settings, re
moval of impediments from
beam);

(d) Proper radiation-protection
procedures (ensuring that
accidental exposures do not
occur; routine surveying of
direct and stray levels;
appropriate personnel moni
toring and record-keeping;
interlock systems; etc.)

We shall deal here only with the task
of monitoring direct and stray radiation;
and shall limit the treatment by excluding.
both personnel monitoring of occupatl0nal
exposures and patient dosimetry in medical
therapy. Thus, this discussion deals only
with measurements of direct and stray rad
iation for the purposes of a radiation pro
tection survey. The interested reader is
referred to several basic sources for guid
ance on shielding and interlock design and
other general considerations on x-radiation
(Refs. 2, 5, 8, 9).

There are two aspects of the measurement
problem: first, the measurement of possible
stray radiation levels far outside of the
main beam; and second, the problem of un
wanted 'halo' around the intended beam.

Of the many types of instruments which
are sensitive in this region, only two seem
to be m common use for this type of work:
ionization chambers and integrating devices
(film, TLD's). The latter are used mainly
in two applications: film is used for
determining the exact pattern of a beam
profile and halo, and both film and TLD' s are
used for long-term integration of levels
where expected exposure rates are exceedingly
small (e.g., as film badges).

For measurement of absorbed dose around
x-ray machines, ionizatlon chambers of
various kinds are the predominate instrument.
The parameters of·interest in the choice of
an instrument are four in number: first, the
energy-dependence of its exposure; second,
the lower limit of sensitivity, together with
the time required to obtain a reading at
that limit; third, the stability of the
instrument against drift; and fourth, the
sensitive area of the instrument.

/
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On the first point (energy-dependence)
most of the Instrument Notes on ionization
chambers contain energy response curves
in many cases taken from the work of Storm
at Los Alamos, (Ref. 28). Remembering that
medical x-radiation occurs predominantly
between about 50 and 100 keV, it can be
seen that for many of the instruments there
is a very large variation in instrument
exposure in this region. Of these tested
by Storm, only the Victoreen 440, 440RF,
444 and 666 have reasonably flat response
(± 30%, say) down to 50 keV. Many of the
others have a serious fall-off in sensitivity
in this 50-100 keV region; still others
have too much sensitivity. However, if the
approximate energy spectrum is known, many
of them can be used without gross error in
this region. It is important to remember
that no beam is really monochromatic; there
is always a low-energy tail, making low-energy
response a desirable feature.

The lower limit of sensitivity is an
important parameter mainly for measurements
at a distance removed from the main beam,
because the intensity in and near the beam
is usually high enough to provide plenty of
signal. However, the low duty cycle of
many x-ray machines can be a problem in
stray-radiation measurements, or behind
shielding. Many sources cannot produce
a radiation pulse more often than one every
several seconds, so that ionization chambers
which attempt to read in dose rate (mR/hr, say)
will have difficulties in this sltuation.
The solution is an instrument which can
integrate several short bursts, and read
total exposure (mR). Several of the ioniza
tion chambers have this feature.

The importance of knowing the sensitive
area of any instrument has been discussed.
For ionization chambers this can be a problem:
although large volumes are required to obtain
greater overall sensitivity, they are of no
help at all if a narrow-cross-section beam
is being monitored. Indeed, large size is a
handicap if the beam is smaller than the
instrument volume, since corrections are
then required. For small enough beams, even
rather large intensities may produce low
(or null) readings, which induces a dangerous
false sense of security. Further, large size
prevents access to some inconvenient locations
where survey information might be desired.
This compromise must be borne in mind. One
solution is to use another type of instrument
(e.g., a small G-M tube or scintillation
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counter) for this kind of work.

For use in rapid searches for hot-spots,
it is not necessary to have an:lJ1strument
with response proportional to absorbed dose.
In this application, devices such as G-M
tubes, proportional counters, and scintilla
tion counters are useful. Indeed, in some
cases these instruments are preferable to
the ion chamber when searching for small
cracks, since they can be intrinsicallY
more sensitive by as much as two orders of
magnitude. If one then needs absorbed dose
information, an ion chamber can be called
upon.

This fact was brought out in a striking
way during the recent Conference on Radiation
Safety in X-Ray Diffraction and Spectrometry
(Ref. 13). We quote Dr. J. W. Thomas in the
conference proceedings, discussing the use
of G-M tubes for survey work around x-ray
diffraction units:

"In most cases of protection
surveys about diffraction equipment
we really are doing a go/no-go type
of survey. We are not trymg to
measure the radiation level in the
direct beam because we really don't
care what the direct beam is, only
where it is. So, if you are approach
rng-apparatus from a position where
there is essentially no radiation,
all of this group of instruments would
start to respond at about the same
point in a radiation field. .This
point is low enough as to read mR/hr
to serve our yes/no survey needs. If
the meter responds but doesn't go
banging off the lower scale, the
region in question is safe enough for
any reasonable and necessary operations.
If the meter goes banging off the most
sensitive scale and perhaps the next
most sensitive scale too, you really
want to turn off the x-ray unit and
figure out what's wrong before going
on with the work. This means to me
that these instruments can serve a
valuable function, and they don't
require highly skilled radiation
measurements men to do the job.
You have to remember that when the
meter dial says mR/hr, that may be
wrong; you may need a correction
factor of 2, of 10 or 30 or more if
you really want to know mR/hr. But
for an awful lot of protection work

you don't really care about mR/hr;
you want an indication of where
there may be a problem and help in
locating and correcting the source
of a problem. This is the very
great value of these meters in
operational radiation safety such
as we are discussing."

One of the main goals of a radiation
protection survey around a medical or indus
trial set-up is to insure the radiation safety
of the system as routinely operated by a
technician. The problem of the integrity of
shielding is particularly difficult. In
many installations, workers in adjacent rooms
may be exposed to radiation far above
permissible levels, due to poor design or
improper maintenance of shielding. It is
essential, as standard operating procedure,
to perform an adequate test of shielding
and maintain its integrity against the in
roads of convenience or expediency. One of
the most common failings of shielding design
(Ref. 30) is that the shielding is only over
designed in the region where the main beam
is intended to be stopped; other areas are
shielded for the minimum thicknesses re
quired for small stray radiation levels.
The beam set -up may then change, or a leak
may develop in the housing, and the shield
ing is no longer sufficient. The New York
City Department of Health now recommends
shielding tests by directing the main x-ray
beam at areas which ordinarily cannot be
expected to receive it; shielding improvements
are then suggested until the levels are small
even under those circumstances (Ref. 30).

The detection of pin-holes and cracks
in shielding may be quite difficult. Since
many industrial and medical x-ray machines
cannot put out bursts at high repetition
rates, the task of scanning for cracks is
time-consuming beyond the patience of many
surveys. The recommended practice here
(Ref. 30) is the use of a strong radioactive
x-ray source (such as Technetium 99m with
140 keY x-rays, 6 hour half-life), placed
in the correct location. A survey with
any sensitive rate meter (e.g., a G-M or
proportional counter) will detect the presence
of leaks without any trouble ..• in this case,
one wants to fix the leak, not quantify it.

Another problem of radiation protection
is a possible halo around the main beam.
This halo can serve as a secondary source
itself if it strikes objects along the path.
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The way to measure this type of effect is to
quantify the actual main beam size with
exposure of film, and then to search near
the beam edges with a sensitive electronic
instrument of small sensitive area. .An
important problem is when beam halo from
a medical application strikes a patient out
side of the intended area of exposure. The
seriousness of this problem cannot be over
emphasized: greater than 90% of all exposure
to man-made radiation comes from medical
x-radiation; yet it is estimated that
dramatic decreases in total exposure can
easily be made by proper collimation of
those machines which still do not possess
adequate collimation systems. To quote
J. C. Vi11forth of the U.S. Bureau of
Radiological Health (BRH) (Ref. 31):

"Inadequate collimation of the
x-ray beam still contiues to be
the primary sources of our concern
in the use of medical x-ray machines.
As you will remember, following the
data obtained in the 1964 x-ray Exposure
Study, it was determined that the
genetically significant dose from
medical radiation could be reduced
from 55 to 19 mrads/yr, if the x-ray
beam were limited to the area of the
film. Several years ago, the Bureau
developed and tested a prototype
automatic collimating device. Since
then, two manufacturers have commer
cially marketed a similar automatic
x-ray collimator and two other
manufacturers have advised us of
their intent to enter this market.
Thus, it would appear that we should
move as rapidly as possible to incor
porate automatic x-ray collimators
into appropriate existing and new
equipment."

In this regard, the U.S. Bureau of
Radiological Health has recently published
proposed requirements for x-ray equipment
manufacturers, governing machine operation
at time of sale (Ref. 32). This is just one
step in a long struggle to help upgrade the
radiation protection procedures of medical
and industrial practitioners (Ref. 31).

5. X AND GAMMA RADIATION FROM ABOUT
150 keV TO SEVERAL MeV

Photons in this energy region arise
principally from two types of sources:

(a) particle accelerators

(b) radionuc1ide sources

While only a very few radionuc1ide sources
produce gamma rays at energies above 2 MeV
particle accelerators can yield photons
of much higher energies; these last will be
discussed separately ("high-energy gamma
rays"). .An important distinction is that
whereas accelerator photons often have an
unknown energy spectrum, and can be accom
panied by other species of particles
(principally neutrons), neither of these
problems is present for most applications
with radionuc1ide sources.

The basic references on radiation pro
tection in this energy region are NCRP
Reports 24, 26, 33, and 34 (Ref. 4, 5, 8, 9),
ICRU Report 14 (Ref. 1), and especially
NCRP Report 25 (Ref. 6). These reports
discuss fundamental considerations (such as
shielding, handling, protection instrumen
tation) and should be incorporated into the
basic operating philosophy of any worker in
this field.

There is a wide range of instrumentation
available for measurements in this energy
region. However, the instrument probably
most suited to hand-held survey measurements
(and most commonly used) is the caviF
ionization chamber, in one of severa designs.
The maIn reason for this is that if absorbed
dose is desired the other kinds of common
instruments (Geiger-~1u11er counters, gas pro
portional counters, scintillation detectors)
all have serious energy-dependent sensitivity
in this region.

Also, ionization chambers with rather
small sensitivity to neutrons can be con
structed. The use of TLD's, film, and
emulsion for these purposes is discussed
elsewhere in this volume (see "Personnel
Dosimetry").

As mentioned, this is the energy region
in which air and tissue are nearly equivalent
in terms of ionization (ergs per gram) de
posited by a given incident photon. Thus,
the use of air-equivalent, tissue-equivalent,
and a variety other materials has been common,
and all work fairly well. However, sensiti
vity to neutrons varies from one material to
another; in particular, the response of
hydrogenous materials to neutrons is often
more than an order-of-magnitude greater
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than that of non-hydrogenous materials. This
latter fact makes possible the independent
measurement of gamma and neutron absorbed
doses by the comparison of response of two
differently-constructed chambers.

To illustrate this, consider the com
parison (Ref. 6) between a tissue-equivalent
chamber and a chamber with conducting-teflon
lining and CO? gas. Exposure of each of
these chambers to 1 R of gamma radiation at
about 1 MeV produced a reading of 0.97 rad.
However, it required 8 to 10 rem to produce
a reading of 1 R in the tissue-equivalent
chamber; its response was nearly rad-propor
tional, since 8 to 10 rem is equal to 1 rad
for fast neutron. For the teflon-CO
chamber, 30 to 60 rem (depending on the
energy) were required for response of 1 R,
and below about 100 keV, the neutron
response was completely negligible.

In this energy region most of the
comments made in the previous section about
lower energies still apply. One basic
difference is due to the properties of the
photons at these higher energies: they
penetrate material (especially low-Z) to
significant depths, and Compton scattering
(y-electron scattering) overtakes the photo
electric effect as the dominant interaction
process. An additional complication for
radiation protection is that these gammas
can backscatter, since the Compton process
has such a wide angular distribution (Ref.
10,11). Thus, the energy spectrum reach
ing a detector from a sealed gamma source
can contain components from many directions
besides the source itself, and with the
wide energy spectrum characteristic of
the Compton process in the continuum. The
instrumentation required for the measure
ment of such a spectrum needs a wide, flat
energy response •••• the same comments apply
as for the lower energies.

Fortunately, at these higher energies
the wall thickness of the cavity detectors
becomes less critical. Also, the uniforrnity
of energy response is better for G-M and
proportional counters, especially above about
1 MeV, so that these instruments become use
ful for rough absorbed-dose measurements.

6. HI GH ENERGY GAMMA RAYS

Photons with energies above a few
(say 10) MeV almost never occur except at
high-energy accelerators. Even in these

installations, the radiation fields outside
of the shielding walls tend to be dominated
by neutrons (Ref. 33, 34). Even when higher
energy components are present, ionization
chambers are the most commonly used instru
ment; this despite the fact that their
response is not proportional to absorbed
dose beyond a few MeV. The reason is as
follows:

Consider the situation where very high-energy
(even GeV-level) electromagnetic showers are
developing in the shielding. The primary
energy is successively degraded into more and
more particles of lower and lower energy;
eventually the process reaches a peak (with
regard to the number of particles in the
shower). The absorption processes of photons
in shielding are such that most low-energy
photons are absorbed in rather short distances
after their production; above about 5 or 10
MeV, however, the absorption coefficients are
both small and relatively constant. When one
of these higher-energy photons does interact,
however, energy is then lost quite quickly
due to production of lower energy secondaries
of shorter range. Thus, once equilibrium is
reached, the fall-off of intensity with in
creasing penetration is slow, and governed by
the attenuation probabilities near the mini
mum in the absorption curve, despite the fact
that at an oint the dominant artlcle flux
and absorbe dose are rom low-ener

partlcles.

This concept is crucial to an under
standing of measurement of fluxes such as
those from high-energy photons. This is why
ionization chambers, whose sensitivity is
poor above a few MeV, are nevertheless ade
quate instruments for absorbed doses in equi
librium photon radiation fields.

If there is a suspicion that non-equi
librium high-energy components are present,
the best check is to add absorber around the
ion chamber in stages, up to about 30g/cm2 •
In equilibrium fields, there should be a
small, monotonic decrease in instrument
response, while in non-equilibrium situations
an actual build-up of response may occur as
mass is added.

7. INSTRUMENT CALIBRATIONS

Many of the general problems with the
calibration of instruments have been dis
cussed in the introductory part of this
volume. Here some of the considerations
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specific to x- and gamma-ray instruments
will be given a more detailed treatment.

There are two common sources of photons
for calibration purposes: x-ray tubes and
radioactive gamma emitter-so Since the
response of many instruments is a strong
function of energy, particularly at the
lower energies, there is a high premium
on the use of a source as mono-energetic as
possible.

In the case of radioactive sources, the in
trinscically mono-energetic gamma energy
can be degraded either by scattering or by
absorption (in the source itself, its con
tainer, or the air). Below a few tens of
keV absorption is dominant, and care should
be taken to account for it in the calibra-
tion procedure. This is particularly im
portant because one normally wants the
detector to be far enough away that the
finite instrument dimensions (depth and
area) are not the major uncertainty in tIle
measurement. Since knowing the effective
'center' of a detector is often difficult
to better than perhaps one third of the
relevant dimension, one usually needs to
locate the detector several detector-diameters
away from a source to reduce the 1/r2 un
certainties to ~10%. Deviations from in
verse-square fall-off of flux can be
studied·with a detector whose size is much
smaller than the distances involved.

Scattering is very important in the
MeV range, because of the broad angular
distribution of the Compton scattering
cross-section (Ref. 11). This makes it
desirable to locate the calibration set-up
as far as practical from large scattering
surfaces such as walls.

Beams from x-ray tubes are useful mainly
in the lower-energy region. The main problem
here is the energy spectrum of the source,
which usually has a broad spread even as it
emerges from the tube. The low-energy tail
on an x-ray spectrum can be greatly reduced
in magnitude by the use of absorbers. To
quote from ICRU Report No. 20 (Ref. 3):

"Care should be taken that secondary
peaks are not introduced from the
radiation produced by fluorescence of
the filter material. For example,
with a lead filter it may prove
necessary to follow the lead with a
tin filter to absorb the K radiation
from the lead. Likewise, a copper
filter may be required to absorb the K
radiation from tin; an aluminum filter
may be used to absorb the K radiation
from copper. Normally high purity
materials should be used as absorbers.
.••.•For measurements of energy depend
ence below 100 keV, the K-fluorescence
radiation of different elements can be
used as an almost monoenergetic
source of radiation. (Ref. 35, 36).
For most radiation protection appli
cations the better energy definition
obtained by this method is not required."

Table 1 (from Ref. 3) shows some common
gamma-ray sources. Note that sources are
available even in the low-energy region
where x-ray tubes are also used. The last
column, taken from Nachtigall (Ref. 37), shows
the specific gamma-ray constant in units of
Roentgen-meter2/Curie-hour, which specifies
numercially the exposure rate (R/hr) at 1 meter
distance from 1 Curie of activity. However,
these values may not be accurate enough for
calibration purposes in the presence of scat
tering and absorption problems.

TABLE 1 - Some gamma-ray calibration sources

Effective Photon Half-life Specific Gamma-
Radionuclide Energy (keV) (Physical) Ray Constant

(R m2/Ci hr)

Am-24l 60 458 years 0.016

In-114m 192 50 days 0.043

Hg-203 279 47 days 0.12

Au-198 412 2.7 days 0.23

Cs-137 662 29.9 years 0.32

Co-60 1170, 1330 5.23 years 1.30

Ra-226* 1608 years 0.825

Na-24 1370, 2750 15 hours 1.83

*0.5 mm Pt filtration, decay products included.
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Two geometrical effects are particularly
important: first, the angle of incidence of
the radiation can affect the sensitivity of
the detector, and the effect can be depend
ent on energy. Second, backscatter from a
human body can significantly affect the
response of an instrument held in the hand or
worn on the body. This can be checked by
using a phantom positioned appropriately.

The effect of humidity, temperature,
and pressure have been discussed above.
Here we note again that the ambient conditions
during calibration should be included with
the calibration information.

A detailed discussion of absolute
national standards for instrumentcalibra
tion is beyond the scope of this work. The
National Bureau of Standards has for some
years performed calibrations of x- and
gamma-ray instruments against its own
national standard (Ref. 38). However, the
need for a larger number of calibration
facilities has prompted the American Assoc
iation of Physicists in Medicine (MPM) to
establish a certification system for Region
al Calibration Laboratories. The primary
motivation for these centers is for purposes
of precise dosimetry in radiation therapy,
but their use for radiation protection
instrumentation will also be important.
The centers, with secondary standards
calibrated against the NBS national standard,
would perform routine calibrations of instru
ments for users. Information about the effort
is available from the MPM office (Ref. 39).
The AAPM program is now (early 1972) in the
formative stages, with two regional centers
already certified: M.D. Anderson Hospital
in Houston and Memorial Hospital in New
York City. It is expected (Ref. 40) that
several others will be certified by the
end of 1972.

8 • SlJlvlMARY AND RECOMMENDATIONS

Monitoring of x- and gamma-radiation
has three distinct classes: . (a) surveys
where the presence of ionizing radiation
is generally not intended (e.g., klystrons
and TV receivers); (b) industrial and
medical x-radiation, usually at energies
~ ISO keV; and (c) higher-energy photons,
usually from accelerators or sealed radio
active sources.

The purpose of this section is to
enumerate the various classes of instruments,
the conditions under which each class is
appropriate and the manner in which various
operating conditions affect the choice of
instrumentation. The reader is referred to

the original references for details concern
ing specific instrumental techniques.

Two important guidelines should be kept
in mind. First, it is essential that de
tailed radiation protection surveys be
performed whenever an installation begins
operation or makes substantial changes in
operating conditions. This survey should
identify and quantify the important sources
of radiation, thus leading the way to reduc
ing unnecessary exposures where possible.
Second, routine surveillance is essential
for maintaining the integrity of any opera
tion.

The routine surveillance should have
two goals: The quantification of absorbed
dose (and dose-equivalent) levels, and the
determination of possible changes in operat
ing conditions which might demand remedial
action (e.g., the search for cracks in
shielding). Instruments suitable for each
of these tasks have been described in the
text.

The ionization chamber is the basic
survey instrument for x- and gamma-ray
absorbed dose measurements; the properties
of and applicability of various ionization
chambers have been discussed. For survey
use where absorbed dose is not required, a
variety of other instruments is available:
Geiger-Muller tubes, gas proportional
counters, scintillation detectors and in some
cases film and thermoluminescent detectors
are appropriate.

In the text no attempt has been made to
comment upon each commercially available
instrument individually. Rather, guidelines
have been indicated to aid in the selection
of a class of instrument to perform a
particular function. Sufficient information
is not presently available on the operating
characteristics and regions of applicability
of many instruments. Also, we have attempted
to give a brief discussion of some instru
ments and techniques which are not now
commercially available, but are worthy of
commercial development.

Finally, a comment about the electronics
circuit design is necessary. Many monitoring
instruments have not as yet incorporated the most
recent advances in electronic technology.
If exploited, these advances would lead to
many improvements: An increase in stability
and reliability, a reduction in frequency
of nmintenance, a decrease in size, weight
and cost and a better means of data read-out.
It is urgently recommended that these improve
ments be incorporated commercially wherever
possible.
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RAD-GAM,XRA
Instrument Notes
September 1979

9/79

Included in the following pages are Instrument Notes for

those instruments useful for gannna and x-ray monitoring. The

reader should be aware of the following facts, in order to find all

Instrument Notes appropriate for gannna detection and measurement:

1) Instruments suitable for gannna spectrometry are not

included here. They have all been put together in a

separate section, after the text on "Gannna Spectrometry."

2) The filing system lists Instrument Notes alphabetically

by manufacturer.

3) In the filing system, no distinction has been made between

gannna, gannna/x-ray, and x-ray instruments. The choice of

mnemonic (GAM, GAM-XRA, or XRA) has usually been made based

upon the manufacturer's advertised specifications.

4) Many gannna instruments are also useful for beta radiation,

and some for alpha radiation as well. If a manufacturer

claims beta/gannna sensitivity, the instrument has been

included in the "Beta" section with mnemonic RAD-BET, GAM.

If alpha/beta/gannna sensitivity is claimed, the instrument

has been included in the "Combination Instruments" section

with mnemonic RAD-ALP, BET, GAM. The reader. should therefore

consult those other sections together with this section for

a fuller overview of instruments of this type.

3.3.4-i





Class
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MONITORING

Digital Exposure or Exposure - Rate Meter

Portable

RAD-GAM
Survey Meter
Capintec
January 1978

Principle of
Operation

Input for detector, ion current mete~ Varactor-bridge amplifier for amplifi
cation of picoampere current from detectors

Sensitivity and
Range

Range:
(Full Scale):

Resolution:

Sampling

Performance

Accuracy:
Response time:
Temperature

Stability:

172

Rate = 20 mR/min to 2000 R/min
Integrate = 20 mR to 2000 R

0.1 mR/min or 0.1 mR

Continuous

±. 0.5%
0.61 sec in integrate mode

±. 0.02% per °c

192

200 mR/min to 2000 R/min
200 mR to 2000 R

0.001 mR/min or 0.001 mR

Continuous

±. 0.5%
0.01 sec in integrate mode

±. 0.02% per °c

3.3.4.ca-1

Requirements
Power:

Size:

Weight:

9/79

117 VAC, 50/60 Hz, 10 watts
21. 6 em x10.2 em x 27.3 em

(8 1/2''W x 4" Hx 10 3/4"D)
4.5 kg (10 1b)

(230 VAC optional)
35.6 emx 26.0 em x 19.1 em

(l4''W x 10 1/4" Hx 7 1/2"D)
6.6 kg {14.5 1b)
Including wood carrying case
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Features 1) Digital numerics display, 3 1/2 digits
2) Automatic range selection and display of units
3} Selection of probes for wide range of x-ray photon and electron energies

(See Tables below)
4) 172 : 3 decade dynamic range for probe

192: 4-decade dynamic range for probe
5) 172: Input selector for 2 probes (option)

192: Input selection for 4 probes

Cost 172
not including detector

$1,455.00 ($1,485.00 with dual probe input)

192

$ 1,910.00

Address Capintec, Inc.
136 SlJI1ll1lit Ave.
MOntvale, N.J. 07645
(201) 391- 3930

Capintec Ionization Chambers

e.

cy

,
I

Range

(digital full scale) Energy Collection Efficien
, Response Maximum Exposurc-

Model Rate (per min) Integrate KV HVL Rate; Continuous Wav

* 2rrnn Al to 60CotPR-06C 2-2000 R 2-2000 R 50-250 ±.3% 12 kR/min (99.8%)

*
I

2rrnn AI to 60CotPM-5 2-2000 R 2-2000 R 50-250 ±.3% 11.4 kR/min (99.8%)

*PM-30

I
20 rnR - 20R 20 rnR - 20 R 50-250 2rrnn AI to 6rrnn Cu ±.2% 84 R/min (99%)

** l37Cs , 226Ra , 60CoPR-05 2-2000 R 2-2000 R ±.2%

PM-500 Suitable for O.OLrnR (rnRjmin.) to 2 R (R/min.) applications

PS-033 Suitable for soft x-ray, high energy photon and electron applications

*Air Equivalent Plastic (Shonka) **For Intracavitary Application t With Equilibrium Cap

()

9/79
3.3.4.ca-2



100 i N/A I N/A
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* HWith Model 192 Digital Dosimeter' Also available 0.13mm Air Eq Plastic and 25 vm PET-Al
***

Air Equivalent Plastic, Polyproplene, Graphite and Aluminum Alloy

I
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AIR
PLASTIC

YES

0.33

PC-4D-" .- -,--::r----::Y----------------
0.1 nC • R oem

2

***

YES

(\
\.0 0/
"-
-...:Ii
\.0'

SPECIFICATIONS

p~_nhr I PR-05 PR-05P PS-033 PR-16C PM-30

Sensitivity (nC/R) (nominal) I 0.200 I 0.042 0.021 0.160 0.48 9.2

* I I0.001
mR,mR/min

Resolution (max) R,Rjmin. 0.001 0.01 0.001 0.001 0.01

* I 2000Maximum Display R,Rjmin 2000 I 2000 12000 12000 I 20

Stability (% per year) ±.0.5 I ±.0.5 I ±.O. 5 l±l I±.l l±l

Stem Effect (%) < ±.0.5 I <±.1.0 I <±l.0 I <±.O. 5 I <±.1.0 1<0.5

Leakage Current (A) 10-14 I 10-14 1 10-14 110-14 110-14 I 10--14

--
Recommended I 300 I 300 I 300 1300 1300 I 300tN Polarization Voltage (V)

tN

-I'>
I Chamber Volume (m~) I 0.65 I 0.14 I 0.07 10.5 11. 5 I 28(l

?'
I

tN

**Wall Thickness (mm) 0.25 1.2 1.2 0.0036 0.25 0.50

Material AIR EQ AIREQ AIR EQ ** AIR EQ AIR
PLASTIC PLASTIC ,PLASTIC PET-AI PLASTIC PLASTIC

Vented YES YES YES YES YES I YES

Chamber Connector BNC SIZE TRIAXIAL

Averaging Area (cm2) I N/A I N/A I N/A IN/A IN/A I N/A

'i
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January 1978

approximately 100 keV
greater than 3 MeV

1000 R/hr

9/79

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

Source Position Indicator

Eberline Model SPI-2

Laboratory

Uses a halogen quenched GM tube mounted in an Eberline HP-177C
hand probe to detect gamma radiation fields; designed primarily
for use in areas to indicate when a radiation S01,lTce is exposed
(flashing red display) or when a radiation source is not exposed
(flashing green display).

Alarm level adjustable for fields from 3 mR/hr to 30 mR/hr, threshold
is factory-set at approximately 5 mR/hr, unless special request is
made.
Minimum energy detected:
Maximum energy detected:
Maximum allowable flux:

Continuous

Accuracy:
Temperature: +40° to +llO°F C4.5°C to 43°C)

Power: 110-125 VAC, 60 Hz at 0.2 amps
Size: 22.9 Wx21.6 Hx6.4 em D (9" Wx8.5" H x2 1/2" D)
Weight: 2.5 Kg (5.5 lbs)

Go, no-go display, battery backup, measures scattered radiation
from teletherapy machines; will not saturate in radiation fields
as high as 1000 R/hr

Manufacturer's Specifications

$600.00

Eberline Instrument Corporation
P.O. Box 2108
Santa Fe, New Mexico 87501
(505) 471-3232

3.3.4.eb-l
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Survey Meter

--.//
I' RAD-GAM,XRA

Portable Survey
Elscint
January 1978

Class

Elscint Model SGSM-l

Portable, hand-held

o
9/79

Principle of
Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

G-M detector, amplifier, meter read-out, speaker

Range: 1 mRlhr to 100 mRlhr, and high range 0 to 10 R/hr.
Energy dependence: ±20% from 60 keV to 1.3 MeV.

Continuous

Accuracy: .±.2% FS
Time Constants: 0.2 sec (100 mRlhr) to 1 sec (1 mR/hr)
Temperature: -25°C to 60°C; -13°F to 140°F

Power: Four 1.5 V C batteries. 90 hour continuous operation
Size: 16.5 em Hx10.3 em Wx19.l em D (6 1/2" Hx 4 1/16" Wx 7 1/2" D)
Weight: 1.1 kg (2.4 lbs)

In very high radiation fields meter indicates fullscale not zero
Geiger tube may be operated with a cable at a distance up to 50 meters from
the reading instrument.

Manufacturer's specifications

$385.00

Elscint, Inc.
P.O. Box 832
138-160 Johnson Ave.
Hackensack, NJ 07602
(201) 487-5885

3.3.4.el-l
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RAD-GAM
Stationary
GEC Elliot Process Instruments
February 1978

CJ
Class Laboratory

o
9/79

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

Ion Chamber, amplifier, meter read-out, alarm options

Energy sensitivity: 90 keV to 1 MeV
Range: 0.5 to 10~ rnR/h, log.

Continuous

Accuracy: .:!:.10%
Temperature Range: -10°C to 55°C
Relative Htnnidity: 5 to 100%
Drift: Less than 10% of indicated value after 400 hrs.

Less than 20% of indicated value after 5000 hrs.

Power: 25 watts
Size: Monitor, 30.5 ern x 30.5 ern (12" x 12"); Head Amp., 17.8 ern x 12.7 ern

(7" x 5"); Ion Chamber, 55.9 ern x19.l ern dia. (22" x 7-l/2"dia.)
Weight: Monitor, 12.7 Kg (28 lbs.); Head Amp., 4.1 Kg (9 lbs.);

Ion Chamber, 12.7 Kg (28 lbs.)

Alarm level adj ustments, recorder output.

~1anufacturer's Specifications

$7,375.00 (ex. works)

GEC-E11iot Process Instruments Limited
Century Works, Lewisham
London SE13 7LN, ENGLAND
Attn: A. E. Pegg
Tel. 01-692 1271 Ext. 260
Telex 22469 E11auto1ew Ldn.
Cables E1liotauto London SE 13

3.3.4.ge-l
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Gannna Survey Meter

Elliott Process MOdel NE-148A

Portable, handheld

RAD-GAM
Survey
GEC Elliott Process Instruments 2
February 1978 .

o

()

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Sodium iodide scintillator, photomultiplier tube,
ratemeter, meter readout

Energy sensitivity: Range 0.15 MeV to 1.25 MeV
Range: 0 - 30, 300, 3000 ~R/hr (130, 1200, 10000 cps) [radium equilbrium]
Response time: 2, 0.2, 0.02 sec

Continuous

Meter accuracy: ±. 10% fUll scale
Temperature Range: -25°C to +55°C

Power: Two 1. 5V "D" cells, 400 hours
Size: 21.5 emx 6 em x14.6 em (8.5" x 2.4" x 5.7")
Weight: 1.8 Kg (4 lbs)

Audio output jack, waterproof to a depth of 5 ft., meter light; A.E.R.E.
Type l597A

Manufacturer's Specifications

$1525.00 (ex. works)

GEC-Elliott Process Instruments Limited
Century Works, Lewisham
London SE13 7LN, ENGLAND
Attn: A. E. Pegg
Tel. 01-692 1271 Ext. 260, Telex 22469 Ellautolew Ldn.
Cables Elliotauto London SE13

3.3.4-ge-3
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Scintillation Detectors

RAD-GAM
Laboratory
Harshaw
May 1977
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Class

Principle of
Operation

Description and
Specifications

9/79

RAn-GAM
Laboratory
Harshaw
Page 2 May 1977

Laboratory and Field

Conversion of gannna rays and charged particle radiation to light by the
scintillation phenomena. Conversion of the light to electrical signal via
photomultiplier tube and associated electronics. .

Harshaw INTEGRAL LINE detectors are hermetically sealed crystal-photo
multiplier tube assemblies intended for laboratory applications. They
can be adapted to field use when proper shock mounting hardware and thermal
insulation is employed. Each INTEGRAL LINE detector consists of a machined
and surfaced crystal attached to a photomultiplier tube with a semi-rigid
optical coupling medium. A light-tight housing having a 0.015" aluminum
entrance window is normally used for these detectors (0.010" and 0.019"
aluminum windows are also available). The housing covers the entire
crystal-tube assembly and forms a complete, plug-in detector unit.

The general advantages of this detector design include improved resolution
through direct optical coupling of the crystal and photomultiplier tube.
Guaranteed detector resolution and count rate stability specifications
are available.

The storage temperature range for these detectors is aoc to 54°C.
Operating temperatures fall within the same range for most assemblies,
although guaranteed specifications are usually obtained at or near 24°C.

Crystal sizes range from 1/2" to 3" dia. and 1/4" to 3" thick.
Well types and thin entrance windows for low energy X-rays are available.

Harshaw STANDARD LINE detector assemblies consist of right circular
cylindrical scintillation crystals that have been machined, surfaced, and
mounted in precision housings. These assemblies are readily coupled to a
wide variety of photomultiplier tubes.

Each STANDARD LINE crystal housing is normally fabricated from aluminum
or low background stainless steel and is provided with a hermetically
sealed optical window of quartz, Vycor, Pyrex or glass. Crystal housings
can also be fabricated from a variety of other alloy materials including
OFHC copper and cold-rolled steel upon special request.

Crystal size range, 1/2" to 5" dia. and 1/4" to 5" thick. Well types,
thin entrance windows for low energy X-rays, and ruggedized assemblies
available.

Complete systems with Harshaw modular nuclear electronics are available.

Hawshaw MATCHED WINDOW LINE detector assemblies are characterized by one
or more optical windows matching the photocathode diameter of the photo
multiplier tube(s) used. The hermetically sealed crystal housing is
drilled and tapped to accept bolt-down magnetic shields, facilitating
rapid change or replacement of tubes in the field or in the laboratory.

The area of the crystal not viewed by the photomultiplier tube(s) is
covered with highly reflective material, assuring maximum light collection
efficiency in each MATCHED WINDOW LINE detector.

For low background counting applications, a complete detector system is
available. This MATCHED WINDOW LINE design incorporates 0.019" Type 304
stainless steel for the crystal housing in place of the normal 0.032"
aluminum package. The standard phenolic bases are removed from the
photomultiplier tubes and a voltage divider string is included in a new,
stainless steel overcup. The output signal connects directly to most
conventional scintillation preamplifiers. illtra low backgrounds are
obtainable using special low background container, epoxies, reflective
materials and pure NaI light guides.

The storage temperature range for MATCHED WINDOW LINE assemblies is
-21°C to 65°C. Temperature fluctuations should not exceed 10°C/hour.

3.3.4.ha-2
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References

Crystal sizes range up to 11-1/2" diameter and are from 1" to 10" thick
in standard designs. Special designs available for diameters up to 30"
and small diameter crystals with lengths to 30".

Unknown

o

o

o

I
-~-

Cost

Address

9/79

INSYRUM'I=N-rATI0~ ~)
FOR ENVIRONMENTAL

MONITORING

Manufacturets technical literature

The Harshaw Chemical Company
Crystal and Electronic Products Department
6801 Cochran Road
Solon, Ohio .44139

. (216) . 248.:.7400

3.3.4.ha-3

RAD-GAM
Laboratory
Harshaw
Page 3 May 1977
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MODEL G-17

o

Geiger-MUeller Counters

Harshaw Chemical Company

RAD-GAM
Detectors
Harshaw
May 1977

MODEL G-22

Class Portable, Laboratory

o

Principle of
Operation

Specifications

Features

References

Address

9/79

Geiger-MUeller Counters

Model Active Platinum Operating Unit
Length Lining Temperature Price

on In·
G17-6 1"5:2 6" None -40° to 175°C· $40.

G17-6P 15.2 6 15 mg/cm2 -40° to 175°C 55.
G17-l7P 43.2 17 15 mg/cm2 -40° to 175°C 75.
G17-l7PX 43.2 17 15 mg/cm2 -40° to 225°C 85.
G17-6CT 15.2 6 None -30° to 315°C 95.

\

G22-4 10.2 4 None -40° to 175°C 35.
G22-4P 10.2 4 15 rng/cm2 -40° to 175°C 59.
G22-4PX* 10.2 4 15 mg/on2 -40° to 175°C 56.

* no base, pln only

Wall Thiclmess: 0.020" (G-17 series), 0.010" (G-22 series)
Plateau: > 200 V
Plateau Slope: < 8% per 100 V
Outside Diameter: 13/32" (G-17 series), 5/8" (G-22 series)
Cathode Material: 446 Stainless Steel

Manufacturer's specifications

Harshaw Chemical Company
6801 Cochran Road
Solon, OH 44139
(216) 248-7400

3.3.4.ha-4
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RAD-GAM, XRA
Survey
Health Physics Instrument
March 1977

,
',J

".,J

Tissue Equivalent Digital Survey Meter

Health Physics Model 1010 and 1070

'.J

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

o

Model 1010 . Model 1070

" '~'"'., ,J .1 ,:;. I' 'I· ',.,.,

•. - - f-" 1-f----:t-:-:i4::t:t.:r---:-:~t-:-:-:_t-:-:-:-:t-:-TT:r__:t::_l4_:_i_:tt_~4~-:-1-- -.h>-
[::.: " "'.',:"t.,::',',"i, ::. ":r :::::'

'" Ir··: I :. : I:
, I 'j ;, '" ,,'.' " i ' , " ,

~V i: "~~~:_" f--~-;~~-~:~r-!--- '--i·~':'--'i'--",,-II-,.+.,--l

, ,

, "

. ,"

•• j "1
. . .. , ~ .

".1,1, ""

'I

2.01.00.4 0.6.04 .06 0.1 0.2

Effective Energy MeV

.02

, '

i
, ,I ..

o r
.01

0.6

..
III
<::
0

0.40-
III..
0::

0.2

o
MODEL 1010 ENERGY RESPONSE CURVE

9/79
3.3.4-he-l



Sealed tissue .equivalent detector, electrometer meter readout or liquid
crystal display

Portable, handheld
o

RAD-GAM, XRA
Survey
Health Physics Instrument
Page 2 March 1977

(auto ranging)

Model-l070Model 1010

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Class

Principle
of Operation

sensitivity
and Range

Range (rate): 0-0.1, 1, 10, 100,
1000 mrad/hour

(dose): 0-0.01, .1, 1 mrad
Energy response: .:t.5% from- 100 keV

to 1. 25 MeV
(With response - 10% at 70 keV
to soft tissue) - 15% at 40 keV

three digit readout from
0.1 mrad/hr to 10 rad/hr

1-1000 mrad

Sampling Continuous

Perfonnance Time constants: 0-0.1 mrad/hr 10 sec.
0-1 mrad/hr 5
0-10 2.5
0-100 < 1
0-1000 < 1

.1-100 mrad/hr
100 mrad/hr - 10 rad/hr

5 sec.
1. 2 sec.

Model 1070: Offers detector with a thin window capable of detecting beta
and low energy X or gamma radiation

Model 1010: 1. Solid state circuitry, IC-controlled high voltage supply
2. Chamber has center wire, filled with tissue - equivalent

gas
3. Controls for high voltage, zero, and three calibration

adjustment controls
4. Ion chamber is two inch spherical shape

Requirements

Features

Power: Four "D" cells, 80-100 hour
lifetime

Size: 15 emx 10 emx 35 em
(5. 75",x 4" x13. 75")

Weight: 2.4 kg (5.25 lb)

Two 9V alkaline cells

11.4 cm x 7 emx 24.1 em
(4.5" x 2 3/4" x 9 1/2") w/o handle)
-0.91 kg (2 lb) o

References Manufacturer's Specifications

Cost JOIO 1070
$1 , 375.00 $1 ,125.00 w/integrate range

Address Health Physics Instruments Inc.
124 Santa Felicia Drive
Goleta, CA 93017
(805) 685-2612

o
9/7)9
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X-ray Survey Meter

Jolmson and Associates Model - TVX-l

RAD-GAM.XRA
Survey
Jolmson
March 1978

o

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

References

Cost

Address

9/79

Portable. hand-held

Six GM tubes spaced equidistantly to provide a large
scanning area (20" x 5") for the detection of X-rays
from color TV receivers

Energy sensitivity: 15 keV to 10 MeV
Range: 1.05 mR!hr to 1 R!hr,; 3000; 10K; 30K. lOOK cpm
Minimum sensitivity: 0.05 mR!hr

Continuous

Accuracy: Unavailable

Power: Three 9 volt batteries
Size: 65 an Ll< 11 cm Wx4 em D (26" L x 4.5" Wx 1.5" D)
Weight: 1.6 Kg (3.5 lbs)

Manufacturer's Specifications

$625.00

William B. Johnson and Associates
Research Park
Boonton Avenue
Montville. New Jersey 07045
(201) 334-9222

3.3.4.jo-l
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Proportional Counters

Ionization Chambers ..
LND Models

Portable
"

X Ray Proportional Counters ~

Ivbdel Type Remark Price

400B End Window (3 > 30 keY $200.00
y or X from 0.5 to 1.0 nm

40lB End Window (3 > 30 keY $275.00
y or X < 1.1 nm

40lW End Window, Removable $275.00

403B End Window (3 > 30 keY $425.00
y or X < 1. 0 nm

403W End Window, Removable $300.00

420B Quadralateral {3, y, or X < 1.0nm $300.00
Side Window

42lB Quadralateral (3, y, or X < 1.0nm $300.00
Side Window

422B Quadralateral (3, y, or X < 1. 0 nm $300.00
Side Window

423B Quadralateral (3, y, or X < 1. 0 nm $300.00
Side Window

424B Quadralateral (3, y, or X < 1.0 nm $350.00
Side Window

425B Quadralateral (3, y, or X < 1.0 nm $475.00
Side Window

426B Quadralateral (3, y, or X < 1.0 nm $725.00
Side Window

428B Large Area 2 mil Beryllium Window $16,,<.1

450B Side Window $300.uO

45lB Side Window $475.00

45lW Windowless $375.00

452B Side Window $300.00

452W Windowless $400.00

453B Side Window $450.00

454AK Side Window $450.00

454AK2 Side Window $500.00

454AX Side Window $450.00
454AX2 Side Window $500.00

A 54BK Side Window $325.00

454BK2 Side Window $400.00

454BX Side Window $325.00

454BX2 Side Window $400.00
45410 End Window $450.00

o

o

Class

9/79
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Ionization Chambers

RAD-GAM,XRA
Detectors
LND
Page 2

o
MOdel Sensitivity Range

503 1 x 10- 10 Amp R- 1hr- 1 10 mR/hr to 104 R/hr

506 5 x 10- 12 Amp R- 1hr- 1 1 R/hr to 10 7 R/hr

511

512
520 2 x 10- 10 Amp R-I hr-I

Remark Price

$400.00

Carbon Well $1000.00

Tissue Equivalent $550.00

High Pressure Argon $1000.00

X-Ray and Gannna $400.00
---
-

M::>del Background

Ionization Well Chambers

Remark Price

507

508

509

510

< 1 X 10- 14 Amps

< 1 X 10- 14 Amps

< 1 X 10- 14 Amps

< 1 X 10- 14 Amps

Position Sensitive Proportional Counters

$500.00

$500.00

$500.00

$600.00

o
Model

42010

42011

42411

42414

42415

42416

Type

X-Ray, Two Dimensional Sensitivity

X-Ray, Two Dimensional Sensitivity

X-Ray, One Dimensional Sensitivity

X-Ray, One Dimensional Sensitivity

X-Ray, One Dimensional Sensitivity

X-Ray, One Dimensional Sensitivity

Price

$ 5000.00

$ 5000.00

$1200.00

$1000.00

$1000.00

$1200.00

Reference

Address

9/7)9

Manufacturer's specifications

LND
3230 Lawson Blvd.
Oceanside, NY 11572
(516) 678-6141
Telex 14-4563

3.3.4.1n-2
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Survey Meter

Ludlwn Models 4, 5

Portable, handheld

RAD-GAM, XRA
Survey
Ludlwn
January 1978

o
Principle ..
of·Operation

Sensitivity
and Range

Detector

Performance

Requirements

Features

References

Geiger-M..111er detector, amplifier, electrometer, meter readout

Energy Range;
Activity Range: 0-0.2 mR/hr to 0-2000 mR/hr in 5 linear ranges ModelS

o to 1 R/hr in 3 linear ranges Model 4
Saturation: In excess of 200 R/hr

LND 712 with 0.032. in. cadmiwn shield for 0-20 mR/hr\ in ModelS
LND 714 for 0 to 200 and 0 to 2,000 mR/hr scales f
LND 714 in Model 4

Calibration accuracy- 5% (Model 4)
Temperature: -10°F to +120o F
Calibration: Radiwn-226

Power: Two "D" cells, 300 hours
Size: Model 4 - 9em Hx 9em Wx l8em L, exclusive of handle

(3.4" Hx3.5" Wx 7.0W L)
Model 5 - 9em x 9em x l8em, exclusive of handle

(3 1/2" H x3 1/2" WX 7" L)
Weight: Model 4 - 1.35 kg (3 lb)

ModelS - 1.6 kg (3.5 lb)

Built-in speaker; temperature compensated

Manufacturer's Specifications

o
Cost

Address

Model 4
Model 5

Ludlwn Measurements, Inc.
501 Oak Street
Sweetwater, TX 79556
(915) 235-5494

$250.00
$327.00

9/79 3.3.4.lu-l
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MONITORING

Survey Meter

Ludlum MJdel l4-C

Portable, hand-held

RAD-GAM,XRA
Survey
Ludlum 2
January 1978

Principle
of Operation

Sensitivity
and Range

Sampling

Uses two GM tubes, amplifier, electrometer, meter read-out
Two GM tubes - one internal

one external

Energy Sensitivity: See attached curve
Full scale ranges: 0.2, 2, 20, 200, 2,000 mR/hr (internal ~D

Minimum detectable energy: 50 keY for internal GM - external GM depends
on type selected

Continuous

Perfonnance Meter Accuracy:
Response time:

2%
Fast - 3 seconds
Slow - 11 seconds

o

Requirements

Features

References

Cost

Address

9/79

Power: Two "D" cells, 300 hours life
Size: 9 anx9 emx18 em (3.5"x3.5"x7")
Weight: 1.5 kg (3-112 lbs)

Speaker provided built-in

~tulufacturer's Specifications

$298.50 plus cost of external detector

Ludlum Measurements Inc.
501 Oak Street
Sweetwater, Texas 79556
(915) 235-5494

3.3.4.lu-3
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RAD-GAM ,XRA
Survey
Ludlum 2
Page 2.

Survey Meter

Ludlum Model 14-C

1.0
>-
I-

>
I-
(f)
Z
W
(f)

LUDLUM MODEL 14

E5\J-
• SHIELD OPEN
- SHIELD CLOSED

1.0

>-
I-

>
I-
(f)
Z
W
(f)

• SHIELD OPEN
-SHIELD CLOSED

PHOTON
0.0 I~1~O:----l..---'--L-'-LW~:---L--I.--L....Ll-LLLL.~

100 1000
ENERGY (keV)( keY)PHOTON

0.0I L.L...I;I::::O---L_l.-.JL.....l....L.J..~=------l_.l--.L..J....J-.L.J...L1..-.J
100 1000

ENERGY

Ludlum Measurements, Inc. Geiger counter
Model 14 Serial No. 85 *

Ludlum Measurements, Inc. Geiger counter
Model 14 Serial No. 117' *

* ''The Photon Fnergy Response of Several CoIl1Illercia1 Ionization Chambers, Geiger Counters, and
Thermo1uminescent Detectors" Los Alamos Scientific Laboratory Report LA-4052, UC-37,
Instruments TID-4500, Feb. 1969.

o
3.3.4.1u-4
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Survey Meter

Nuclear Associates MOdel 05-571,572

RAD-GAM, XRA
Survey
Nuclear Associates
January 1978

Class Portable, handheld

Range: 0-10, 100, 1000 mR/hr

GM tube, amplifier, electrometer, meter readoutPrinciple
of Operation

Sensitivity Model 571
and Range

MOdel 572

0-500, 5000, 50,000 cpm

.Sampling

Performance

Requirements

Continuous

Accuracy: ±.20% of full scale
Operating temperature: -20°C to +55°C
Temperature dependence: ±J.5% 60 keV+ 1.2 MeV
Energy dependence: ±.20%, 60 keV + 1.2 MeV
Time constants:

Power: Four "AA" alkaline batteries,
- 500 hour life

Size: 15.2 emx8.9 emx 3.8 em thick
6" x 3 1/2" x 1 1/2"

Weight: 0.43 kg (15 oz.)

+10% of full scale
-=-20 oC to +55°C

10 sec (Xl), 2 sec (XlO) ,
6.3 sec(XlOO)

Same as t-bdel 571
_500 hour life
15.2 em x 8.9 cmx 5.1 cm
6" x 3 1/2" x 2"
0.62 kg (22 oz.)

o
Features

9/79

571 - 1. A nonoverload circuit assures indicator operation in radiation
field greater than 500 R/hr

2. A check source provided
572 - 1. High sensitivity (lower detection limit of 0.002 ]lCi)

2. Large area, screened detector for surface contact measurements

3.3.4.na-l



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

References: Manufacturer's Specifications

RAD,GAM, XRA.
Survey
Nuclear Associates
Page 2

o

Nuclear Associates, Inc.
100 Voice Road
Carle Place, N.Y. 11514
(516) 741-6360

Cost

Address

571

$205.00
572

$325.00

o

o
9/79

3.3.4.na-2
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RAD-GAM,XRA
Survey
Nuclear Associates 2
January 1978

05-580 "Transport Index" Radiation Monitor (Prima Six)
and Survey Meter

for measuring "Transport Index" of packages containing
radioactive materials

o

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

9/79

Portable, handheld (with belt-clip)

Halogen-quenched GM tube, LED readout (3-digit)

Range: 0-200 mR/hr, in 1 mR increments (with over-range indicator)

Manual Control

4-second measurement cycle
Accuracy: ±l5% or 1 mR/hr whichever is greater
Control: Press-to-measure (4 seconds); hold-to-read

3.3.4.na-3
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MONITORING

RAD-GAM ,XRA
Survey
Nuclear Associates 2
Page 2 o

Requirements

Peatures

References

Cost

Address

9/79

Response time: 4 seconds
Temperature: (O°C to 50°C (32°P to l200 P) with mercury cells

~12°C to 50°C (lOOe to l200 P) with alkaline cells

Power: 4 "M" mercury cells or 4 "M" alkaline cells
Size: 15.2 emx 8.9 emx 3.8 em (6" Hx3 1/2" WXll/2" D)
Weight: 0.34 kg (12 oz.)

1. Accurate LED readout
2. Automatic counting cycle
3. "over-range" and "read" indicators
4. 3-foot length telescQ~ing spacing rod
5. Calibration source l37Cs, _lO~Ci, License-free

Manufacturer's Specifications

$325.00

Nuclear Associates, Inc.
100 Voice Road
Carle Place, N.Y. 11514
(516) 741-6360

3.3.4.na-4
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RAD -GAM, XPA
C:11Tvey
I'i'.lclear' Associates 3
Januai)' 1978

X, Gamma Survey Meter

Nuclear Associates 05-670
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Energy Dependence

9/79
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Portable

RAD-GAM, XRA
Survey
Nuclear Associates 3
Page 2 o

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Single plastic wall ion chamber used both as a proportional gas
amplification chamber and as an ionization chamber (by placing
-200 V d.c. on the chamber), amplifier, electrometer, meter readout.

Energy Dependence: See curve; < ±. 10% from 10 keV to 1.2 MeV
Dose Ranges: 15 linear scales, 0.3 mR to 3000 R (full scale)
Dose Rate Range: 15 linear scales, 0.3 mR/hr to 3000 R/hr (full scale)

Continuous

Instrument Accuracy (Less Probe): 6% for dose rate measurement
8% for dose measurement

Time Constants: 1, 3, 10 seconds
Temperature:

Power: 110 V a.c., 60 Hz

Size: 14 em H x 25 em Wx14 em D (5.5" x 10" x5.5")
Probe cable 2 m L (6')

Weight: 3.6 kg (8 lb)

Measures both dose and dose rate.

Manufacturer's specifications

Cost

Address

9/79

05-670 X/Gamma Ray Survey Meter
05-671 Heavy-Duty Probe Holder
05-672 Probe Extension Cable, 20 Ft.

Nuclear Associates Inc.
:tOO Voice Road
Carle Place, New York 11514
(516) 741-6360

3.3.4.na-6

$2350.00
115.00
175.00 ()
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Ratemeter

Prima I, II

RAD-GAM, XRA
Personel
Nuclear Associates 4
January 1978

Prima I Prima IIa

(~ i)
\J

o
9/79

References

Address

Model Prima I Prima IIa
Radiation
Detected Gamma, X Gamma, X

Detector G.M. Tube G.M. Tube
Energy
Dependence 200 keV - 1 MeV 80 keV- 1 MeV

I Ranges Background to Background to
2 R/hr 10 R/hr

Response Time Not applicable

Accuracy ±.30% ±.30%

Features Audible Output Audible Output

Power 4.05V mercury 9V alkaline
Required cell, 6 mo. cell, 6 mo.

2 em Dx13 em 6 . 5cm , 9cm , 2.
..-

Size 0.75" Dx5" L 2.5",3.6".84"
100 grams 120 grams

Weight 3.5 ounces 5 ounces

Price $235. $110.

Manufacturer's Specifications

Nuclear Associates Inc.
100 Voice Road
Carle Place, N.Y. 11514
(516) 741-6360

3.3.4.na-7
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RAD-C'-tAM, XRA
X-Ray
Nuclear Associates Inc.
'March 1977

X-Ray Dosimeter

Nuclear Associates Model 06-106

Class

Light and
Charging
Switch

Ionization Chamber -

Portable

.-.- Readout Microscope

- Battery Compartment

---Potentiometer
(Zero Adjust)

o

9/79

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

Cost

Address

Ion chamber discharges proportional to dose, quartz fiber voltmeter,
transistorized dc to dc converter.

Energy Dependence: ±. 10% from 30 keV-SOO keV
Range: 1 mR full scale, 20 )lR/division

Continuous

Accuracy: ±lO%
Temperature: 15°C to 75°C
Leakage &Background: 8%/hr

Power: One "C" cell
Size: 23 cm height, 8 cm diameter (9" H, 3" D)
Weight: 0.4 kg (lIb)

Direct reading, built-in charger.

Manufacturer's specifications

$240.00

Nuclear Associates Inc.
100 Voice Road
Carle Place, N.Y. 11514
(516) 741-2166

3.3.4.na-9
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RAD-GAM
Survey
Nuclear Enterprise
February 1977

Radiation Survey Meter

Nuclear Enterprise Model 2601, 2602

Typical Gamma Energy Response Curve of 2601 Gamma MOIl,to<
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Class Portable, handheld

Uses GM tubes for the detector; amplifier, meter readoutPrinciple
of Operation

Sensitivity
and Range

Energy Response:

Ranges: 2601:
2602:

2601: ±. 20% from 45 keV to 6 MeV
2602: + 20% from 45 keV to 3 MeV

5jlR/hr to 10mR/hr in 3 1/2 decades
100jlR/hr to 200mR/hr in 3 1/2 decades

Performance Temperature: -10°C to +50 U C
Accuracy: ±. 20% over the energy range 45 keV to 3.0 MeV

Requirements Power: 2 "D" cell 100 hour nominal life
Size: 24.lcm Hx12.lcm WxlO.5cm D (9.5" Hx4.8" Wx4.l" D)
Weight: 1.9 Kg (4.25 lbs)

References Manufacturer's Specifications

Cost 2601 $630.00
2602 $612.00

Remarks Imported from England, developed in conjunction with A.E.R.E. Harwell as
UKAEC 0218 (2602) and UKAEC 1907B (2601) .

Address Nuclear Enterprises, Inc.
931 Terminal Way
San Carlos, CA 94070
(415) 592-8663

o
9/79

3.3.4.ne-l



() -

()

o·



o
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FOR ENVIRONMENTAL

MONITORING

Area Radiation Monitor

LFE Trapelo Model TA-90A

RAD-GAM
Stationary
Nuclear Research Company
February 1977

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Rack mOlUlt instrtmlent, remote detector

Contains power supplies, controls, indicating meter, and
three alarms for series TA-60 detectors

Depends on detector used; see page 2

Continuous

Performance Meter accuracy:
Temperature:
Humidity:

+ 2%
TI"-55°C
10 to 95%

Requirements Power:
Size:
Weight:

115 V ac, +15%, 50/60 cps, 20 watts max.
23cm Wx~2cm H x38cm D (9" Wx 4.5" H xIS" D)
4 lbs.

Features

References

Cost

Remarks

Address

9/79

Adjustable alarm levels, recorder output, "live zero" failure alarm,
remote indicator options

Manufacturer's Specifications

$495.00

Calibration and test equipment available

Nuclear Research Company
Street Road at 2nd Street Pike
Southhampton, PA 18966
(215) 375-5815

3.3.4.nr-l



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-GAM
Stationary
Nuclear Research Company
Page 2, Feb. 1977

DETECTORS:

TA-60 Series Specifications

GM tubes or ionization chamber COlwert gannna radiation intensity to Roentgen response and
pulse or current output for the indicator module. Six standard ranges are available. Check
sources are standard on GM tube detectors.

Energy
Dependence:

Detector
Housing:

Calibration
Adjustment:

Connectors:

GM Detector - Flat within +20%, 100 keV to
2.5 MeV. -

Ion Chamber Detector - Flat within ~10%,

80 keV to 3.0 MeV.

Waterproof O-ring sealed aluminum shell.

Two miniature potentiometers for periodic
calibration.

9 pin, bayonet disconnect, weatherproof.

TA-60 SERIES DETECTORS SPECIFICATIONS

Model TA-61A TA-62A TA-63A

Range 0.01 to 100 mR/hr. 0.1 mR/hr to 10 R/hr. 10 mR/hr to 104 R/hr.

Detecting
Element GM Tube GM Tube GM Tube

Detector Exceeds 1000 hrs @ Exceeds 1000 hrs Exceeds 1000 hrs.
Element Life full scale or above @ full scale or above @ full scale or above
Electronic

3 x 106 Rad. 3 x 106 Rad. 3 x 106 Rad.Dosage Life
Temperature
Range °C -20 to +70 -20 to +70 -20 to +70

Output 0-90 ].lamp 0-110 ].lamp 0-110 ].lamp

Failure
System Check Back Ground Bias Source Bias Source

Response 2nd decade 20 sec. 2nd decade 20 sec. 2nd decade 20 sec.
Time 3rd decade 2 sec. 3rd decade 2 sec. 3rd decade 2 sec.
Dimensions, In.
DIameter: 6.4cm (2-1/2") 6.4cm (2-1/2") 6.4cm (2-1/2")
Length: 24.lcm (9-1/2") 24.lcm (9-1/2") 24.lcm (9-1/2")
Weight - kg/lb .9kg(2lb) .9kg(2lb) .9 kg (2lb)

Corresponding
Indicators:
TA-90A Series
Indicator Modules TA-91A TA-92A TA~93A

Corresponding
Indicators:
AX-20 Series
Remote Indicator AX-2l AX-22A AX~23

Cost $320 $320 $320

3.3.4.nr-2
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Provides sources and positioning mechanisms for periodic
field calibration of remote detectors. ABC license re
quired.

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-GAM
Stationary
Nuclear Research Company
Page 3, Feb. 1977

(Price $395)

(Price $420)

CALIBRATION AND TEST:

AX-30 Calibration and Test Meter

-1.-/

Used for periodic calibration of remote detectors and
checking of supply voltage at remote detector locations.

Provides: (1) Reading of probe output on appropriate
scale,

(2) simulated signal for test through to cen
tral units, and

(3) voltage measurement for fW, low voltages,
and AC voltage measurement.

AX-40 Calibration Source Set

o

TAC60 SERIES DETECTORS SPECIFICATIONS

o

TA-64 TA-65 TA-66 TA-66C

O. 5 mR/hr to 10 R/hr. 100 mR/hr. to 104 R/hr. 100 to 104 R/hr. 100 to 104 R/hr.

! SA-25 Ion Chamber SA-26 Ion Chamber SA-26 Ion Chamber SA- 27 Ion Chamber

104 Rad. 104 Rad. 104 Rad. 1010 Rad.
I ",

1010 Rad. 1010 Rad.3 x 106 Rad. 3 x 106 Rad.

-20 to +60 -20 to +60 -20 to +85 -20 to :1"85

0-1l0 lJamp 0-1l0 lJamp 10 to lOS cpm 10 to 105 epm

Electrical Electrical Electrical Electrical

2nd decade and 2nd decade and 2nd decade and 2nd decade and
above 2 sec. above 2 sec. above 2 sec. above 2 sec.

17. Scm (6-7/8") 6.4cm (2 -1/2") 6.4cm (2 -1/2") 7.6cm (3")
39.4cm (15-1/2") 24.lcm (9-1/2") 24.lcm (9-1/2") 30. Scm (12")

2.3 kg (SIb) 0.9 kg (2 lb) 0.9 kg (2 lb) 0.9 kg (3 lb3

TA-94A TA-95A TA-96A TA-96A

AX-24 AX-25 AX-26,27 or 28 AX-26,27 or 28

$525 $465 $320 $475

9/79
3.3.4.nr-3
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FOR ENVIRONMENTAL

MONITORING

Gamma Cotm.ters

N. Wood Models

RAD-GAM
Detectors
N. Wood
January 1978

D-5-3

D-10-5L

D-15-12L

D-20-20

Class

Principle of
Operation

Portable, Laboratory

Proportional and GM as specified

(-~,
Proportional Gamma Counters

~~
MODEL DIAMETER LENGTH VOLTAGE GENERAL COST
0-5-3L 5/S orV2" 3" 2000 volts Originally made for space research-adapted $ 67
0-10-5L 1" 5" 2050 volts

for use in portable instruments. Useful for all $ 80
cosmic ray counting.

0-15-12L 1V2" 12" 2100 volts Filled to operate in the proportional region, $ 93

D-15-34L 1V2" 34" 2100 volts these counters have an almost unlimited life. $107

0-20-38L 2" 38" 2200 volts Larger models useful for cosmic ray tele- $147
scopes, anticoincidence shields, carbon
dating, etc.

o
9/79

Geiger Mueller

I
D 5 3 5/S "

0~5~16 5/s"

I 0-10-5 1"

!0-10-12 1"

: 0-15-5 1V2"

0-15-12 1V2"

, 0-20-12 2"

0-20-20 2"

0-20-34 2'~

References

Remarks

Address

C01:ll'lters
3" 1000 volts Used in portable instruments and probes- $ 40
16" 1000 volts design adapted to associated counting equip-

$ 47men!. Specify length up to 16". ,
5" 1050 volts General purpose gamma counters. Can be $ 53
12" 1050 volts

made as flow counters. Specify 5" to 20" ac-
$ 60tive length

5" 1100 volts General purpose gamma counters for re- $ 60
12" 1100 volts search, geological survey, well logging, car- $ 67bon dating, anticoincidence shields, and many
12" 1200 volts industrial uses. 5" to 34" active length for $ 87
20" 1200 volts

counters 1V2" in diameter. 12" to 46" active
$100length for counters 2" in diameter.

34" 1200 volts High sensitivity GM counters. $113

Manufacturer's Specifications

Counters can be made to specifications by special order.

N. Wood Counter Laboratory, Inc.
1525 E. 53rd Street
Chicago, Illinois 60615
(312) 324-1114

3.3.4.nw-1



o

o



lJ f)

o
INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-GAM,XRA
Detector
Reuter-Stokes
January 1978

Gannna Ionization Chamber

Reuter-Stokes RS-C4-1606

10-·i,....----~.,.......- :__....,
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-

§
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I
15

Flux Range
(R/hr)

5 x 10-3 to 5 x 102

10-2 to 104

10-1 to 105

100 to 106

RSG-IS-M4

TYPICAL OPERATING CHARACTERISTICS
Sensitivity
(amp/R/hr)

7x10-10

1.2 x 10-10

1.2x10-11

1.2 x 10-12

Ionization Chamber

Energy Sensitivity: 0.4 MeV to 7 MeV

Portable

Model No.
RS-C4-1606-209 (456 em Hg - Xe)

RS-C4-1606-203 (760 em Hg - N 2 )

RS-C4-1606-205 (76 em Hg - N 2 )

RS-C4-1606-207 (6.8 em Hg - N 2 )

Class

Principle
of Operation

Sensitivity
and Range

Flux range: 10 mR/hr to 104 R/hr

Sampling Continuous

Perfonnance

Requirements

Accuracy: ±3% Tracerable to NBS
Temperature: 300°C max

Power: 2000 V dc max
Size: 23cm L x 5cm D (9.1" Lx 2" D)
Weight: 0.34 kg (0.75 lb)

Features Stainless steel walls

References Manufacturer's Specification~

o
Cost

Address

$750.00

Reuter-Stokes
18530 S. Miles Parkway
Cleveland, Ohio 44128
(216) 475-3434

9/79 3.3.4.re-l
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FOR ENVIRONMENTAL

MONITORING

/

X-ray Proportional Counters

RAD- GAM, XRA
Spectrometry
Reuter-Stokes
September 1977

Reuter - Stokes

MODEL RS-P3-1605-Z61 RS-P3-1606-171 RS-P3-1406-177 RS-P3-1605-Z85

()

Energy
i
I

Range 3 to 35 keV 10 to 80 keV < 5 keV 1.5 to 8 keV

17% at 5.98 keV
%FWHM 10% at 14.4 keV 15% at 17 keV 19% at 5.98 keV 1Z% at 14.4 keV

I
y I Be, 2" Lx 1. 7" WBe,l" D I Be, Be,

I Window O.Ol"Thick 0.OZ5" T O.OOZ" T 0.005" T

Temperature
Range -Z5°C to +80°C -Z5°C to +55°C -Z5°C to +50°C -Z5°C to+S5°C

Xe, CO Z Xe, CO Z Ar, COZ Xe, CO Z
Fill Gas 1 atm. 3 atm. 76 em 76 em

Power 1500 to ZOOO to 1500 to
Required 3000V de. 3Z00V de. ZZOOV de. 3000V de.

19.05emx 5.16cm 19.8 em x 5.1em xZ. 5em ZO.6.em x-6.4 anx33. Oem 19. 3cmx :>.1 em
7.5" L 7.8" L, 8.1" L, 7.6" L,

Size Z.l" D Z" W, 1" D Z.5" W 1.3" D Z" W

Weight 0.Z8 kg (0.6Z 1b) 0.45 \g(l pound) 0.3kg (0.66 1b) 0.5 kg (1. Z5pounds)

Mossbauer Rocket borne Rocket borne Industrial .xRF
Applications Effect Studies experiments experiments analysis

Cost $365. base $lZ00 $lZOO $995.

Features Optional gas, windows, and gas pressures

9/79 3.3.4.re-3



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

X-ray Proportional Counters

Reuter - Stokes

RAD- GAM, XRA
Spectrometry
Reuter-Stokes
Page 2 Sept. 1977

o

MODEL RS-P3-0803-287 RS-P3-l608-288 RS-P3-l6l6-40l
I

Energy
1 to 10 keVRange 3 to 35 keV 1 to 6 keV

%FWHM 11% at 14.4 keV 20% at 5.98 keV 18% at 5.98 keV

Window Be, 1" Dia. , O. 005"T Be, 0.002" T Be, 0.002" T

Temperature
Range -25°C to +80°C -25°C to + 55°C -29°C to +71 °C

Fill Gas Kr, CO? 152 em Xe, CO? 76 em Xe, CO? 76 em

Power 1700 "* 3000VRequired 2000-2500V de. 1900-2100V dc
14.3 em x2.64 em 26.7 em x5.1 cm x 5.1 cm 45.7cmx5.lemx5.lem

Size 5.5" L, 1" D 10.5" L, 2"W, 2" D 18" L, 2" W, 2" D

Weight 0.1 kg (.25 lb) 0.79 kg (1.75 lbs.) 0.45 kg (1 lb.)

Applications Spectroscopy Industrial gauges Rocket borne
diffraction experiments

Cost $365.00 $475. On Request

Features Optional gas, windows, and gas pressures

o

Address

9/79

Reuter-Stokes
18530 S. Miles Parkway
Cleveland, Ohio 44128
(216) 475-3434

3.3.4.re-4
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Class

INsHu~J~NTi~Tld~ ~)
FOR ENVIRONMENTAL

MONITORING

Envirorunental Gamma Monitor

Reuter-Stokes Model RSS-lll

Stationary or Portable Field Instrument

RAD-GAM,XRA
Stationary
Reuter-Stokes 2
January 1978

(.--.--.. \.;\J

Principle
of Operation

Sensitivity
and Range

Sampling

Performance

Requirements

Features

References

9/79

High-pressure spherical argon-filled ionization chamber, solid-state
electrometer. Separate housing for control circuitry, recorder, panel
meter, batteries.

Sensitivity: 2OmV/].lR/hr
Energy Range: 50 keV to 5 MeV (gammas)
Flux range: 1-500 ].lR/hr (standard, to 5000 ].lR/hr optional)

Continuous

Accuracy: ±. 5% at 10 ].lR/hr
Temperature: -24°F to + 54°F
Recording: Strip-chart recorder, optional magnetic-tape or telemetry

readout
Response time: 5 sec.
I~idity: 0 to 100% (waterproof)

Power: Ni-Cd rechargeable batteries for electrometer;
300 volt power cell for ion chamber;
ac operation also available

Size: Two weatherproof housings (1 ft cubes = 30 em cubes)
Weight: Sensor housing 23 lb (10.5 kg), tripod 6 lb (2.7 kg), remote

housing 38 lb (17.2 kg)

1. Spherical ion chamber yields flat response.
2. Solid-state electrometer with MOSFET circuitry.
3. Weatherproof construction.
4. Optional ac power supply hookup.

Manufacturer's Specifications

3.3.4.re-S



$5300.00 with strip chart recorder; digital displays and parallel
digital output; optional readouts additional

Reuter-Stokes
18530 South Miles Parkway
Cleveland, OH 44128
(216) 475-3434

Cost

Address

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-GAM,XRA
Stationary
Reuter-Stokes 2
Page 2

o

o

o
9/7)9
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

Pocket Radiation Monitor

Model PM-1

RAD-GAM, XRA
Survey
Technical Associates
February 1978

o

9/79

Class

Principle
of Operation

Sensitivity
and Range

Sampling

Perfonnance

Requirements

Features

References

Cost

Address

Portable

GM tube, audio output (chirps) indicates doserate

Sensitivity: 3 chirps per minute per mr/hr

Continuous

Accuracy:
Operating temperature range: -20°C to +55°C

Power: Single "transistor" battery (9V)
Size: 6 cm x 11 em x2.7 em (2. 4"x 4.3" x 1.1")
Weight: 0.2 kg (0.44 1b)

Rugged
Long battery life

Manufacturer's specifications

$100.00

Technical Associates
7051 Eton Ave.
Canoga Park, CA 91303
(213) 883-7053

3.3.4.te-1
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Class

INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

ALARMING DIGITAL DOSIMETER

PDR-lb &PDR-lc

Portable

RAD-GAM,XRA
Dosimeter
Technical Associates
January 1978

o

Principle of
Operation

Sensitivity
and Range

Sampling

Requirements

Features

References

Cost

Address

9/79

GM tube, audio output (chirp) and digital readout indicates dose
accumulated--settable alarms

One chirp each mR--PDR-lb
One chirp each tenth mR--PDR-lc
Digital dose from 1 mR to 9999 mR--PDR-lb
Digital dose from .1 mR to 999.9 mR--PDR-lC

Continuous

Power: 4 nicad miniature rechargeable batteries--with charger
Size: 2.25" x 0.813" x 4.25"
Weight: 7 oz.

Nicad rechargeable batteries
Can be run off A.C.
Memory protection--bias cells take over to protect memory in event
of discharge or failure of main batteries
Settable alarms

Manufacturer's Specifications

PDR-lb: $265.00
PDR-lc: $280.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

3.3.4.te-3
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

,)

ALARMING DIGITAL DOSIMETER

PDR-lb &PDR-lc

RAD-GAM,XRA
Dosimeter
Technical Associates
January 1978

Class Portable

o

Principle of
Operation

Sensitivity
and Range

Sampling

Requirements

Features

References

Cost

Address

9/79

GM tube, audio output (chirp) and digital readout indicates dose
accumulated--settable alarms

One chirp each mR--PDR-lb
One chirp each tenth mR--PDR-lc
Digital dose from 1 mR to 9999 mR--PDR-lb
Digital dose from .1 mR to 999.9 mR--PDR-lC

Continuous

Power: 4 nicad miniature rechargeable batteries--with charger
Size: 2.25" x 0.813" x 4.25"
Weight: 7 oz.

Nicad rechargeable batteries
Can be run off A.C.
Memory protection--bias cells take over to protect memory in event
of discharge or failure of main batteries
Settable alanns

Manufacturer's Specifications

PDR-lb: $265.00
PDR-lc: $280.00

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043

3.3.4.te-3
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INSTRUM-ENW~TION~i

FOR ENVIRONMENTAL

MONITORING

AREA MONITORS

Model FML-5A
Model FML-SB

RAD-GAM,XRA
Stationary Monitor
Technical Associates
January 1978

Class Rack molUlt or case

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Geiger detectors, log COlUlt ratemeter, high level and system failure
alarms

PM-SA: 6 decades
0.01 mR/hr to 10 R/hr standard
other ranges to 1000 R/hr

PM-5B: 4 decades
1 mRlhr to 1 R/hr standard or other 4 consecutive ranges

Continuous

Energy dependence: .±..20% from 100 keV to 1. 2 MeV

Power: 110 Vac, 60 Hz
Size: 10 1/4" Wx8 3/4" Hx 13 1/2" D
Weight: console plus detector 21 lbs.

All plug-in modular (can add channels)
.t\n.ti-saturation
High and low level alarms
Rack mOlUlt or case
Rugged, heavy duty probes with energy compensation
Local or remote monitoring up to 500 ft. cable
Activation of movable check source in probe (option)

Manufacturer's Specifications

Technical Associates
7051 Eton Avenue
Canoga Park, CA 91303
(213) 883-7043o

Cost

Address

FML-SA:
FML-SB:

$885.00 includes probe
$780.00 includes probe

9/79
3.3.4.te-S
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Class
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INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

High Range Underwater Monitor
Technical Associates Model CP~MU

Portable, handheld

RAD-GAM,XRA
Survey
Technical Associates
February 1978

Remote air ion chamber with mosfet amplifier, meter readoutPrinciple
of Operation

Sensitivity
and Range

Sampling

Perfonnance

o to 1 kr/hr
o to 10 kr/hr
o to 105 R/hr
o to 106 R/hr

Continuous

Accuracy: ±. 15% FS
Time Constant: 2 seconds

optional other ranges (lower)

C)

Requirements

Features

References

Cost

Address

9/79

Power: Single D cell
Size: 22.9 em L x14.0 em H xlO.2 em W (9" L x5 1/2" Hx4" W) excluding

handle (cable (probe) length: 60 ft. (longer optional)
Weight: 1.8 kg (4 lbs)

Underwater monitoring of reactor spent fuel etc. or hot cell monitoring
to very high levels.
Stability and accuracy (adjustment pot for each range)
Portability

Manufacturer's Specifications

$1220.00

Technical Associates
7051 Eton Ave.
Canoga Park, CA 91303
(213) 883-7043

3.3.4.te-7
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RAD-GAM, XRA
Detectors
Texas Nuclear
January 1978

Geiger-Mueller Detectors
Texas Nuclear Model 9361

INST~'6M~'~TAYIONJ ,}

FOR ENVIRONMENTAL

MONITORING

o

Class Detectors

Principle of
Operation

Sensitivity
and Range

Geiger Mueller detector

Plateau length: _ 200 volts
Plateau slope max:imt.nn: - 6%/100 volts
Pulse output: 2 to 20 volts

Sampling Continuous

Performance

Requirements

Anode material: 0.0051 em (0.002") tungsten
Insulators: Altnnina ceramic
Cathode: Bismuth screen
Envelope material: Stainless steel
Operating temperature: Up to 150°C
Filling gas: Specially purified organic quenched gas

Size: 2.54 em (1. 0") outside diameter; 19.53 em (8 11/16") length;
15.2 em (6") active length

Operating voltage: -1100 volts
Weight: 1.36 Kg (3 lbs)

Remarks

Cost

Basic design available in other active lengths and large diameters

Refer to factory

Address Texas Nuclear Division
Ramsey Engineering Company
P.O. Box 9267
Austin, Texas 78766
(512) 836-0801 Ext. 311

9/19
3.3.4.tx-l
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FOR ENVIRONMENTAL

MONITORING

GM Tubes

TGM Miniature Models

RAD-GAM,XRA
Detectors
TGM Detectors
December 1977

Class Portable

Principle of
Operation

References:

Address

9/79

Geiger Mueller tubes for replacement purposes and new equipment design.

Manufacturer's Specifications

TGM Detectors Inc.
166 Bear Hill Road
Waltham, MA 02154
(617) 890-2090

3.3.4.tg-1
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Geiger-Mueller Detectors

al3y Fnd Window, Cyclindrical GM Tubes

RAD-GAM,XRA
Detectors
TGM Detectors
Page 2

o
~bdel

Cathode 'Wall Window Operating Recovery Remarks PriceInside Actlve T1l1C1<1l~SS voltage time ()lsec)
diameter length (mg/cm2)

A20l 2Omm(.78l") 102nnn(4.0") L4-2.0 900 100 )lsec detects $75.00
x-ray

K20l 2Omm(. 781") 102nnn(4.0") 1.4-2.0 1300 100 )lsec detects $90.00
x-ray

N20l 2Omm(.78l") 102nnn(4.0") 1.4-2.0 900 100 )lsec $45.00

N202 3 .18nnn( .125") 7. 94nnn(. 313") 1.0-1.2 750 50 )lsec $45.00

N204/76l8 2Omm(.78l") 12. 7nnn(0. 5") 1.4-2 900 150 )lsec $70.00

N2l0 29. 4nnn(1. 157") 48nnn(1.875") 1.4-2 900 200 )lsec $50.00

N2l0BNC 29.4nnn(1.157") 48nnn(1. 875") 1.4-2 900 200 )lsec $55.00

N222 6. 35nnn(0. 25") 33. 5nnn(1. 32") 1.4-2 900 100 )lsec $60.00

H220 29.4nnn(1.15·T') 25. 4nnn(1. 0") 1.4-2 1300 100 )lsec organic $55.00
quenched

H220/7840 29. 4nnn(1. 157") l2nnn(0. SOli) 1.8-2.2 1400 80 )lsec organic $55.00
quenched

TGM-l 3Omm(1. 2") 23nnn(0.9") 3-4 1400 100 )lsec organic $55.00
quenched
glass wall

TGM-2 3Omml1. 2") 23nnn(O.9") 1.4-2 1400 100 )lsec organic $60.00
quenched
glass wall

y Cylindrical GM Tubes

o
g

~del
Cathode Wall Operating Recovery Remarks PriceInside Active Thickness voltage time ()lsec)

diameter length

N302 6. 4nnn(. 250") 7. 9nnn(. 310") · 5lnnn(. 020") 900 20 )lsec $30.00

N308 3.18nnn( .125") l2.7nnn(.50") •94nnn(. 037") 600 50 )lsec $25.00

N309 15. 2nnn(. 60") l7.5nnn(2.687")/ •23nnn(. 009") 900 80 )lsec l f$20.00;

*148nnn(5. 81")N3l0 15. 2nnn(. 60") · 23nnn (.009' ') 900 80 )lsec $25.00

*N3l4 18. 4nnn(. 726") l48nnn(5.81") · 3lnnn(. 012") 900 no )lsec $28.00

* Pt platedN3l5 6. 4nnn(. 250") 96nnn(3.8") · 5lnnn(. 020") 700 70 )lsec wall $90.00

* Pt platedNP358 15. 2nnn(. 600") 108nnn(4.25") · 23nnn(. 009") 900 100 )lsec wall high $80.00

temperature

NP334 * Pt platedl8.4nnn(.726") 108nnn(4.25") · 3lnnn(. 012") 900 130 )lsec
wall high $85.00

tenq:>erature

TGM-16 25nnn(.980") 305nnn(12") •5lnnn(. 020") 1200 60 )lsec organic $65.00
\

quenched
3.3.4.t -29/79
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af?,y End Window, Pancake GM Tubes

o

o

a

o

o

o

a

Model Cathode Wall Window Operating Recovery Remarks PriceInside Actlve Thickness voltage time (j.lsec)
diameter length (mg/cm2)

Nio02/8767 44. 5mm(1, 75") 10.7mm(.42") 1.6-2 900 30 j.lsec $ 80.0

NlO02!2x 44. 5mm(1. 75") 10.7mm(.42") 1.6-2 900 30 j.lsec dual $225.0window

NlO03 29. 4mml1.l57") 9. 5mm(. 375") 1.6-2 900 40 j.lsec $ 60.0

NI005 44. 5mml1. 75") 10.7mm(.42") 1.6-2 900 30 j.lsec $125.0

NlO06 44. 5mm(1. 75") 10.7mm(0.42") 1.6-2 900 30 j.lsec $115.0

NI007 20. Orrnn(0.78l"l 9. Orrnn(. 36") 1.6-2 900 30 j.lsec $ 50.0

NI009 4.8mm(.188") 2. 8nnn( .110") 1.6-2 700 15 j.lsec $ 95.0

f?,y Thin Wall Cylindrical GM Tube

o

o

o

15. 2mm(. 60") 227mm(8.94") 30-40 900 75 j.lsec 200°C $ 58.00

l5.2mm(.60") l44mm(5.68") 30-40 900 75 j.lsec $ 35.00

l8.4mm(.726") 54. 8mm(2 .156") 30-40 900 150 j.lsec $ 30.00

18. 4mm(. 726") 142. 9mm(5. 675")I 30-40 900 150 j.lsec $ 60.00

15. 2mm(. 60") 19mm(.75") 30-40 900 60 j.lsec $ 25.00

4.8mm(.190") 6mm(.25") 80-100 600 20 j.lsec $ 35.00

4.8mml·190") 16mm(.625") 80-100 600 28 j.lsec $ 30.00

4. 8mm( .160") 16mm(.625") 30-40 600 28 j.lsec $ 35.00

7. 9mm(. 310") 28mm(1.l02") 30-50 600 45 j.lsec $ 30.00

15. 2mm(, 601") 89mml3.5") 30-40 900 50 j.lsec organic $ 35.00quenched

44. 5mm(1. 75") 495mml19.5") 15 1300 350 j.lsec organic $250.00
quenched

Model Cathode Wall Operating Recovery Remarks Price
Inslde Active Thic1al~ss voltage time (j.lsec)
diameter length lmg/cm2)

Nl06 15. 2mm(. 60") 89mm(3,5") 30-40 900 75 j.lsec $ 30.0

! 15. 2mm(. 60")" ,
i I i $ 40.0Nl06lIT 89mm(3.5") I 30-40 900 75 j.lsec 200°C

- i

I
i ,

INl07 15. 2mm(. 60") I 227mm(8.94") 30-40 900 75 j.lsec $ 45.0
,

N1l4

OCD-D-l03

NIlS

N1l6

N1l6-2

NIl7

TGM-6M

TGM-lOB

N107lIT I'
Nl08

N1l2/6833

N1l9HS

9/79
3.3.4.tg-3
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Victoreen Model 499

RAD-GAM,XRA
Survey
Victoreen
January 1978

. Class Portable, band-held

(.-)...\-.-'

9/19

Principle
of Operation

Sensitivity
and Range

Sampling

Perfonnance

Requirements

Features

References

Cost

Address

Uses an organic quenched GM tube as detector, amplifier meter read-out

Sensitivity: Above 12 keV, x and gannna; above 300 keV, S
Range: 0-1000 cOlmts/mins; linear

When activated by depressing a pushbutton

Accuracy: ±. 20% full scale
Response time: Approx. 12 seconds to reach 90% of final indication
Temperature Operating Range: (-20°F to +120°F)
Temperature Dependence: ±.20% over the above temp. range

Power: 9V battery
Size: 7.6cm Wx 12. 7cm Hx 6.4cm D (3" Wx 5" H x 2.5" D)
Weight: 0.45 kg (lIb)

Designed primarily for the TV service industry

Manufacturer's Specifications

$130.00

Victoreen Instrument Div.
10101 Woodland Avenue
Cleveland, Ohio 44104
(216) 795-8200

3.3.4.vi-l



o

() -



o
-~-

I

INSTR.uMENTA::fIONJ ,,)

FOR ENVIRONMENTAL

MONITORING

:'oj

Area Monitor
Xetex Model SOlA

RAD-GAM.,XRA
Monitor
XETEX
January 1978

Class Laboratory

o

Principle of
Operation

Sensitivity and
Range

Sampling

Performance

Requirements

Features

References

Cost

Address

9/79

Halogen quenched GM detector, digital logic, digital alarm level set,
LED display

Range: 0.1 to 99.9 mR/hr (Model SOlA-I)
1 to 999 mR/hr (Model 50lA- 2)

Alarm Range: 1 to 99 mR/hr in 1 mR steps (SOIA-I)
10 to 990 mR/hr in 10 mR steps (SOlA- 2)

Ganuna and X-ray

Continuous (8 sec update period)

Accuracy: ± 15% referred to CS-137
Energy dependence: .±l5% of true doserate from 60 keY to 1. 3 1>~o,V

Operating temperature: 0 to 50°C

Power: 115/230 V, 50/60 cycle, l5W
Size: 108 mm H x 165 mm Wx 203 mm D (4 1/4" x 6 1/2" x 8")
Weight: 2.54 kg (5.6 lbs) w/battery

Autoranging, digital display, standby battery power; alarm tone and flashing
display, either of the above models available with a remote probe.

Manufacturer's Specifications

$695.00 (local detector), $750.00 (remote detector)

XETEX, Inc.
1486 Oddstad Drive
Redwood City, CA 94063
(415) 366-8401

3.3.4.xe-l
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Class

Principle of
Operation

Sensitivity and
Range

Portable, handheld

Uses either a halogen quenched filtered G-M tube or solid-state detector, (303A)
digital logic or amplifier, LED or meter readout

o

Range:

Sampling

Perfonnance

Accuracy:
(referred to
137Cs)

Energy
dependence:
(60 keV to
1. 3 MeV)

Response time:

Operating
Temperature:

Requirements

Power:

Size:

Weight:

302A
0.01 to 999 R/hr

Continuous

~15% FS

~15% of true doserate

3 seconds or less

Four size AA NiCad
batteries, life -1 day

Collapsed length 41"
(1. 04m)
Extended length 12 ft
(3. 66m)

1.59 kg (3.5 lb)
including batteries

303A
0-10, 100, 1000 mR/hr
Pulse capability:
responds linearly to
pulse peaks in excess
of 1000 Rlhr

Continuous

~10% FS

~15%

4 seconds on xl
1 sec xlO,lOO

One 9V transistor type
battery, life _ 250 hr

7.lcm x 15. 5cm x 3. 89cm
2.81" x 6.09" x 1.53"

0.411 kg (14.5 oz)
including battery

347D
0.1 to 99.9 mR/hr(347D-l)
1 to 999 mR/hr (347D-2)
Overrange indicator (LED)
functions to > 100 R/hr

push button

±l5% FS

±l5%

nominal 8 seconds(347D-l)
nominal 5 seconds(347D-2)

0-50°C

Four AA alkaline penlite,
life _ 4000 measurements

7.lcm x l5.5cmx 3.89cm
2.8l"x 6.09" x 1. 53"

0.240 kg (8.5 oz)
including batteries

Features 1)

2)

3)

302A: charger included, autoranging , digital display, overrange
indicator

303A: meter readout... a conducting film on the inside of box provides
electrostatic shielding to prevent RF pickup

347D: autoranging,digital display, battery test. The only operator
control is a push button to initiate reading cycle.

Reference

Cost

Address

9/79

Manufacturers' specifications

$950.00 (302A)
$295.00 (303A)
$225.00 (347D)

XETEX, Inc.
1486 Oddstad Drive
Redwood City, CA 94063
(415) 366-8401

3.3.4.xe-4
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a. Interactions of Photons with Matter

The units of II are inverse length (cm- 1
)

if x is expressed in length (em); more commonly,
x is expressed in g/cm2 and II in cm2/g.

energy versions of the visible light which we
all perceive. The energy ranges of the two
types overlap: gammas range from a few keV to
a few MeV, and x-rays from fractions of one
keV to about 1 MeV.

One connnon way of characterizing the
interaction probability of photons with matter
is the absorption coefficient, commonly denoted
by ll. Given an incident intensity 10 , the
intensity I ex) after a distance dx changes by
an amount dI, proportional to ll:

dI (x) = -I (x)lldx

dI(x) - _ dx
I(X) - II

In I (x) = -llX
~

I (x) = 10 e- llx

L

2.

3.

4.

We shall not go into detail here about all
the many features of x and gamma emission.
However, two features are essential: first,
the photons under discussion typically have
discrete characteristic energies; and second,
the interactions as these photons traverse
matter are not continuous (its is the case
of ionization by charged particles) but discrete
events. Hence it is not physically correct to
talk about their "range", but rather about
their ''mean absorption length".

In the energy region from a few keV to a
few MeV, three important types of interactions
occur as photons traverse matter. In the order
of their importance with increasing energy,
these are: the photoelectric effect, Compton
scattering, and electron-positron pair production.
We cannot discuss these here in depth; the
reader is referred to several excellent reference
works (Ref. 1-5). However, a basic understanding
of how these interactions manifest themselves,
and of their energy dependences, is crucial to
any discussion of gamma spectrometry.

(1) The photoelectric effect is the
absorption of a phOton by an atom and the
simultaneous ejection of an electron, with an
energy equal to the photon energy minus what
ever binding energy is involved. For some
selective materials, this effect is significant

1. INTRODUCTION

2. PHYSICAL CONSIDERATIONS

In this section we shall discuss gamma
spectrometers, which are instruments for detec
ting and analyzing specific gamma-rays in terms
of intensity as a ftmction of energy. Instru
mentation of this type has played a leading
role in many important research areas. Although
much of this instrumentation is widely used for
other purposes, that which concerns us here is
instrumentation specifically for low-level
measurements of gamma-emitting radionuclides
in environmental-type samples. The two classes
of instrumentation which will dominate this
discussion are scintillation crystal spectro
meters (e.g., sodium-iodide), and semiconductor
spectrometers (e.g., germanium, silicon). Both
laboratory analyzers and portable field instru
ments will be discussed.

There is an important physical distinction
between gamma rays (photons from nuclear tran~

sitions) and x-rays (photons from electron
transitions). Here both types of photons will
often be lumped together into the term 'gamma
rays'. Whenever either type of photon is
detected and measured in order to identify a
radioactive isotope in an environmental medium,
it falls within the scope of this section.

We shall exclude measurements of gamma
beams, x-ray beams, or other radiation fields
when the aim of the measurements is other
than to identify discrete energy lines for
radionuclide analysis. Such external-radiation
field measurements are treated in the section
"X and Gamma Radiation Monitoring Instrumen
tation", elsewhere in this volume.

We shall also not discuss procedures for
the separation of various gamma-emitting radio
nuclides from each other by analytical chemical
teclmiques. Generally speaking, such proce
dures are used mainly to allow measurements of
one isotope in the presence of a much larger
background of others.

The term gamma ray is generally used to
describe the neutral electromagnetic emissions
due to nuclear transitions such as radioactive
nuclear decay. The term x-ray describes the
similar emissions from electron transitions
such as those occurring when vacancies in
electronic energy levels are filled. Both
gamma rays and x-rays are photons, the mass
less carriers of the electromagnetic field.•
Gamma and x-rays are actually just higher-

')
,--~-J
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Fi{JUT'e ~: Linea:!' absorption ooeffiaients
(in am-I) versus gamma-ray energy for siZiaon~
gemanium and sodium iodide (from Ref. 6)
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(3) Pair production occurs when a photon,
interactingm the electromagnetic field of a
nucleus, transforms its energy into the material
ization of a positron-electron pair. The energy
tran§ferred to the recoiling nucleus is usually
very small, with essentially all of the photon
energy going into the e+/e- pair. The energy
threshold for this process is 1022 keV, the sun
of e+ and e- rest;nass energies. The cross
section rises quickly above threshold, becoming
dominant over Compton scattering above about
10 MeV (Figure 1). Its Z dependence is approxi
mately (Z2 + Z). In the energy region of in
terest for most radionuc1ide environmental
analyses, pair production is not a mechanism
useful for sensitively detecting aiLd measuring
photon energies, although techniques which rely
upon the pair-production process do exist
(e.g., pair magnetic spectrometers). Both the
electron and the positron liberated in pair
production lose energy (and stop) by ionization,
and the radiation from the positron's ultimate
annihilation can be a signature useful for
detection. .

Fi(fU'l'e 2: Energy distribution of Compton
eZeatrons as a funation of eZeatron energy for
vapious inaident gainma-ray energies E (from Ref. 'I)

Electron energy Te, Mev
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at very low energies such as for visible light
(tV a few eV); this is the basis for photocells.
Here, we are concerned with higher energies,
in the region above a few keV. At these
energies, the cross-section for photoelectric
effect falls off rapidly with energy, as shown
in Figure 1 (from Ref 6). The dependence on
the atomic mnnber Z of the material goes as
approximately the fifth power (ZS), so that
an important premiun is gained by the use of
high-Z materials for detectors. Once a
photoelectric interaction occurs, all of the
photon energy is absorbed and the photon
itself disappears. The ejected electron,
stopping with its own short range, deposits
ionization that can be detected and measured.

(2) The Compton effect is the scattering
of a photon by an atomlC electron. Depending
upon the angle of scattering, the scattering
process transfers a variable fraction of the
incident photon energy to the target electron,
with the remaining energy carried away by
another outgoing photon of lower energy.
Figure 2 (from Ref. 7) shows the spectrwn of
electron energies from Compton scattering of
0.51, 1. 20 and 2.76 MeV incident photons.
The outgoing electron's subsequent deposition
of energy by ionization can be detected. The
Compton cross-section is proportional to Z,
and varies as a' function of energy as seen
in Figure 1. The an~lar distribution of the
Compton electrons becomes more and more forward
peaked as the energy increases.
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A physical effect which can limit system
performance is the escape of annihilation quanta
after pair production. This effect can be seen
schematically in Figure 3. Suppose that after
pair production by a photon of energy E, both
the e+ and the e- stop, depositing all of their
kinetic energy into ionization. The positron
then annihilates into two 511-keY gannnas. If
one or both of these escape undetected ,:the net
energy deposited in the detector will be
(E - 511 keY) or (E - 1022 keY) resulting in
peaks at these energies. Such I single escape I

and I double escape I peaks are sometimes very
prominent, especially for small-sized detectors
measuring high-energy gannnas.

GAMMA RAYS

BOTH ANNIHILATION
QUANTA ESCAPE

Figuroe 3: Idealized pair>-pr>oduation
pr>oaess followed by esaape of both photons
fr>orn e+ annihi lation.

b. Characteristics of Photon Emission

There is a wide range of phenomena in
which photons (gannna rays or x-rays) are
emitted by atoms or nuclei. Here, we are
concerned with those monoenergetic photons
useful for characterizing a radioactive nucleus.

The most familiar phenomenon is gamma
emission. This occurs when an excited nucleus
emits a photon as it makes a transition to a
lower energy level (often but not always to
the ground state). Usually, a parent nucleus
has previously undergone a transmutation such
as a beta-decay, leaving the daughter in an
excited state. While most gannna rays occur
singly, there are many important cases in which
two or more gannnas emerge in sequence, as the
nucleus undergoes successive transitions.
Usually, the times between these multiple
transitions are much shorter (li> picoseconds)
than instrumental resolving times, and the
multiple emissions can be thought of instru
mentally as being in I time coincidence I. $uch
coincidences, where appropriate, can be mea
sured and used as unique signatures to identify

particular decay schemes. Coincidences between
a'gannna ray and another particle such as a
beta ray may also be useful in a similar way,
where appropriate.

For many alpha-emitting high-Z elements,
the alpha decay.is followed by both x-r>adiation
and gamma r>adiation~ as the electronic energy
levels of the daughter atom readjust. The
x-radiation, if sufficiently energetic, can
provide a signature for the radioactive alpha
decay. Usually, the K x-rays are detected.
For the elements heavier than uranium, the
L x-rays are in the 10 to 20 keY range, which
is near the lower end of the energy range for
the type of instruments to be discussed here.

3. MEASURIMENf CONSIDERATIONS

In making accurate and sensitive measure
ments of photon energies in the keY-MeV energy
range, a number of important considerations
much be taken into account. Ideally, of course,
one would like a system which detects ever>y
photon with 100% efficiency; determines its
ener>gy with high resolution; has no spurious
baakgr>ound indistinguishable from real events;
covers the ener>gy r>ange of interest; acconnno
dates all interesting samples; and aosts very
little to purchase, operate, and maintain.
Field instruments should be l'Ugged and simple.

Actual instruments, of course, make com
promises with all of these items. Inevitably,
as well, the better systems are the more expen
sive. Yet precisely because the typical
instrument user is trading one parameter for
another in his choice of ,instrumentation (e.g.,
efficiency vs. resolution), it is important to
determine the nature of the trade-offs and
their interconnections.

The key parameters, as already described
above, are effiaienay~ r>esolution~ baakgr>ound,
ener>gy r>ange, sample aapability, and aosts.
Here these will be discussed in a general way,
to provide an introduction before presenting
the more detailed discussions of the individual
instrument systems.

Usually, environmental radionuclide
measurements must be made on minute concen
trat10ns. This places qU1te severe operat10nal
requirements on the instrumentation.

The media which require sampling are
numerous. Some are directly ingestible (water,
foOd); some are materials used in monitoring
direct human exposure (air filters); many are
media making up the pathways through the
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environment to man (soil, animal tissues, plants);
some are biomedical specimens (bioassay, whole
body determinations). It is therefore difficult
to generalize about the levels of concentrations
which require measurement, and we shall not
attempt to do so here. However, many of these
measurements are at levels requiring sensi
tivities that approach the limit available
with the best systems. Hence there is nearly
always a premium on sensitivity, and this is
coupled with resolution requirements when a
minor activity must be identified in the
presence of larger activities.

a. Efficiency

Figure 4 (from Ref. 3) shows a typical
energy spectrum as detected by a high-resolution
Ge (Li) detector. The radionuclide shown is
aluminum- 28, which, although not of consequence
in many environmental examples, is good for
illustration purposes. This nuclide decays by
emitting a beta-particle with maximum-energy
2.8 MeV, followed by a 1. 7789-MeV gamma ray.'
Sometimes the beta particle emits bremsstrah
lung photons as it decelerates; sometimes the
gamma produces e+/e- pairs, either in the source,
in the detector, or elsewhere.

The peak at the highest energy is due to
those events in which the full energy of the
1. 7789-MeV gannna is converted within the detec
tor to ionization (by the photoelectric effect
or by multiple interactions). The broad con
tinuum below the peak contains those events in

which an incident photon scatters by Compton
effect from an electron in the detector and then
escapes from the detector. The signal is repre
sentative of the energy imparted to the electron.
A head-on Compton collision yields the highest
energy electrons·, detected at the "Compton edge",
clearly seen in Figure 4 near channel 1600.

Other features of the spectrum are peaks
labelled "S 1778.9", and "D 1778.9", due to
single-escape and double-escape, respectively,
of 5ll-keV gammas after the annihilation of a
positron following e+/e- pair production in
the detector (see Fig. 3).

The "511" peak represents total absorption
of 511-keV gannnas, presumably from annihilation
of positrons mostly within the ~8Al source
itself. Another feature is the prominent low
energy continuum labelled "Bremsstrahlung
2.8 MeV", from tIle beta particles decelerating
mostly in the source.

The ratio of the area under the photo
electric peak to that under the Compton spectrum
is primarily determined by physical parameters
(the photon energy, the geometrical size and
shape of the detector, and the Z of the material).
As this ratio is fundamental to the ultimate
system sensitivity, it is naturally desirable
that it be maximized.

distance 3'5cm

absorber 94~ molcm2 8.

o 400

0'99 KeVlchonne'

800
Channel nll'nbtr

G.L 18

1200 1600

Figure 4: Spectrum of aZuminum-28 as
measured UJith a Ge (Li) detec;,ter
(from Ref. J)

_ 1
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The detector size and shape are important
parameters in the overall efficiency: clearly
,some photons will not interact in a small
detector, so large detectors are definitely
advantageous if only from considerations of
volume or solid-angle. There is more to the
size question than mere first-interaction volume,
however: for larger detectors, there is an
increasingly larger probability that Compton
scattered photons from a primary interaction
will interact again in the crystal. Such mul
tiple interactions effectively enhance the
fUll-energy-peak-to-Compton ratio. Figure 5
(from Ref. 8) shows this effect for two sizes
of sodium~iodide crystals.

50

20

10

5
(C) °pholo

. Cphoto + aCompton + O'pair

2

Energy' (keVl

10~-;;2*00~4;j,0;;;0----.;c60k;0;---<;e*00""10,..j,0"'0'12"j0"'0,.....,.,.j1400

Figure 5: Peak-to-total ratios for two
orystal sizes and the peak-to-total
ratio that would be found if no seoon
dary absorption occurs (from Ref. BJ.

b. Energy Resolution

The second key parameter is enerl$l. resolu
tion, since the width of a photoelectric peak
determines its ablllty to stand out above a
continuum background and its ability to be
distinguished from other nearby peaks. Reso
lution is usually stated in terms of the full
width of a peak at half maximum (FWHM) and
sometimes also by full width at one-tenth
maximum (FWIM), this latter as an indicator
of the extent of tails in the peak distri
bution.

Because energy resolution is so extremely
important, much of the discussions to follow
on the individual measurement techniques will
be devoted to it. Here, only a few general
comments will be made.

Resolution by itself is not a sufficiently
definitive parameter by which to compare perfor
mance of various systems. For example, resolu
tion enters directly into the ability of a
system to detect a small peak sitting on top
of a large background continuum. Yet in many
systems a little better resolution is not as
important as a little more'suppression of
continuum backgrounds. To combine these ef-

fects, various figures-of-merit'have been pro
posed. One such is the "full-energy-peak.:to
Compton-edge ratio" defined as the ratio of
full-energy-peak height to the height of the
Compton edge, as measured in the final system
energy distribution. This ratio is primarily
inversely proportional to the peak energy
resolution, but also depends upon many other
factors such as the oY~I'all detection.effi_cienc't
and the ability of the system to suppress ComPton
events.

Such suppression usually takes the form
of surrounding the detector with an "anti
coincidence shield", to detect events in which,
after a photon Compton-scatters in the detector,
the secondary lower-energy Compton photon sub
sequently escapes outside of the detector. If
such Compton events are vetoed electronically,
the full-energy-peak-to-Compton ratio can be
enhanced by as much as two orders of magnitude
using such a shield. These veto systems will
be discussed in more detail Below.

c. Background

Background is the third important parameter.
There are several types: (a) cosmic radiation;
(b) contaminating radioactivity in the counting
area, the shielding, or the detector equipment
itself; and (c) electronic-induced backgrounds.
Much effort has been expended learning tech
niques to minimize the radioactivity backgrounds
by shielding and by choice of materials. This
is particularly important when great sensitivity
is desired.

In the instrumentation discussions below,
we shall attempt to point out the ways in which
each of the various systems performs for the
relevant parameters just discussed.

4. DEfECTION AND MEASURFMENT TECHNIQUES

There are two types of gamma-ray spectro
meters in common use at present. One employs
the scintillation counter, the other a semi
conductor detector. --

The scintillation counter consists of a
clear phosphor sCllltillator,a photomultiplier
tube, and the required electronic presentation
circuitry. An incident photon produces ioniza
tion which excites light from the phosphor.
This light releases photoelectrons in the
multiplier cathode, which after secondary
emission amplification by the cascaded dynodes
appears as a current pulse at the anode. The
presentation circuitry analyzes and displays
or records the results. Since the amount of
light in the flash is proportional to the energy
deposited in the phosphor as ionization, the
size of the output pulse is a measure of that
energy. If the presentation circuitry includes
a multi-channel pulse-height analyzer, it will
record the spectrum of the ionization energies.

The semiconductor detector consists of a
crystal of high-resistance semiconductor. When
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FigUY'e 6: Ratio of escape peak to photo
peak in "infinitely thick" sodiwn iodide
crystal. Crystal subtends conical shell
of radiation (from Ref. 3)

Physically, it is desirable for every photon
to interact by photoelectric effect, imparting
all of its energy except the electron binding
energy to the ejected electron. The binding
energy subsequently goes into either character
istic x-rays or Auger electrons as the electron
vacancy is filled. In NaI erl), the dominant
photoprocesses occur in the iodine innermost
shell and the photoelectrons are nearly always
accompanied by energy of 28-keV in the form of
~ x-rays; when this radiation escapes from the

ionization energy .into visible light. The
decay time of the light (time for light inten
sity from an instantaneous event to fall to
lie of its peak value) is about 250 nsec.
The pulse size (normally pulse area converted
to pulse height) is proportional to the ioni
zation deposited. Although the light pulse
from NaICTl) lasts several hundred nanoseconds,
the time resolution acheivable is much shorter:
using electronic analysis methods such as
constant-fraction discrimination or time-of
pulse-peak determination by differentiation
and zero-crossing circuits, time resolution as
low as a few nsec can be achieved (Ref. 14).
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ionization is deposited in the crystal, it frees
a proportional amount of charge. With appro
priate electrodes and crystal geometry, the
charge can be collected onto the electrodes
in the presence of a suitable applied electric
field. Again the output pulse is proportional
to the deposited ionization, and after suffi
cient linear amplification can be analyzed by
means similar to that used with the scintilla
tion counter.

For the types of measurement involved in
environmental protection, scintillation counters
with thallium-activated sodium iodide (NaI erl))
and semiconductor detectors employing germanium
are most widely used. Other spectrometers,
usually for special applications, use cesium
iodide scintillators and silicon semiconductors.
Gas proportional counters also find frequent
application. The areas of applicability along
with the basic properties of each of these
types will be discussed below. Areas where
new developments show promise will also be
indicated. We shall not discuss other detector
types which find only occas ional use. Among
these are organic liquid and plastic scintil
lators, pair spectrometers, and diffraction
spectrometers.

Crystalline NaI is quite dense (3.67
g/cm 3

), and has a high effective 3 because of
the iodine (3 = 53). The thallium activator,
an impurity of about 0.1 to 0.3% introduced
into the crystal, converts some of the absorbed

The basic properties of sodium-iodide
and germanium spectrometers will be discussed
first, followed by a comparison between the
two. Then other types of spectrometers will
be discussed. Multi -channel analyzer instru
ments, widely used for electronic data handling
after the photon has been detected, will be
discussed separately.

a. Sodium-Iodide Crystal Spectrometers

Scintillation counters employing thallium
activated sodium iodide, commonly denoted
NaI (Tl), have been a mainstay of low-level
gamma spectrometry since the discovery of
NaI (Tl) by Hofstadter' in 1948 (Ref. 9). So
much literature exists on this subject that
reviewing it is beyond the scope of this work.
Instead, this discussion shall concentrate on
outlining the basic properties, uses, sensi
tivities, and limitations of sodium iodide in
low-level spectrometry. For more detailed
discussions, the reader is referred to the
proceedings of the Scintillation Counter
Symposia (Ref. 10) as well as several reviews
(Ref. 8, 11-13).
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The choice of electronic instrwnentation is
crucial to overall system performance. The
quantum efficiency of the multiplier tube's
Photocathode is one key param~ter ~n the sys~em
resolution, along with the unlformlty of effl
ciency over the photocathode area. Low tube
noise and good multiplication statistics are
other parameters which must be considered,
especially for detecting the lowest-energy pho
tons. Sometimes two photomultipliers are used
in coincidence, in which case the contribution
of direct tube noise to the background coindi
dence counting rate is almost entirely elimin
ated. Much has been written about the detailed
considerations (optical, mechanical, and elec
tronic) involved in phototube choice and use.
One reference for the interested reader is the
book by Crouthamel, Adams, and Dams (Ref. 3).

The ultimate performance of any NaI (Tl)
system is governed-by all of the parameters
touched upon above as they affect both the

crystal the resolution is degraded. This is
most important for low-energy incident photons,
both because they interact near the crystal
surface, and because the loss of 28 kev is
such a big effect for low energies: Th~ angle
of incidence also makes a substant1al d1ffer
ence. This is shown in Figure 6 (from Ref. 3),
in which the ratio of the iodine-escape peak
to the full-energy peak is shown as a function
of energy. This figure demonstrates that this
effect can be very important at the lower ener
gies.

There are a mnnber of parameters to be
considered in the choice of a NaI (Tl) system.
The most important are probably the crystal,
size and geometry, and the type of electron1c
instrwnentation. The importance of crystal
size in enhancing the efficiency for detecting
multiple-interaction events has already been
discussed above. The geometrical shape of
the crystal is also important: right cylindri
cal crystals are most commonly used, since
both optical coupling to the phototube and
edge-effect losses are minimized in cylindrical
geometries. Another co~on ¥eometrical arr~ge

ment is the well-type, m which the sample 1S
placed in a well cavity in ~he c~nter of a ,
NaI(Tl) crystal. This prov1des 1ncreased soJ1d
angle, but at a sacrifice in ~ffectivedetector

volume for the same overall slZe.

The eier£ resolution of a NaI (Tl) system
is primar1 y om1nated by statistical uncertain
ties: in a typical NaI (Tl) crystal about 20~

to 300 eV of ionization energy must be deposlted
on the average for every photoelectron created
at the photocathode of the multiplier tube.
Since the light-emission, the photoelectron
process, and the tube multiplication are all
subject to statistical fluctuations, there,is
an inevitable 'line-width' for monoenergetlc
energy deposition within the crystal. This,
line-width, which is a function of energy, 1S
broader for scintillation detectors than for
any of the other commonly used detectors.
Indeed, it is the principal drawback to the
use of crystals such as NaI(Tl).

If the statistical fluctuations were due
only to energy deposition, the variation would
be such that the average number of electrons
N in the ultimate electronic pulse would be
proportional to the energy deposition E, and
the fractional line width lIE/E would bepropor~

tional to IN'/N = l/IN'. This is nearly the
correct model at low energies, but breaks down
above about 200 keV, because of the added
contributions from Compton scattering and
edge effects. This is shown in Figure 7 (Ref.
3), where for a 2.5" (diameter) x 2" (high)
cylindrical crystal (LIE/E) 2 is seen to be
nearly linearly proportional to liE.
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Figure 8: Resolution width as a function of energy, parametric in Fano factor, for
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(from Ref. 26)

total efficiency and the photoelectric-to
Compton ratio: time resolution; energy resolu
tion; crystal size and shape; and the optical
collectionfphototube parameters.

b. Germanium (Lithium-Drifted) Detectors

The importance of semiconductor detectors
in gamma spectrometry cannot be overemphasized.
Since the use of these devices became wide
spread in the mid-1960's, many important fields
of research and measurement have been revolu
tionized. This is predominant' ' because of
the superb energy resolution a .8vable with
these detectors, but also becau5e of their
stability and reliability. It is now possible
to make routine measurements of many radionu
clides at low concentrations which are beyond
the capabilities of other systems.

The basic useful property of solid state
semiconductor detectors is the creation of
electron-hole pairs in the semiconductor by the
ionization process. A potential applied to the
detector's electrodes causes the charge carriers
to move toward the electrodes. For our purposes
the crucial properties are two: First, the
average ionization energy E required to produce
a hole-electron pair must be small, to minimize
the fractional fluctuations from statistical
uncertainties. For germanium E '" 2.9 eV, while
for silicon E '" 3.7 eV. Second, the mobility
must be sufficiently high that essentially all
of the carriers are collected at the electrodes.
Finally, the carrier lifetime must be great
enough so that recombination is unimportant.

We shall not discuss in detail the theory
behind the choice of materials and the operating
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parameters for these detectors. Several excel
lent discussions exist (Ref. 3, 4, 15-20).
Suffice it to say here that only two known
materials, silicon and germanium, presently
approach the requirements for a high-resolution
detector of reasonable size. The most desir
able materials would be germanium or silicon
of ultra-high purity. The availability of
these would eliminate the problems in impure
materials, in which the pr.esence of certain
impurities produces unwanted free carriers
which are swept by the electric fields in the
same way as those produced by the ionization
events. These free carriers provide an irre
duceable background which dilutes the ioniza
tion signal. Materials of sufficiently high
purity are not available in large volumes,
although important research and development is
now beginning to show promise in that direction
(Ref. 21-25). As an alternative to ultra high
purity material, much effort in detector devel
opment has gone into working out methods for
deliberately compensating the undesired carrier
producing impurities. Of the various processes,
drifting of n-type lithium is the most common.
This has been well discussed elsewhere (Ref.
3, 4, 16). Large volumes are now available,
with 40 to 60 cm 3 crystals in common use and
~ 100 cm 3 crystals available commercially.

Because photoelectric photon conversion
(with its :6 5 dependence) is the key detection
mechanism, germanium (:6 = 32) is favored over
silicon (Z = 14) by a factor of about 40. At
energies above about 100 keV, this is very
important; at sufficiently low energies, the
difference becomes less important because
a :6 of 14 is sufficient since the photoelectric
effect dominates the entire interaction prob
ability anyway.

The average number N of electron-hole
pairs created by deposition of energy E should
be E/E, and the standard deviation 0T due to
the statistical fluctuations should be
0T = ,TN' = 1E;7'E. Fxperimentally, the fluctua
tlons turn out to be much smaller. If the
experimentally determined standard deviation
is denoted by oexp, then the ratio oexp/or
serves to define the 'Fano factor' F:

F = (oexp/oT) 2

0exp = ,I(E7€}F
The full width at half maximum (FWHM) is equal
to about 2.4 times larger than the standard
deviation, as is exactly true for a Ganssian
distribution: FWl-M = 2.4 oexp'

The discrepancy between oexp and
0T (=,1j\j') is explainable as follows: not all

of the energy deposited in the semiconductor
goes into creating electron-hole pairs; a fraction
goes into exciting other modes such as lattice
vibrations. If all of the energy loss were to
go into creating electron-hole pairs, then N
would equal E/E exactly by energy conservation,
there would be no statistical fluctuations in
the number N of pairs formed, F would equal
zero, and there would be no contribution to
(Je:lCP from this source. On the other hand, if
only a small fraction of the energy loss were
to go into creating pairs, the fluctuations in
this small fraction would be truly random and
F would equal one. In semiconductors, the true
situation lies in between these two extremes.
Recent experimental values of F differ widely,
depending probably upon the techniques used in
crystal fabrication. Recently, Fano factors as
low as F = 0.08 have been measured (Ref. 27)
but values in the region of about 0.12 are
typical of present commercial detectors. The
intrinsic resolution of such detectors can be
read off of Figure 8.

The electronic instrumentation used in
conjunction with these detectors is second in
importance to the detectors themselves, in
the sense that performance can be degraded
substantially unless the greatest care is used
in the choice and use of the electronics.

Early in their development, semiconductor
detectors suffered from degraded resolution
because of electronic amplifier inadequacies.
Today, the best available electronic equipment
contributes little to the overall system reso
lution, which (at least at higher energies)
is dominated mainly by the statistical fluctu
ations discussed above.

The primary aim of the electronic instru
mentation is to provide a final spectrum as free
as possible of both non-linear distortion and
noise. The first component in this system is
the pre-amplifier. The need in semiconductor
applications for extremely low-noise pre-amps
has stimulated intensive theoretical and experi
mental research, and during the past few years
it has become possible to approach quite closely
the fundamental noise limits of these devices.
The aim has been that the contribution of pre-amp
noise to the final line-width be significantly
smaller than the detector's own line-width.

A charge-sensitive (integrating) pre-amp
is now used almost universally, primarily because
its gain is independent of the detector capaci
tance (which can vary), and despite the fact
that the noise performance is a little worse
than that of a voltage amplifier. The pre-amp
and the circuits which follow it normally convert
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pulse area to a standard shaped pulse whose
height is proportional to the charge at the
input.

The time resolution achievable with Ge(Li)
detectors is in the range of a few to about 10
nsec, depending upon the detector size, geomet
rical shape, and electronic parameters. This
is not as fast as that achievable with NaI(Tl)
crystals, but is fast enough to be very valuable
in coincidence'applications, to be discussed
below. The best time resolution is achieved in
the open-ended-coaxial configuration. A good
discussion of fast-timing considerations for
both Ge (Li) and NaI (Tl) is the paper by Williams
and Nutt (Ref. 14).

Several reviews discuss the design consider
ations which go into not only the pre-amplifier,
but also the other key components (pUlse-shaping
networks, base-line restoration circuits, analog
to-digital converters, etc.). The reader is
referred to the general reviews of Adams and
Dams (Ref. 3), Benoit (Ref. 28), and Goulding
(Ref. 29).

TRUE COAX

WRAP-AROUND COAX

Figure 9: True coaxia l and wpap-around
coaxial geometries shown schematically
(Ref. 30)

A number of varied detector geometries have
been developed. Planar or parallel plate p-i-n
configurations were the earliest detector geo
metries to achieve wide use. These consist of
an intrinsic (compensated) interior with a
p-type substrate on the bottom and an n-type
upper surface through which the photons enter.
Unfortunately, the practical limit of lithium
drift (15-20 mm) limits the total volume which

can be compensated in such a set-up. To over-
come this problem, the coaxial p-i-n detector
has been developed. High-quality p-type ger
manium is used. Lithium drifting compensates
the major fraction of the volume, producing the
intrinsic (i-type, high-resistivity, well
compensated) detector. The central core remains
p-type. The thin outer surface is over-compensated
with lithium deposited by diffusion, and is hence
n-type. Figure 9 schematically shows two kinds
of coaxial detectors, the true 'open-ended'
coax and the wrap-around 'closed-end' coax.

A major advantage of the coaxial geometry
is that large volumes can be compensated. Also,
the electric field increases toward the axis,
resulting in faster drift than in a planar
detector, which has a uniform field; this in
turn yields better resolution by reducing the
probability that electrons near the core will
be trapped. Furthermore, low leakage currents
result because the exposed junction area at the
end is constant even for very long cylinders
and resulting large sensitive volumes. The
primary disadvantage is that for very long
cylinders there is larger capacitance.

Other configurations (which are not commonly
used in applications relevant here) include the
double-drift and U-junction geometries. These
have been described briefly by Crouthamel
(Ref. 3).
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Figure 10: Ratio of counting efficiency as
a function of energy for a 1?_cm 3 planar
and a 20-cm 3 coaxial germanium detector.
At high energies the volume governs the
efficiency, while at low energies the
area governs (from Ref. 31).

The larger volumes obtainable with coaxial
geometries are a clear advantage at high energies
(~ a few hundred keV) , where gamma penetration
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c. Comparison: NaI erl) vs. Ge eLi)

NaI (1'1) crystal spectrometry was the most
important gamma measurement technique from the
time of its discovery in 1948 until Ge(Li)
systems began (in the last decade) to play an

can be seen in Figure 11 (Ref. 6), which compares
several Ge(Li) detectors with a medium-sized
(3" x 3") NaI (1'1) detector. Also, they cannot
as easily accommodate large samples, or achieve
the multiple-interaction performance of NaI (1'1)
which was seen in Figure 5. Figure 12 (Ref. 33)
shows the fUll-ener~-peak-to-totalenhancement
from use of a 30-em Ge(Li) detector. To over
come some of these drawbacks, hybrid systems
have been developed. For example, NaI(Tl) can
be used to surround a Ge(Li) inner detector;
NaI (1'1) detects in time coincidence many of the
Compton-scattered photons escaping from the
Ge(Li) crystal, enabling their rejection (to
help low energy photopeaks to stand out above
a Compton continuum) or occasionally their in
clusion (to improve the system sensitivity).
These hybrid systems will be discussed further
below.

2000 2500
GAMMA RAV ENERGV (keV)

15001000500

Figure 11: Experimental full energy peak
efficiency for detectors of different
volumes. Curves 1 and 2 refer to planar
detectors, while curves 3,4,5, and 6
refer to coaxial detectors. Curve 7 is
for a 3" x 3" NaI(TlJ detector. Distance
of source from detector face is indicated
(from Ref. 6J
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Cooper has expressed well a key geometrical
consideration (Ref. 32):

"In selecting detectors for low-level
counting applications, care should be taken
to maximi.ze the ratio of the detector's
cross-sectional area facing the source to
its volume. Since the natural background
is generally isotropic, its detection
efficiency depends mainly on the volume
while the detection efficiency for source
gamma rays depends strongly on the detector
cross section. Thus, although long detectors
may have greater high-energy efficiencies
than short detectors, their natural back
ground interferences will be higher at all
energies."

beneath the thin surface layer is substantial
and the entire volume is useful for detection.
At low energles(~ 100 keV) , the e~osed detector
area is the key parameter. The c oice of geo
metry thus depends on the energy range which is
being measured. An example of the trade-off is
illustrated in Figure 10 (from Ref. 31), which
shows the ratio of counting efficiencies for a
17-em 3 planar and a 20-em 3 coaxial detector.
At low energies, the ratio is governed by the
areas, and at high energies by the volumes.

For some measurement requirements the
closed-end-coaxial geometry can have serious
disadvantages compared to the open-ended config
uration, since it puts a dead region right at
the "heart" of the measurement, near the source.
The dead region can absorb many of the low
energy electrons generated near the· 'Compton
edge', preventing them from escape and subse
quent detection in aNal (1'1) anticoincidence
deteCtor.

For many applications the short fat coaxial
geometry (40-50 mm diameter, 25-30 mm length)
is best, since it has fairly low capacitance
(10-15 pf) but reasonable high detection effi
ciency. Indeed, there are applications in which
a detector either too short or too long would
be equally undesirable.

Because even the largest Ge(Li) crystals
are of limited size, these detectors cannot
approach the performance of NaI(1'l) crystals
in terms of overall detection efficiency. This

All of the Ge(Li) detectors in standard
use today must normally be operated at or near
to liquid-nitrogen temperatures (77°K); indeed,
they must usually be kept at 77°K to prevent
the drifting of lithium atoms away from their
desired sites. This is usually accomplished
by regular re-filling of a dewar with liquid
nitrogen.



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-GAM
Spectrometry
Page 14

Figure 12: The obsewed peak/total ratios
of a 30-cm 3 double open-ended coaxial diode
compared with the ratios from a 3. 5 mm deep by
2.5 cm2 planar diode and the ratios of photo
electric to total cross-sections for germanium
---------- (from Ref. 33)
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increasingly larger role in many important types
of measurements. For many users, the most impor
tant issues to be addressed are the relative
advantages and disadvantages of these two tech
niques. Hence, it is appropriate to highlight
the comparison here. Such a comparison is par
ticularly important because the systems under
discussion usually comprise the largest single
initial expense in equipping a laboratory for
environmental radionuclide measurements •

The comparison begins with the most obvious
generalization: that is, the basic trade-off
is between the Irigh efficiency of NaT(Tl) and
the high resolution of Ge(Li). The superb reso
lution is obviously crucial in some applications,
such as in identification of closely-spaced
lines. This can be seen, for example, in Figure
13 (Ref. 34), in which the NaT en) system is
totally incapable of resolving a number of closely
spaced lines which appear clearly separated in
the Ge(Li) spectrum.

The contrasting parameter is overall effi
ciency, determined both by intrinsic efficiency
and by detector size. Here, even moderate
sized NaT (Tl) crystals have a large advantage
over the largest Ge(Li) detectors. This was
seen above in Figure 11 in which the overall
efficiency of a 3" x 3" NaI (Tl) crystal was
compared to that of several Ge(Li) detectors.

Detector, Na liT II 13 in. x 5 in.}

~ 104

.l! 54Mn..,
8- /835

J 103

Sample Collecled at Richland. Washington
Collection Period, 1/1/66 to 3/31/66
Air Volume, 8 x 107 cubic feet
Date of Count, 4120/67
Count Interva" 1000 minutes

101 Shielding, 4 in. Thick Pb plu. Cd-Cu Lining

I sotopes Observed

22 Na 65 Zn 134C•

40 K 95 Zr 137C.

57 Co 95 Nb 144 Ce

54
Mn

106 Ru 144 pr

60 Co 125 Sb 155[U

4DK
1464

144 ID6RU
l~r /1562

/

100 200 300 400 SOD 600 700 800 900 1000

Channel Number

Figure 13: A comparison of the gamma-ray spectra of the radionucZides present one year
after collection on an air filter at Richland. Washington as measured with a 5-in. dia. by 3-in.
thi(Jk NaI(Tl) scintillator and a 20 cc Ge (£if diode. (from Ref. 34)
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I
10 cm !hick by 23 cm Oia

with a 7.6 cm Na1light Pipe
Surrounded by a 28cm Oia

Nal !TIl Anticoincidence Shield

7.6 cmThick by 7.6 cm Oia

100

10,000

. . The mo~t common addition to an ordinary system
~s lts use m a low-background counting room. Two
lffiportant sources of background can be mmimized:
cosmic radiation and natural terrestrial backgrounds.
To minimize these, completely enclosed lead caves
ar~ used, and in some cases counting rooms have been
bUl1t below ground. The gains can be substantial:
background reductions by factors up to a few hundred
are common. For example, studies of backgrounds 110
~ete~s beneath Grand Coulee Dam (Ref. 35) are shown
ln Flgure 14. Use of special low-activity lead also
offe~s advantages particularly at the lower energies.
Studl.es of natural backgrounds in cement (Ref. 36)
and concrete (Ref. 37) have led to the use of low
background materials in counting enclosures (Ref. 38).
Background reductions by additional factors of 2 to
5 over backgrounds in normal concrete rooms can be
gained by use of such materials, even if lead shield
ing is already in use around the detector system.

Another common improvement which can be
added to a normal detector system is the use of
anticoincidence counters. In the simplest
arrangement, thin plastic scintillation counters
can be used to cancel electronically high-energy
cosmic-ray charged particles traversing the
detector system. A more costly but much more

Another key consideration is the amount
of effort required to obtain measured activity
values from the raw energy spectnun. In this
regard, it should be observed that for complex
spectra NaI (1'1) systems almost certainly require
substantial computer processing, while Ge (1i)
systems often can yield important information
with only moderate data analysis. The data
analysis part of gamma spectrometry is discussed
separately below.
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Even the 54-cm3 Ge(Li) detector has overall
efficiency less by a factor of 3 or 4 than the
3" x 3" NaI (1'1) crystal.

. While these basic facts about resolution
efficiency, and data handling are paramount '
a n~?er of variations have been developed to
optlffilze the usefulness of the detectors in
particular applications. We shall discuss some
of these here.

E!~ERGY OF
NEUTRON CAPTURE

GAr·tt1A PEAK

10' 3 L.- ---' ----l--L --l

HIERGY (MeV)

FigUY'e 14: Effeats of massive shielding on
baakgrounds of simple NaUTl) deteator
system. Comparison is between Riahland,
Washington and various aonfigUY'ations .
at top of and inside Grand Coulee Dam,
Washington (from Ref. 35)

Channel

Figure 15: Comparison of the 137Cs peak
to Compton distribution for two sodium
iodide deteator systems; the bottom aurve
inaZ:udlis surrounding the larger NaI(Tl)
de teator with an anti-aoinaidenae shield.
The peak is at 662 keV (from Ref. 39)
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Figure 18: Gamma-!'ay speat!'a of 137Cs
!'eaorded in the normal and antiaoinaidenae modes,
with a germanium deteator. Full-width-half
maximum is noted as 2.38 keV, and peak-to
Compton height ratio as 245 (f!'om Ref. 40)
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In one common arrangement, large NaI (TI)
detectors have been surrounded by additional

Figure 19: Gamma-ray deteation sensitivity
for a normal ge!'manium diode (lOOO-minute aounting
time) aompared to sensitivities of anti-aoinaidenae
shielded diode for 1000, 4000J and 10,000 minute
aounting times (from Ref. 40)

effective arrangement is surrounding the detector
with large volumes of anticoincidence scintil
lators. In addition to eliminating cosmic ray
events, these detect and veto events in which
some of the energy escapes after a primary photon
interaction in the inner detector. The large
volumes are needed to achieve high detection
efficiency. The suppression of the Compton
continuum can be particularly effective, along
with the detection of escaping Sll-keV photons
from positron annihilation after pair production.

ANTICOINCIDENCE ON
WiTH 10.2 em LEAD

ENERGY (:1eV)

Figure 16: Comparison of the muon baak
ground of an aZZ-fJodium-iodide deteator system
to various mass and antiaoinaidenae shielding
aonditions. The 110-meter overburden is beneath
Grand Coulee Dam (from Ref. 39)

Figure 1?: fuakground measurements at
Riahland, Washington, with an antiaoinaidenae
shielded sodium iodide deteator, showing effeat
of anti-aoinaidenae and of 10.2 am of additional
lead (from Ref. 35)
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Figure 20: Coincidence and anticoincidence y-ray spectra of muscle tissue from a tuna collected
in the region of the Bikini atoll. Data taken with a 3800-minute counting time using a Ge(Li) diode
(from Ref. 40)

NaI(Tl) scintillators: for example, Figure 15
(Ref. 39) shows the effect of such a system on
suppressing the Compton continuum below the
662-keV gamma peak from 137CS. The suppression
of the cosmic-ray muon background by 3 to 4
orders of magnitude is shown in Figure 16
(Ref. 39). It should be emphasized that when
anticoincidence methods are used, the addition
of lead shielding provides little extra benefit.
This can be seen, for example, in Figure 17
(Ref. 35).

Surrounding a Ge(Li) detector with anti
coincidence counters provides even more impres
sive Compton suppression, especially because
the small size of even the largest Ge(Li) detec
tors means that they have very large Compton
backgrounds. For example, Figure 18 (Ref. 40)
shows that a reduction of nearly an order of
magnitude can be achieved by surrounding a
20-cm3 Ge(Li) detector with plastic phosphor
of 26" diameter and 24" thickness. The peak
to-Compton height ratio is 245:1, as indicated.
The detection sensitivity of this system for
various conditions is shown in Figure 19 (Ref.
40) . Figure 20 (Ref. 40) shows a particular
example in which the Compton continuum below
the two 60Co photopeaks normally would com-

pletely obscure the lower-energy photopeaks from
several other gamma emitters. The anticoinci
dence system, while reducing the sensitivity
for the 60Co lines by a factor of about 6, re
duces the 60Co Compton edges by about a factor
of 50. By storing the spectra both with and
without anticoincidence, no primary information
is actually lost.

The ability of systems to measure ~argeh
s~les is another aspect. Especially or t e
G~i) systems, losses in efficiency with large
samples can'significantly offset other positive
factors. As an example, Figure 21 (Ref. 41)
shows the efficiency of a 100-cm3 Ge(Li) cylin
drical detector for a point source and for a
sample of 6" diameter and 1" thickness (sample
volume of about 450 cm3). With the larger
sample, the efficiency is lower by a factor of
5 to 10.

Well-type NaI (1'1) .systems are now in common
use. Insertion of a sample within an enclosed
well increases the solid angle to nearly a
complete sphere. However, for the same size
total crystal some losses in efficiency can
occur because the gamma rays traverse less
material before passing out of the sensitive
volume of the detector.
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Single Crystal Background
(One Axis of 47 keV/Channell

Two Crystal Coincidence
Background with a 3/4" Pb
Absorber. Walls of 4" Thick
Lead and 4" Thick Borated Paraffin
Have Been Used As An External Radiation
Sh ield.

/

Crystal Are
6" Th ick By
11" in Diameter

Figure 23: Comparison of the background of
a single 6" thick x 11" diameter crystal with
that of the two crystal multidimensional detector
system. The detector system is housed inside
a 4" thick lead and 4" thick borated-paraffin
shield (from Ref. 42) ~

..

Energy, MeV

Coincidence counting is another variation
on the basic technique, in order to decrease

i backgrounds and pick out unique signatures for
certain radionuclides in the presence of others.
The most connnon method is to use two NaI(Tl)
crystals on opposite sides of a sample. Dual
Ge (Li) systems and hybrid Ge (Li) -NaI (Tl) coin
cidence arrangements have also found some appli
cation. Each has its advantages, the trade-
offs being (as always) efficiency vs. resolution.
This trade-off is especially critical for coin
cidence work because the overall efficiency is
the product of the two individual detector
efficiencies.
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Figure 21: Counting efficiency

Ge(Li) detector for two source sizes
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Figure 22: Total counting efficiencies and
total coincidence counting efficiencies of three
multidimensional gamma-ray detector systems.
Curves labeled "2E" show summed efficiency of
two identical detectors. Curves labelled "2E2

"

show coincidence efficiency (from Ref. 39)

The efficiencies of some back-to-back dual
NaI(Tl) systems are shown in Figure 22 (Ref. 39).
The curves labelled "2E" denote the total effi
ciency for the paired system, counting single
gannnas. The "2E2

" curves are efficiencies in
coincidence mode. The suppression of backgrounds
is shown in Figure 23 (Ref. 42).

Another arrangement is to place a Ge (Li)
detector inside a NaI(Tl) well. Here the NaI(Tl)
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Figure 24: Coinaidenae and anticoincidenae gamma-ray spectra of the radionucZides collected
on an air fiZter from 6 x 10 6 ft 3 of air. Detector is Ge(Li) semiconductor, counting intervaZ of
1000 minutes (from Ref. 43)

can be used in both anticoincidence mode and
coincidence mode. The effect of such an arrange
ment of a Ge(Li) spectrum from an air filter is
shown in Figure 24 (Ref. 43). A large number of
radionuclides can be observed in the coincidence
spectrum, in which a coincident NaI (Tl) pulse
gates the Ge (Li) pulse height into a separate
region of the pulse-height-analyzer memory.

Other types of coincidence arrangements
have also been developed. For example, beta
gamma coincidence countin~ can be used to obtain
substantlal lIIIprovements ln sensitivity for some
appropriately chosen radionuclides. Using' the
coincidence configuration shown in Figure 25,

Brauer et al (Ref. 44) report measurements of
iodine-13l at detection limits .in the range of
0.01 pCi, with 1000-minute counting times. A
t~ical spectrum for a chemically-separated
13 I sample is shown in Figure 26 (Ref. 44);
this spectrum was taken using a 0.75" x 0.020"
plastic beta scintillator, inside a 5" x 5"
NaI (Tl) well. The detection limit is a factor
of 100 lower than that achievable with the

''l 5" x 5" well alone. Similar arrangements for
gamma-xray coincidence counting have also been
reported by Brauer et aI, using a gas-flow
proportional counter for x-ray detection inside
a NaI (Tl) well.
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d. Cesium-Iodide Crystal Spectrometers

While sodium-iodide is by far the most
widely-used inorganic scintillator, thallium
activated cesium iodide, CsI(Tl), also has
useful applications. CsI (Tl) differs from
NaI(Tl) in three fundamental ways: (i) it pro
duces only 40 to 50% as much light per eV of
deposited ionization; (ii) its mean decay time
for gammas is about 1600 nsec compared to about
250 nsec for NaI (1'1); and (iii) cesium has a
much higher Z (55) than sodium (11), so that
the photoelectric interaction is somewhat
enhanced.

3/4" Mu Itlpller
Phototube

Bela
Signal

lower
'---~-_Gamma

Signal

Na II TIl
Crystal

Upper
,----r--Gamma

Signal

Na lIT II
ICryslall

Figure 25: LoU) level (3-y detector, showing
beta phosphor inside weU-type NaI(TZ) system
(from Ref. 44)

Figure 26: y-Spectra of separated iodine
sample taken in, a 5-inch NaI(TZ) weU system,
with beta detection with a small plastic phos
phor inside the well (see Figure 25). Gamma
and beta-gamma coinaidenae spectra shown
separately (Ref. 44)

:B:
X~'M'TUBE

(0) (b)

Figure 27: The "Phoswich". (a) Fast-slow
phosphor sandwich; (b) Dual pulse from particle
traversing XX in (a). t Of and tos are the l/e
times for the fast and slow components of the
resulting pulse (from Ref. 11)

Unfortunately, CsI (1'1) has never achieved
widespread use for routine gamma spectrometry.
This is probably because the cost of CsI (Tl)
is much greater than that of NaI (1'1), yet its
overall resolution and other performance char
acteristics are somewhat similar.

e. Silicon (Lithium-Drifted) Semiconductors

Perhaps the use of CsI (1'1) most pertinent
here is the phosphor-sandwich or "phoswich".
This arrangement, shown schematically in Figure
27 (Ref. 11), has a NaICTl) crystal placed on
top of a CsI (Tl) crystal, all on top of the
photomultiplier. The entire system is optically
coupled together. Low-energy gamma events
stopping within the NaI (Tl) crystal appear as
a fast pulse, while higher-energy events with
some additional penetration to the CsI (Tl)
yield a phototube pulse containing both short
and long components, as shown in the figure.
This configuration allows the low-energy photons,
which have very short penetration, to be separ
ated electronically by pulse-shape analysis.

Silicon is not widely used for gamma spec
trometry except at low energies. The reason
why Ge (Li) is preferred over Si (Li) in the 0.1

0.80.•

GAMMA ENERGY ~ MeV

Efficiency determinations for the simpler
systems are often performed by calibration
measurements on a few isotopes with gannnas of
widely-spaced energies; interpolations are then
performed for absolute analyses at intermediate
energies. In using any of the anti-coincidence
or coincidence systems, however, precise quan
titative analysis requires that efficiency
calibrations be performed for each isotope to
be measured.
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Because of limitations on size and pressure,
gas counters do not have the stopping power of
denser detectors (solids, liquids) for high
energy gammas. Yet at sufficiently low energies,
they are in many ways superior to the scintil
lation detectors: higher resolution is obtained,
and lower energies can be detected and measured
reliably.

There are a number of factors which must
be considered in the design and operation of a
gas proportional counter as a photon spectrometer.
The choice of window material is important: it
must be very thin and of low atomic number (2) to
minimize interactions in the window; and it
should be chosen to avoid fluorescence (excita
tion of secondary x-radiation by the primary
incident photons). For these reasons beryllium,
carbon, or Mylar is often chosen.

the same period (late 1940's) as the develop
ment of scintillation spectrometry. Indeed, for
low-energy photons this was the most widely
used technique until the development of semi
'conductor detectors. Today, gas proportional
counters are used for low-level gamma spectro
metry only when special problems arise.

The ionization deposited in the gas produces
pairs of electrons and positive ions. About
25 to 30 eV is required to make one such pair,
which is about 10 times greater than the 2.9
eV required for an electron-hole pair in solid
gennanium, but a factor of about 10 smaller
than required to produce one photoelectron from
aNal erl) scintillator-phototube instrument.
Hence, in the region where statistical fluctu
ations dominate the energy resolution, the
resolution of the gas counter is intennediate
between that of the Ge (Li) and NaI erl) systems.

The amount of primary charge liberated by
a low-energy photon yields a very small electrical
pulse, so that the signal-to-noise ratio obtain
able with a practical amplifier is poor. Thus
gas counters operated in the ionization-chamber
mode have seldom been used for gamma spectrometry.
It is usually necessary to operate the gas counters
in proportional mode, yielding amplifications
of the signal pulses by successive ionizing
collisions of the electrons on the way to the
collector anode. This is sufficient to bring
the output pulse size up above the noise level
of present amplifiers. Most commonly, a cylin
drical geometry is used, with the positive
anode wire on the axis of a cylindrical con
tainer.

300200100

101 I-_----'__----I.__-'-__--'--__-'-__...l.-_--'

o

Sample Collected Near Richland, Washington
Collection Period: 1115166 to 1/31/66
Air Volume: 10 7 cubic feet
Count Time: 2/20/67

125Sb ---,

21.8

One key advantage of Si (Li) is that for
some applications it can be operated at room
temperatures. This eliminates the need for any
windows, and makes spectrometry of very-low
energy photons ('" few keV) much simpler. Por
the best resolution, however, low temperatures
are still necessary.

Figure 28: Si(Li) photon spectrwn of the
airborne radionuclides collected on an air
fi lter at Richland, Washington (from Ref. 34)

Count Interval: 1000 Minutes
Detector: SHLl) (300 mm 2 x 3 mm Deep)
Shielding: 4 in. Thick Pb plus Cd-Cu Lining
Energies In keY

to 1. 0 MeV region is gennanium I s much greater
photopeak-to-Compton ratio. This was shown
above in Pigure 1. However, this figure also
showed that at energies below about 50 keV the
advantage of Ge (Li) becomes less important,
and in fact at the lowest energies Si(Li) is
now most widely used.

One disadvantage is the lower density
(2.33 g/cm 3

) of silicon compared to gennanium
(5.33 g/cm3 ). Another is that its intrinsic
resolution is not quite as good, although when
operated with only a small amount of cooling
(near O°C) the differences are slight. Pigure
28 (Ref. 34) shows a typical very-low-energy
spectrum taken with a Si (Li) detector, measur:i:ng
the radioactivity on an air filter. Note that
the 5.9-keV photon from 55Pe is resolved quite
easily. Today, commercially available Si(Li)
detectors offer resolutions (FWHM) for 55Pe in
the range of 160 to 200 eV.

Silicon detectors of small size are often
used when it is necessary to count low-energy
photons in the presence of large backgrounds
of high-energy photons, since the detection
efficiency for the higher energies will be
quite small.

f. Gas Proportional Counters

The use of gas proportional counters for
gamma and x-ray spectrometry dates from about

The gas fill is usually high-purity xenon,
krypton, or argon: the choice is based upon
the energy region to be measured, and primarily
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Figure 29: Gas absorrption (%) at one atmosphere pressure in Reuter-Stokes RSG-61. a typiaal
aorroneraial gas proportional aounter of 2" diameter, 4.7" sensitive length. The effeat of window
absorption is notinaluded. Gases are Cal 9'1% xenon/3% C02; (b) 97% krypton/3% C02; (aJ 97% argon/
3% C02' From manufaaturer's aatalog (Ref. 451
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Figure 30: Resolution of x-ray proportional aounter as a funation of energy, from measurements
of several investigators (from Ref. 3)

takes into account the gas absorption character
istics as a function of energy. Figure 29
(from Ref. 45), for example, shows the absorp
tion of photons for each of these three gases
in a typical corrnnercial counter. The x-ray
'escape' peak from excitation in the gas may
also be important: the Ka x-rays for the three
gases occur at 29.5 keY (xenon), 12.5 keY
(krypton), and 3.0 keY (argon). A quench gas,
typically a few percent CO2 , is used to prevent

continuous discharge, to improve pulse charac
teristics, and to lengthen counter lifetime.

The choice of wall material is also impor
tant: interference from fluorescence in the
walls should be avoided, and this often dictates
using a low- Z liner such as aluminum if a
higher-Z material such as stainless steel is
used for the main wall structure.
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The performance of the best gas proportional
cOlmters at low energies is very good. For
example, resolutions in the range of 12 to 15%
(FWHM) can be routinely achieved for the 5.9-
keV line from iron-55 in the better counters,
and sometimes even finer resolution is obtained.
To achieve the best resolution, a very stable
high-voltage supply must be used. The resolu
tion obtainable at various energies with in
struments of this type is shown in Figure 30
(Ref. 3).

Among the advantages of gas counters are
that a large source area can be utilized, up
to about 100 cm2 for some specially designed
counters; backgrounds can be very low, with
an especially important low sensitivity to high
energy (>100 keV) photons. The Instruments
are easy to operate and can be made rugged; a
variety of configurations are commercially
available, with choices of side or end windows
and various gases and pressures; and the costs
are usually low. It might be noted also that
often the same proportional counter can be
used for measurements of beta-particle spectra.

Two reviews of the use of gas proportional
counters for photon spectrometry are those of
Crouthamel (Ref. 3) and Curran and Wilson
(Ref. 46).

g. Other Detectors: Present and Future

Research in detector technology is now pro
ceeding mainly in the following areas: first,
to develop other semiconductor materials besides
germanium and silicon; second, to develop ultra
pure germanium crystals; third, to improve the
resolution of scintillation counter systems;
fourth, to develop improved proportional
counter techniques; and fifth, to develop gas
proportional scintillation counters. All of
these efforts have a common goal: the avail
ability at lower cost of significantly larger
detector sizes, with resolution at least com
parable to that obtainable with existing detec
tors. A secondary goal of the semiconductor
research is to find materials which do not
require storage at low temperatures (a draw
back of Ge(Li)) and ultimately might even be
operable at room temperatures. We shall attempt
only to present an overview of current progress.

(i) The search for new materials has been
going on since the beginnIng of semiconductor
technology. Among the materials now being
actively investigated are cadmium telluride
(CdTe), gallium arsenide (GaAs), and mercuric
iodide (HgI 2 ). A recent conference on CdTe
(Ref. 47) contains much important information;
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a review by Miller (Ref. 48) gives a good over
view of the present state of the art for these
three materials. Both CdTe and GaAs have E

values of about 4.3 to 4.6 eV/pair . The problems
seem to be in the development of methods to
make materials with sufficiently high purity,
with good crystal perfection, and with ac~urate

stoichiometry. For HgI 2 much more basic research
work still remains to be done.

(ii) Work on high-purity germanium has
also been actively continuing. Recently, groups
at both Lawrence Berkeley Laboratory (Ref. 25,
49) and General Electric Company (Ref. 21-24)
have reported techniques for growing germanium
crystals with acceptor concentrations in the
range of less than 1010atoms/cm3 • Detectors
with volumes as large as 25 cm 3 have now been
fabricated, and resolution is reported to be
comparable to that obtainable with conventional
lithium-drifted germanium detectors of similar
size (Ref. 49). Research is now aiming toward
much larger volumes, and even lower impurity
concentrations. Among the advantages of high
purity germanium are its ease of handling: it
can be warmed up to room temperature without
harm (although, like Ge (1i), it must operate
at liquid nitrogen temperatures).

(iii) Research to improve the resolution
of scintillation counter systems is proceeding
mainly in two directions. First, the development
of materials for higher photocathode quantum
efficiency and higher gain in the multiplier
dynodes has steadily been improving photomul
tiplier performance, and this work is continuing.
Second, the search for new scintillation phos
phors might lead to improved resolution if it
is possible to decrease the average amount of
ionization required to produce a photoelectron
at the tube cathode. One particular avenue is
the search for phosphor/photocathode combin
ations operating efficiently in the near infra-red
region ('" 800 nm).

(iv) Research on improved gas proportional
counters probably cannot lead to very signifi
cant improvements over current performance:
the intrinsic limitation for low-energy x-rays
is the value of about 25 eV/ion pair required
in typical gases. For high-energy gammas, the
detection efficiency cannot be very great because
gases (even at high pressure) are not sufficiently
dense. This has led to research in the use of
liquids as the ionization medium. One research
program in this area is that using liquid xenon
at Lawrence Berkeley Laboratory (Ref. 50), where
feasibility of such detectors has been demon
strated. The goal is the potential availability
of dense proportional counters of large size,
high detection efficiency, and good resolution
(for xenon, E '" 22 eV/ion pair).
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(v) Recent work has demonstrated the
feasibility of as roportional scintillation
counters (Ref. 51. T e concept is to operate
a gas counter in the ionization mode rather than
the proportional mode. A photomultiplier detects
the light emitted by the ionized electrons as
they accelerate in the applied electric field.
The counter relies upon the existence of an
accele:ating e~ec~ric.field below the region
where Ion multIplIcatIon occurs but high enough
to produce secondary light. The phototube then
acts as the 'amplifying' element. Xenon seems
to be the best scintillating gas available
bec~use.o~ its goc;xI light output, high 6, ~d
avaIlabIlIty at high purities. Resolutions
of about 500 eV (full width at half maximum)
for the 5.9-keY sSPe x-ray have been obtained
(Ref. 51). These counters, while still in the
study/development stage, show considerable
promise for even better resolution at the low
est energies.

5. DATA HANDLING, REDUCTION, AND CALIBRATION

a. Pulse-Height Analyzers

The instrumental output of all the detector
system~ discussed here is an electronic pulse
whos~ Integrated pulse area is nominally pro
I;0rtlOnal to the ionization energy deposited
~ the detector. The preamplifier and ampli
fler system usually converts pulse area to
pulse ~eight of a standard-shaped pulse. The
next lInk in the chain is often a multi-channel
analyzer, or some other device for selecting
only some of the pulses produced by the detec
tor itself.

(i) Threshold Discriminators

The simplest device is a threshold discrim
inator. This device essentially "counts" all
pulses above a certain height (hence all pho
tons above a certain threshold energy). This
type of measurement is often termed a "gross
ganuna" measurement. It can be very useful in
some measurement situations. One problem is
that exactly what is being counted is highly
d~p~ndent upon the spectrum composition.
Fllllte energy resolution smears the exact
meaning of the pl;llse-height cut-off, especially
for poor-reso1utlOn systems like NaI er1) •
Even more important is that the cut-off elimin
ates some fraction of the Compton continuum·
the fraction varies considerably as a function
of gamma primary energy. Thus "gross gamma"
measur~ments ~re ~ot ~as~ly interpreted except
as semI-quantItatIve IndIcations of total
activity in the sample.

(ii) Single-Channel Analyzers

Another pulse-height analysis device is
a single-channel analtzer. Pulses are only
counted if the pulse eight is between two pre
selected values. This pre-selected region is
usually termed the pulse-height 'window'.
This type of ~~yzer is used primarily to
count one specIfIC photopeak to the exclusion
of others. Again, the interpretation of data
taken in this way may be ambiguous: the continuum
underneath the selected pulse-height region
must be understood before quantitative data
can be obtained. The continuum can arise from
gammas of higher energy which Compton-scatter
in the detector; from external backgrounds·
and from noise. In order to help correct for
the latter two of these effects, it is conunon
to ~ake.background runs with no sample present.
IndIcatIOns of the amount of Compton continuum
present can be had by counting all events with
pulse heights above the upper threshold setting
of the 'windowt ••• at least, this can help to
assure toot there are not very large numBers
of counts at high energies if none are expected.

The single-channel analyzer is most conunonly
used when the analyst is confident that there
are no significant interferences: for example
after chemical separation has isolated one '
chemical species prior to counting.

(iii) Multi-Channel Analyzers
A multi-channel analyzer converts the

pulse height to a digital form and then stores
that information in one of its many 'channels'.
Each channel corresponds to a certain small
pulse-height region and hence to a certain
small energy region. Today, analyzers with
4096 channels are routinely used in Ge(Li)
and Si (Li) semiconductor spectrometry, while
'V 400 channel analyzers are conunon for NaI erl)
CsICTI), and gas-proportiona1-counter spectra.'
A great deal of literature is devoted to the
properties of such instruments, but little of
it is recent and we shall not discuss it in
detail here. The 1965 review by Goulding should
be consulted (Ref. 52) for the basic principles;
~ore recent ~eve~opments have incorporated
mtegrated CIrCUItry, higher speeds and more
sophisticated features. '

,A basic multi-channel analyzer has three
p~rts: .The firs~ is.so~e type of pulse-height
dlsc~~lnatorwhich IS In actuality an analog
to-dIgItal converter; the second is a memory
and controller; and the third displays or
transmIts the liata. Besides these basic functions
a Wlde variety of special features is available
on commercial instruments, including methods for



INSTRUMENTATION

FOR ENVIRONMENTAL

MONITORING

RAD-GAM SPEC
Spectrometry
Page 25

storing in only a part of the memory; for trans
ferring memory directly to a computer; for gating
on externally-supplied signals; for using vari
ous types of displays; for subtracting background
spectra automatically; and for computer control
of all of the above. These functions are crit
ical to the efficient handling of the large
masses of data which can be accumulated by the
detectors themselves. In some systems, small
computers are used to perform many of these
functions:

In order to aid in the choice of these
instnnnents, we shall make a few brief
comments about particularly relevant modes of
operation and cite some common problems.

Dead-time, which is the time during which
the analyzer is processing a given pulse and
hence will not accept any other pulses at its
input, is a problem which must be borne in
mind at high counting rates. The analyzer dead
time is always far m9re important than the dead
time from considerations of pulse overlap else
where in the system. Advanced systems automati
cally display dead times, gate out the system
properly during the dead periods, and have live
time docks. However, the user should be aware
that this is one of the most important possible
sources of systematic error.

Calibration techniques for the analyzers
themselves should be available and used.
Again, the user should recognize possible
problems. Perhaps the best calibration method
is to calibrate the entire slstebwith a known
radionuclide source •.• this WlII e discussed
below.

Computer-compatible input and output will
continue to grow in importance, as systems are
expanded to include computer interfacing on
both the input and output ends. These (often
expensive) features are not always as versatile
as might be desired, for example if interfacing
to a different computer is necessary some time
after the original purchase.

One commonly used mode of operation in
radionuclide analyses is the "gated" mode.
An anticoincidence gate is an integral feature
of many NaI (fl) and Ge (Li) systems. This fea
ture can lead to systematic error. For example,
the anticoincidence unit can fail to perform
its task because of dead-ttme, overlapping

·pulses, or other considerations.

Long-term stability is another parameter
of importance, since many environmental samples
must be counted for very long time periods;
Recent advances have been made in this regard

and the purchaser of a new analyzer system can
now usually acquire a system with stability
exceeding his requirements. The stability of
the detector system remains as a key consider
ation.

The user must pay attention to all of these
areas in order to take fullest advantage of
whatever system is being used.

b. Data Reduction and Analysis

The data-reduction aspect of the measure
ment system can lead to much difficulty and
error, if not carried out properly. Therefore,
a number of sophisticated methodologies have
been developed, some of them almost fully
computerized.

Two basic limitations of all detector
analyzer systems are responsible for most of
the difficulties. First, the finite resolution
leads to overlap of peaks in complex spectra.
This is particularly true with the scintillation
counters. Second, eachspectnnn invariably
includes some background or noise counts (for
example from the Compton spectnnn of a higher
energy gamma ray or from external backgrounds)
which decreases the resolution of the peaks.

The simplest procedure for dealing with
a complex spectnnn is by analyzing successively
the various photopeaks beginning with that at
the highest energy. Successive 'stripping'
subtractions are made. Unfortunately, error
analysis is extremely difficult after even a
few subtraction steps, so that with complicated
spectra the uncertainties become large and very
difficult to estimate for the lower-energy peaks.
For this reason, simple 'stripping' is used
only for the least complicated spectra.

A somewhat more powerful method is to gen
erate a set of simultaneous equations for a
number of radionuclides in terms of their
observed photopeak count totals. Again, error
problems become very important for the smaller
photopeaks or those at lower energies above
large backgrounds.

Both of the above are unsophisticated
methods, typically using only the full-energy
peak information and estimating backgrounds
beneath the peaks by measurements in adjacent
channels. More elaborate analysis techniques
attempt to fit an entire spectnnn including
Compton-scattering contributions.

One of the most widely used methods of
computer analysis is the 'method of least
squares'. Essentially, this methOd uses as
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input a set of standard spectra taken with the
instrument in question and containing known
activities of all radionuclides suspected of
being present in the unknown sample. A least
squares fit is then performed on the data; the
variances are minimized and the most likely
concentrations of each sought-for radionuclide
are determined. The principle as applied to
gamma spectra has been thoroughly discussed
(Ref. 53, 54) and a sample computer program
is available (Ref. 55). Among the disadvan
tages of this method are the requirements that
all sought-after radionuclides must have ref
erence input spectra available, and that those
thought to be present must be 'guessed' before
analysis.

'Multiple regression' is an analysis tech
nique which combines the concepts of 'stripping'
and 'least squares'. This procedure is des
cribed by Shumway (Ref. 56), using methods
developed by Efroymson (Ref. 57). Essentially,
the method begins with a least-squares fit to
the most prominent highest-energy photopeaks,
and their accompanying full spectra. The less
prbminent and lower energy radionuclides are
then introduced sequentially, with recomputa
tion of 'least squares' each time to improve
the goodness of fit. Each successive recompu
tation can even be programmed to eliminate a
radionuclide previously included. Again, a
library of standard spectra must be used.

The techniques just described are most use
ful for complicated, overlapping spectra such as
NaI(Tl) spectra containing several radionuclides.
For Ge(Li) spectra the peaks are usually narrow
enough that backgrounds beneath them can be deter
mined reasonably well from measurements in near
by channels just to the sides of each peak. This
is usually what Ge(Li) analysis programs do, with
less consideration being given to the full spectra.
An additional refinement in Ge(Li) analyses is
the use of peak-shape information to determine
more exactly the entire peak area. Some analysis
programs, tied to particular measurement systems,
are nearly completely computerized and automated;
they can find peaks, determine the peak sizes,
and even correct for detector efficiency and
energy calibration effects. These depend, of
course, on access to libraries of standard
spectra. Examples are analyses described by'
Routti and Prussin (Ref. 58) and Gunnink and
Niday (Ref. 59). Other sophisticated methods
have been developed for analysis of Ge(Li)
spectra in neutron activation analysis (Ref.
60). The reader is referred also to several
other papers for more details (Ref. 61-63).

c. Calibration Standards

The most desirable method for calibrating
any gamma spectrometer system would be to use
a standard source containing known activities
from each of several radionuclides; the source
should reproduce exactly the geometrical and
physical characteristics of the unknown sample
measured with the same system. The purpose of
using a knO\m standard source is to reproduce
as nRlch as possible the same operating condi
tions used in the actual measurements.

For this calibration function, the U.S.
National Bureau of Standards furnishes some
known standards (Ref. 64). Several of the
NBS standards contain a known activity of a
single radionuclide, and in addition there is
a series of standards each containing several
gamma emitters spanning the energy range from
88 keV to 1.8 keV.

In calibration measurements, care must be
taken to avoid or minimize error from a wide
variety of problems. Perhaps the most difficult
to correct for are geometrical effects from
differences in source location and source size.
This is especially true for the lower-energy
photons, for which self-absorption can occur.

6. LABORATORY MEASUREMENTS: SENSITIVITY

Although there are a few classes of measure
ments which are better made in the field, most
gamma spectrometry measurements are made in the
laboratory on samples brought from the field.
The field measurements are treated below in a
separate discussion. Here we shall discuss the
factors which influence the ultimate sensitivity
of laboratory systems.

There are two classes of measurement aims
which are so different that one might imagine
completely different measurement systems for
them:

(i) The sample to be measured may be
known to contain only one radionuclide
whose concentration must be determined.
(ii) The sample may be suspected of
containing an unknown number of radionu
clides which must be identified. Presum
ably the activities of the unknown can
vary widely in magnitude.

An example of the first category might be
the measurement of iodine-13l extracted from a
milk sample using a complicated series of
chemical steps. An example of the second cate
gory might be measurement of an air filter taken
near the stack of a nuclear reactor.

Clearly, the choice of instrument may be
different in these two cases .•• the point is that
a typical radioanalytical laboratory is often
confronted with both extremes as well as the
entire range of measurement situations which
lie in between.

a. Sensitivity for Measuring a Single
Known Gamma

The most sensitive instrument system for
measuring a single known gamma, at least when
measuring gamma energies above about 100 keV,
uses a large NaI(Tl) crystal for its detector.
The ultimate in sensitivity is then limited,
essentially, by the background counting rate
above which a signal must stand out. As we have
seen, many of the better low-background facil
ities are able to achieve background counting
rates (in the 100 to 1000 keV range) on the
order of 0.1 to 1 counts per minute per keV of
energy acceptance. (Some times as low as 0.01
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cpm/keV is achieved). The spectrum from NaI (Tl)
for a typical monoenergetic line. (say, 137Cs at
662 keY) might be about 50 keY mde (PWfM).
The background counting rate over that energy
acceptance would be, say, 5 to 50 cpm (~o~e~
times as low as 0.5 cpm). Clearly, actlv1tles
of that order are at the minimum detectable
level [1 pCi = 2.2 disintegrations p~r mi~u~e].
Even with 1000-minute counts, detect10n llill1tS
below 1 pCi are achievable only in the very
best low-background facilities, and this in
cludes use of Compton scattered events to aid
in the detection efficiency. This is made
worse by any inefficiencies (fundamentally,
inefficiencies from the fact that not all
photons convert their full energy in~o ioni
zation in the detector; and secondar1ly from
solid-angle and other losses).

When more than one photon energy is
present, all but the highe~t~e~ergyphoton
may suffer additional sens1t1v1ty losses be
cause the "background" beneath their full
energy peak(s) may b~ enhanced by t~e Compton
continuum from the highest-energy lme.

b.

This measurement problem is often succinctly
termed 'peak hunting'. We have already seen
(for example, in Fig. 13) that ~aI(Tl) systems
are totally incapable of resolv1ng small
closely-spaced peaks in the presence of much
larger ones. Hence for peak-hunting the better
resolution instruments are preferred, and we
shall restrict our discussion to them... in
particular, to Ge(Li) detectors.

The considerations are few in number but
interdependent in a complicated way: better
resolution makes a peak stand out more above
background; higher detection efficiency yields
more counts' lower background and small Compton
scattering ~fficiency both improve sensitivity;
high peak-to-Compton and peak-to-total values
are important. One trade~off i~ that al~h?ugh

larger detector volumes y1eld h1gher eff1c1en
cies they may make Compton tails worse, d~

grading sensitivity in the l?w-energy reg1o~.

Also, large volumes usually lillply some sacr1
fices in resolution.

Cooper (Ref. 32, 65) has combined m~ny of
these considerations into one overall 'f1gure
of-merit' (POM), which can be calculated for
any Ge(Li) system as a function of energy. being
measured. The FQ\1 was developed for use m
comparing performance of systems measuring
known lines, but has application for 'peak
hunting' as we11. Some of the results are

surprising. For example, at lower energies 3

(-122 keY) the FQ\1 of even a very small O. 4-cm
detector is only 1.5 times poorer than that of
detectors with 75-cm 3 volumes. We quote from
Cooper (Ref. 32):

"Although the 1332-keY peak effi
ciencies differ by almost a factor of
800 at 25 em, the 122 keY peak efficien
cies differ by only about 8 times at the
cap; In addition, the 0.4-em3 detector
has a greatly reduced Compton interference
and much better resolution. All of these
factors contribute to its competitive
sensitivity at 122 keY despite the factor
of 16 difference in their cross -sections. "

For low-energy applications, the small
planar germanium detectors have definite advan
tages over the larger coaxial detectors when
used in 'peak-hunting' mode.

The ultimate detection sensitivity depends
on too many factors to enable a brief discu~-.

sion here. The situation is in many ways Slill1
lar to that for NaI (Tl) as used to measure a
single radionuclide. For Ge(Li) sy~tems ~he.

background counting rates from cosm1C rad1at1on
tend to be smaller, but the gains are counter
balanced by lower volumes and smaller effic~en

cies. However, a reasonable rule-of-th~b 1S
perhaps that Ge(Li) systems in peak-hunt1ng
mode (in the presence of many other peak~).are

perhaps one order-of-magnitude more sens1t1ve
than NaI(Tl) systems with comparable.a~c?utre

ments (comparable low-background faClll tles;
comparable electronic sophistication; etc.).

7. FIELD MEASUREMENrS

Although most gamma spectrometry is per
formed in the laboratory on samples brought to
the apparatus, a significant effort has been
devoted in recent years to the development of
field measurement systems. There are three
types: portable, mobile and stationar~. The
aims of the measurements can be to estlillate
either dose distributions or radionuclide dis
tributions:-

The reason for field measurements is
usually to enable sensitive study of large areas.
Because there are some measurements which cannot
be made in any other way, these techniques have
proven to be of value despite t~ei:- drawJ;>ac~s

(chiefly lack of precision, loglst1cal d1ff1
culties, and cost).

We quote from Beck et al. (Ref. 66), who
have stated well the advantages of field mea
surements:
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"In situ measurements of soil activity
are more sensitive and provide more repre
sentative data than data obtained by sample
collection and subsequent laboratory analy
sis. An unshieided detector placed about
one meter above the ground detects gamma
rays from an area within about a 10 meter
radius, representing a large volume of
soil compared to the typical soil sample,
and comparable counting statistics can be
obtained in only a small fraction of the
time required for the laboratory analysis.
For example, a field spectral analysis
for the natural emitters, 4oK, 238U, and
232Th, can be carried out in approximately
15 minutes wi th a 4 in. by 4 in. NaI erl)
detector. A comparable analysis in the
laboratory, excluding transportation and
sample preparation time, would require
several hours. Furthermore, a single
soil sample from a site may not be repre
sentative of the mean soil activity, so
a number of samples or composite samples
are required. A single field analysis
averages out small local inhomogeneities
in the sample."

The typical stationary system is carried
to the field, set up with the detector some
distance G, few meters) above the ground, and
allowed to count whatever the detector finds.
An energy spectrum results, but the problem
involves the unravelling of the true radio
nuclide concentrations in the media being
studied. There are three different sources of
events: the air, the ground, and the cosmic
radiation. Because the penetration of gamma
rays is greater at higher energies, the detec
tor samples larger soil areas, deeper soil
depths, and greater air volumes at high energies
than low. Furthermore, because of the geomet
rical situation, any of the gamma rays being
detected has a fair chance of coming from a
Compton-scattering event rather than being a
primary gamma ray from a mono-energetic source.
These Compton gammas cannot be eliminated by
tricks at the detector end. This set of com~

plications degrades the intrinsic accuracy,
but perhaps the major difficulty is that the
analysis depends on knowledge of the radio
activity distribution with soil depth, and to
a lesser extent on soil composition.

Various analysis methods have been devel
oped for this technique. That of Beck et al.
(Ref. 66) is typical: given the soil density
and chemical composition, and having calibrated
the detector response as a function of energy
using NBS standards, an integral is performed
taking into account the absorption, angular
response corrections, and Compton-scattering

corrections. The result may be expressed as
activity per unit area (]lCi/m2

); activity per
unit volume assuming a uniform depth distribu
tion (]lCi/m~); or a specialized activity dis
tribution if detailed soil composition is known
separately. A similar approach is described
by Phelps et al. (Ref. 67).

Typical in situ measurements with Ge(Li)
and NaIerl) systems-are shown in Figures 31
and 32; both spectra were taken at the same
site (Ref. 68). Clearly, the detail observed
in the Ge(Li) spectrum is vastly superior to
that in the NaI erl) spectrum. Considerably
more equipment is required for the Ge(Li) system,
and this restricts the convenience and mobility:
a large-capacity multi-channel analyzer, a
liquid nitrogen system, special amplifier elec
tronics, extra power, and a more bulky and
fragile detector set-up all make Ge(Li) systems'
logistically difficult. Hence, whenever a NaI erl)
system can provide sufficient information (for
example, to study backgrounds in remote areas),
its use is preferable.

For truly 'portable' measurements (as
contrasted to· 'mobile' measurements using a
small van), a Ge(Li) system is essentially
ruled out. There have been a number of port
able NaI(Tl) systems developed for hand-carriage
in the field, some for general gamma spectro
metry and some for special applications. An
example of the latter is the 'FIDLER' detector
(Ref. 69), developed to survey for the 60-keV
gamma rays from americium- 241 as a means of
assessing plutonium deposition on soil. This
device consists of a thin, disk-shaped NaI(Tl)
crystal viewed by a phototube, the whole assem
bly carried over the terrain about 50 em above
the soil to search for hot-spots of activity.
The section on "Plutonium" elsewhere in this
Volume contains a more detailed discussion.
Several other NaI (Tl) instruments for measure
ments of natural environmental radiation are
described in the compilation by Adams and Lowder
(Ref. 70).

8. SUMMARY AND CONCLUSIONS

This section has presented an overview of
the main parameters which affect the operating
characteristics of gamma-ray spectrometers.
The emphasis has been on systems useful for
measuring low-level gamma radioactivities in
various environmental media. The presumption
has been made that the user desires to optimize
his ability to measure minute concentrations.

The two main considerations in choosing
among the various system types are efficiency
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and energy resolution. These two features are
typi~y the two most widely-used kinds of
systems: NaICTI) systems with high efficiency,
and Ge(Li) systems with excellent resolution.
Other kinds of detectors are useful for parti
cular classes of measurements, in particular
Si(Li) detectors and gas proportional counters
for measurements at low energies.

Because a gamma spectrometry system can
be one of the most expensive pieces of equipment
in any radioactivity analysis laboratory, the
user must be aware of the trade-offs among the
several parameters. We have tried to illus
trate most of these by reference to typical
spectra obtained in various kinds of situations.

Perhaps the most revealing contrast is that
between a NaI CTI) system, on the one hand, used
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