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ABSTRACT 
The purpose of this work has been an analysis and evaluation of the stale-ol 

the-art of measurement and instrumentation techniques for snonitorinc plutonttm 
and uraniun particulates released from nuclear facilities. The occurrence of 
plutoniun ami uranium in the nuclear fuel cycle, the corresponding potential for 
releases, associated radiological protection standards and monitor inn objectives 
arc discussed. Techniques for monitoring via decay radiation from pltttonium and 
uranium isotopes are presented in detail, emphasizing air monitoring, but also 
including soil sampling and survey methods. Additionally, activation and mass 
measurement techniques arc discussed. The availability and prevalence of these 
various techniques are summarised. Finally, possible improvements in monitoring 
capabilities due to alterations in instrumentation, data analysis, or programs 
are presented. 
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1. 1OTR0DUCTI0N, RliOWnNDATIONS, ANI) SUTWAKY 
1. ] Introduction 

Uranium and plutcnium, the two basic elements of both commercial and mili
tary nuclear power, are both recognized to pose important radiological dangers 
to ran. Accordingly, standards have been established defining limits both to the 
amount of these materials that may be ingested by humans, and - considering the 
specific pathways for uptake - to the amount which may be present in v.-irious en
vironmental media. It is important that means be available for monitoring both 
the amounts of these materials that actually escape into the environment and 
the concentrations in which they are present in any environmental medium. The 
purpose of this report is to summarize the state-of-the-art of instrumentation 
for monitoring release of uranium and plutonium into the environment, to com
pare the capabilities of this instrumentation with the needs as spm-ified by cur
rent standards, and to discuss possible ways to improve measurement capabilities. 
We discuss the types of instrumentation that are currently employed at nuclear 
facilities, those that are planned for new facilities, developments which are 
now taking place in laboratory instrumentation, and techniques which might 
suitably be investigated. For each type of instrumentation, we discuss how 
instrumental sensitivity and versatility compares with the requirements imposed 
by current limitations on releases and concentrations. Recommendations are made 
for improvements in instances where present instrumentation appears inadequate 
to meet current needs. 

It should be noted that this discussion does not treat instrumentation for 
monitoring of releases other than uranium and plutonium. While releases of 
other radionuclides may, in many cases, exceed those of uranium and plutonium, 
tl>ey .IJC beyond the scope of this work. 

The next section, 1.2, discusses possible improvements in monitoring methods. 
The basis for these comments is presented in the main body of the report: 
section 2 constitutes an introduction to nuclear facilities and related 
standards for uranium and plutonium; section 3 treats actual monitoring 
techniques, relating them to the objectives outlined in section 2; section 4 
describes the current availability of these techniques and the extent of 
their application at existing facilities. A brief summary of the report and 
recommendations is given in section 1.3. 



1.2 Possiblje_J^rovenients_in_jnqnitoring instrumental ion^ sysU.is, ami I'rograiiis 
Techniques tor monitoring uranium and plutoniiro are presented in sc tion 3. 

With few exceptions, the basic physical characteristics of such inst rtwKiitat i<»» 
are relatively well-defined. This is also the situation lor the more genera] 
class of instrumentation for monitoring all types of environmental radiation 
and radionuclides. Largely because of this stabilization in the understanding 
of fundamental monitoring techniques, there ir. a consensus that the aspects of 
monitoring programs that are most susceptible to improvement are not the basic 
detection and analysis instnmentation, but rather the definition of program 
objectives and the manner in which data are handled. This same attitude is appli
cable to the case of uranium and plutonium monitoring. Although a number of pos
sible improvements are suggested in section 3 and stated explicitly in this 
section, it is still true that a common feature of all current instriaiientnt ion 
is that many hours are required, either in sample collection or sample analysis, 
to identify concentrations at the level of the maximum permissible concentra
tion for the general public. Therefore, in addition to possible improvements 
in sensitivity due to the instrumental techniques, we point out (in section 
4.3) that improvements may be made in data handling snd in program definition. 
In the present section, we identify specific possibilities for improvement in 
monitoring instruments themselves, then proceed to discuss corresponding pos
sibilities in system and program aspects of monitoring. 
K2.1 Instrumentation 

The most important class cf instruments for monitoring of uranium and 
plutonium includes those dcices which sample air, then detect alpha radiation 
from radionuclide decay (section 3.2). The sensitivity of these may be improved 
in principle by mailing the instruments larger. Such a "brute force" -ipproach 
to improving sensitivity would be accomplished by: 1) raising the air sampling 
rate by incorporating larger pumps, and 2) altering the detection arrangement 
to take advantage of the resulting higher sampling rate. This second alteration 
would require the use of larger detectors or detector arrays to monitor the 
larger filter areas needed for high sampling rates. This combination of higher 
sampling rates with larger detectors could improve sensitivities by an order 
of magnitude, without taking the approach cf current high-volume samplers 
(section 3.2.1.4), which use radiochemical analysis prior to alpha spectroscopy. 

In addition to increasing the effective sampling rate of alpha monitoring 
instruments, changes can be made to permit use of the more sophisticated data 
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analysis methods discussed in section 1.2.2. For an alpha monitor, the two im
provements of greatest potential are 1) to improve the detection energy reso
lution and 2) to make use of lifetime analysis to discriminate against radon-
daughter backgrounds; implementation of corresponding analysis techniques are 
discussed in 1.2.2. For any continuous monitor to make these improvements, the 
physical arrangements fo v sampling and detection would have to be changed. 
High-resolution alpha spectroscopy requires a counting chamber that is at least 
partially evacuated to avoid alpha energy degradation in the air in the chamber. 
Lifetime analysis requires an off-line counting arrangement, so that the time 
dependence of counting rates can be analyzed. One scheme which would satisfy 
both of these requirements is to use a continuous filter strip and, at regular 
time intervals, step the portion on which particles have just been collected 
into a partially evacuated counting chamber, where a detector can monitor the 
alpha decay rate, which can then be subjected to analysis combining alpha 
spectroscopy and lifetime analysis. Such a detector and analysis arrangement is 
presently being developed at Lawrence Livermore laboratory. 

Such improvements in analysis techniques can also be extended to instruments 
other than alpha monitors. For example, one of the standard instruments for area 
surveys for plutonium had been the FIDLER detector (section 3.2.3), which uses 
a single thin crystal as a detector. On the other hand, the Phoswich detector 
(also in section 3.2.3), employed for plutonium assay in himan subjects, has 
heightened sensitivity due to the fact that a second detector is placed behind 
the first to eliminate background due to partial absorption in the first de
tector. Presumably because of the more delicate physical assembly and electronics 
required for such analysis, this technique has not often been applied to field 
survey instruments. However, there have been substantial improvements in recent 
years in the ability to incorporate complex electronic analysis into relatively 
small, stable packages - as discussed in section 1.2.2 - and changes in instru
ment design which take advantage of such improvements can make a substantia] dif
ference in the sensitivity of, not only alpha monitors, but also survey and 
environmental instrumentation. 

Host alpha monitoring instrumentation does not take specific account of the 
particulate nature of uranium and plutonium activity, except in the one respect 
that filter collection does depend directly on particularity. As discussed in 
section 3.6, particle sizes effect not only the biological significance of 
radioactivity, but also the effectiveness of monitoring techniques. There are 
two distinct respects in which a technique may take advantage of the size 
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distribution of the uranium and plutonium bearing particles. The first is based 
on the fact that a large percentage of the particles may be segregated into a 
separate fraction by impaction, either actual impaction onto a surface or virtual 
impaction into an air stream that is substantially smaller than the total air 
stream drawn for sampling. Handling a small air stream that still contains 
most of the activity of interest is a substantial advantage in many monitoring 
techniques; it implies that smaller filter areas may be used and that these may 
be monitored by smaller detectors than in the situation where the ent"re sampled 
air stream must be handled. Such a virtual impaction technique could l:e applied 
in many situations including, for example, high volume sampling with alpha 
monitoring and the mass spectrographic tecliniques now being developed (section 
3.4). The possibility of developing virtual impaction techniques applicable to 
uranium and plutonium monitoring should be investigated. 

As discussed in section 3.6, other impaction techniques have already been 
applied in isolated cases, primarily to segregate the particles which carry 
most of the radon-daughter background. This is a second respect in which segre
gation by impaction may improve monitoring sensitivity. It is important to note 
that the application of virtual impaction as described in the previous para
graph to any monitoring technique automatically segregates against very small 
particles, the ones which carry a larger share of radon daughters than of uranium 
and plutonium. As a result, incorporation of a virtual impaction stage not only 
decreases the air stream to be monitored, but may decrease the relative amount 
of radon daughters present as background in the detection stage. 

The above possibilities for improvement apply not only to source, but 
also to environmental air monitoring. Air monitoring in the field typically 
depends on high-volume sampling, followed by radiochemistry and alpha spectros
copy. However, the improved sensitivity available from some combination of larger 
sampler-detectors, better data analysis, and virtual impaction segregation may 
make field samplers with continuous readout capabilities a practical approach. 
The disadvantage to incorporating such techniques into field units is that these 
techniques involve greater cost and complexity than a simple high-volume sampler. 
However, the time delay and cost of radiochemical laboratory techniques would 
be avoided. 

Finally, we should point out the largely unexplored potential of techniques 
that do not involve detection of decay radiation. One such technique is mass 
spectroscopy, particularly that which uses a direct inlet ion source for air 
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monitoring applications. Development of the direct inlet method should be con
tinued, and - in this connection - the possibility of using virtual impaction 
to increase the sampling rate should be investigated. 

Another technique for which the intrinsic analysis time is relatively small 
is x-ray fluorescence. The possibility of optimizing this technique for heavy 
radionuclides, particularly those with low specific activity is worthy of in
vestigation. 

Both direct-inlet mass spectroscopy and x-ray fluorescence are applied pri
marily to on-line air monitoring situations. In modified form, they have broader 
application. Attention should be given to possibilities for rapid introduction 
of various types of samples into mass spectrographic or x-ray fluorescence 
analyzers. For example, a mass spectrograph can greatly shorten the time that 
would otherwise be taken for an alpha spectrometer to make a measurement on a 
sample prepared by radiochemical separation. 
1.2.2 Data Handling Systems 

It is now generally possible to improve radiation instrumentation by com
plementing the radiation detector itself with a compact electronic package that 
is a preprogrammed data analyzer and instrument controller. Such a package, 
based for example on microprocessor technology, provides the potential for more 
sophisticated analysis of data from the detector and for more complex control 
of the detector and of derivative information. We give a number of important 
examples: 

1. A simple alpha spectroscopic unitr with radon-daughter compensation, 
sets two windows on the output of the amplified signal from the detector and 
subtracts the counts in one window from those in the other, with some weighting 
factor. A more sophisticated analysis would store ail the energy information in 
a region of interest, and would perform a fit, with some peak-shape, to the 
accumulated spectrum. This would give a more accurate result for the number of 
counts due to the activity of interest. 

2. Analysis such as that above would yield, in a systematic way, more 
information than simply the count rate. It would also yield the uncertainty in 
that result. Most on-line monitors cannot provide this information, and hence 
are more susceptible to false alarms and misinterpretation due to the introduc
tion of uncertainties, for example, that arise from subtraction of two large 
count rates to obtain a smaller net rate. 
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3. If the controller causes the counts from the detector to he stored 
in sequential time bins, the resulting information can then be used to perform 
lifetime analysis to obtain the total long-lived count rate, part of which 
would be attributable to uranium and plutonium. (If desired, this could then be 
combined with spectroscopic analysis, as above, to yield an even more precise 
result.) This would assume, of course, that the sample was being monitored after 
collection of the sample had stopped. This could be arranged, as discussed in 
section 1.2.1, by using a strip filter, which moves at intervals so tliat the 
portion most recently used for collection is moved to the counting position. 

4. In situations where lifetime analysis per se is not being performed, 
the results can still be stored at regular time intervals. Thus, for example, 
if the accumulated number of counts exceeds a preset level, the device will have 
stored more detailed time information, so that personnel can tell whether or 
not the indicated release has just occurred. 

In each of the examples just listed, the function indicated required sonic 
combination of control, storage, and analysis, all of which can be performed 
by the small, inexpensive, easily programmed microprocessors now available. In 
many monitoring applications, use of this technology should be encouraged. 

As discussed in section 4.3, there are additional levels at which data 
handling and/or analysis occurs, beyond the level of the instrument itself. 
Whether for data transfer (from monitoring location to a readout-control point), 
for comparison with standards, for examination for possible ameliatory action, 
or simply for incorporation into summary reports, efficient and dependable 
methods improve the effectiveness of a facility monitoring system. In many 
instances, these processes, also,are most suitably based on the minicomputer and 
microprocessor technology that has recently become available. 
1.2.3 Monitoring Programs 

Although the primary concern of this work has been the design of instruments 
themselves, the overall effectiveness of Tnonitoring systems is directly affected 
not only by instrumental design, but also by more general aspects of the pro
gram design. The most basic of these aspects is the actual development of radia
tion standards, on which we will not comment. Other aspects which involve more 
specifically the monitoring instrumentation itself are the following: 

1. Just as there is a central source of information on radiation standards, 
it would be helpful were there a similar store of information on available in
strumentation, the manner in which it can be incorporated into systems, and how 



-7-
one finds or trains personnel qualified to implerunt and operate these systems. 
To a limited extent, the Survey of Instrumentation for Environmental Monitoring 
(Ref. 1) performs this function. However, such a function should be broader, so that 
it provides more detailed information and, more importantly, so that the designer 
of a monitoring system is aware that this information exists, just as he is aware of 
the raJiation standard with which instrumental results will be compared. 

2. The centralized administration of standards, whether it is the Nuclear 
Regulatory Commission, the Environmental Protection Agency, or the National 
Bureau of Standards could also provide information on the most effective means 
for monitoring associated with any facilities that are being licensed. Alterna
tively, it could refer licensees to the central information source mentioned 
above. 

3. For use in emergencies, regulatory agencies could have available special 
;nstrumentation for use in the areas of concern. This instrumentation 
might, for example, be housed in a mobile van which could be flown into the ex
posed area on short notice. The instrumentation could be of a more specialized 
and/or sensitive nature than that likely to be available at the typical com
mercial nuclear facility. Measurement results could be used for determining 
immediate courses of action in population protection, and also for estimating 
the long-term effects of the release. Availability of specialized instrumenta
tion from a central source would enable individual facilities to devote their 
monitoring programs to the specific task of source monitoring, a function which 
more directly contributes to the detection and control of abnormalities. On the 
other hand, central source availability would, to a limited extent, relieve the 
pressure on the regulatory agencies to have specialized environmental monitoring 
instrumentation available in the vicinity of every nuclear facility. 

Each of these comments on monitoring programs, as opposed to instrumenta
tion or systems, applies as well to the general case of radiation monitoring 
as to uranium and plutonium monitoring. The possibilities for improvement that 
apply specifically to uranium and plutonium monitoring are discussed above in 
section 1.2.1 and in 1.2.2. As noted there, although the most important fea
tures of instrumentation for monitoring of uranium and plutonium are relatively 
well determined, there are substantial opportunities for improvement. 
1.3 Summary 

We have examined the techniques now available for monitoring of uranium 
and plutonium releases, including those based on detection of decay radiation 
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and those utilizing other characteristics of these elements. Means do exist 
for monitoring at the various types of fuel cycle facilities. However, in many 
facilities rather rudimentary monitoring techniques are employed and, moreover, 
for some applications, the sensitivity and versatility of instruments currently 
available preclude rapid identification of releases, at least as compared with 
maximum permissible concentrations. There is potential for improvement of instru
mental sensitivity and also for assurance that appropriate monitoring systems 
are employed at each type of nuclear facility. Accordingly, we have indicated 
that the following possibilities for improvement should be investigated: 
Instrumentation: 

-design of larger alpha monitoring instruments with greater effective 
sampling rates 

-change of alpha monitoring instrumentation design to permit more sophisti
cated data analysis, including partially evacuated counting chambers, 
permitting high resolution spectroscopy, and continuous filter strips, 
stepped to allow lifetime analysis 

-redesign of survey instruments to take advantage of more sophisticated 
analysis techniques 

-use of virtual impaction to reduce the total air stream sampled to a 
smaller stream for actual handling in the detector system 

-use of impaction techniques to discriminate against particle sizes 
which carry a disproportionate share of background activities 

-development of direct inlet mass spectroscopy, and examination of the 
value of using virtual impaction segregation prior to the inlet 

-optimization of x-ray fluorescence for detection of uranium 
Data handling systems 

Encourage design of compact electronic packages for sophisticated control 
of instruments and subsequent data analysis. Specific possibilities: 

-improved analysis of alpha energy spectra 
-more precise readout of uncertainties in any stated result 
-convenient lifetime analysis 
-simple sequential storage of data for subsequent analysis 

The same microprocessors which supply these capabilities can improve the general 
structure of a facility monitoring system. 
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Programs 

-creation of a central source for detailed information on instrumentation 
-regulatory recommendation of techniques suitable for specific facilities 
-rapid availability of specialized monitoring equipment for emergency use 
Some of these possibilities are now being investigated, while others are not. 

I'ursuit of these various possibilities will lead to improvement in instrument:!? 
capabilities and in the effectiveness of monitoring programs. 
REFERENCES for Section 1 
1. Survey of Instrumentation for Environmental Monitoring, Lawrence Berkeley 

Laboratory Report LBL-1. 
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2. NUCLEAR FACILITIES, RELEASE POSSIBILITIES, STANDARDS, AND MONITORING OBJECIIVKS 
2.1 Facilities 

A summary of the principal facilities involved in production of commercial 
nuclear electric power is given schematically in Fig. 2-1. These facilities 
perform a long sequence of operations both for production of fresh fuel (the 
"front" half of the nuclear fuel cycle) and for treatment of irradiated fuel 
(the "back" end of the fuel cycle). In front of the nuclear reactor are the 
facilities for mining and milling of unmium ore, conversion to uranium hexa-
fluoride, enrichment of the uranium, and fabrication of the fuel elements; all 
of these facilities are involved in the procurement and processing of nuclear 
materials to produce the actual fuel that is inserted into the reactor core. 
Following the reactor are the facilities that handle irradiated fuel, reprocess 
the fuel elements to extract the remaining useful nuclear materials and also 
the radioactive wastes, and redirect the nuclear materials for recycle (or 
storage) and the wastes for storage (or disposal). The principal facilities on 
the "back" end of the fuel cycle are not now in operation; their general nature, 
however, is rather well understood. On the other hand, the fuel production facil
ities were established long ago, since generation of nuclear power is predicated 
on their operation. As a result, a largo amount of experience has been amassed 
in the commercial handling of uranium fuels; as yet, the same is not true for 
plutonium. 

Production facilities begin with the mining and milling operations which 
extract uranium ores from the earth and process them to yield a product which 
consists of 70 to 90% uranium, the chemical concentrate on which subsequent 
operations are typically based. Since uranium ores in the United States usually 
contain less than 1% uranium, substantial processing is required. This is usually 
accomplished at a mill situated close to the mine. Although it is possible to achieve 
some separation by physical means, the basic scheme is to crush the ore, then 
leach out the uranium by mixing the crushed ore with an acidic or alkaline 
solution (sulfuric acid is often used), The uranium that goes into solution is 
then extracted by a sequence of chemical operations (such as ion exchange or 
solvent extraction, followed by precipitation and drying). This process leaves 
the uranium in the form of U,Os concentrate of the required purity. An important 
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Fuel fabrication 

Gaseous diffusion enrichment plant 

Uranium 

NUCLEAR FUEL CYCLE 

Trench burial 
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Fig. 2-1. Major f ac i l i t i e s of the nuclear fuel cycle. 
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remnant of the milling operation is a "tailings" pile, containing the ore materi
al out of which the uranium was extracted, Both this pile and the mine and mill 
themselves may be sources of significant radiation exposures of select population 
groups, principally workers at the facilities themselves. However, the doses 
received are usually associated with radon daughters rather than with uranium 
itself. 

The uranium concentrate is transported in drums to a III', conversion plant. 
There it is necessary both to purify the uranium and to coiiveFF it to Uranium" 
hexafluoride, the compound which is processed at the isotopic enrichment plant, 
It is particularly important to remove any impurities that would reduce the 
quality of the uranium as a nuclear fuel, especially those nuclides with large 
neutron-absorption cross sections. This purification is achieved by an extraction 
process (similar to that used at the mill), the product of which is oxidized 
to UO,. The U0-, in turn, is converted by treatment with hydrogen, hydrogen 
fluoride, and fluorine to uranium hexafluoride (UF,), a solid at room tempera
ture. The UF, is shipped to gaseous diffusion plants for enrichment. Thus the 
principal operations at the conversion plant are chemical in nature. The main 
constituent of the process stream in this plant, and in the remaining front-
end facilities, is relatively pure uranium, in one chemical form or another. 

Natural uranium has an isotopic makeup of 99.31 "II and t).7% ''aU. Hie 
A II is "fissile" (i.e., it can be induced to fission by thermal -- or slow --

neutrons) and is thus the isotope of primary interest in thermal reactors, such 
as the light-water reactor (LWR), the reactor on which commercial nuclear power 

235 is currently based. LKR's require that the ' U concentration in the fresh fuel 
be increased from the natural 0.7» to about 34 by some isotopic enrichment process. 

Enrichment plants in the united States currently employ a gaseous dif
fusion method. In gaseous diffusion, use is made of the fact that UF, con-

235 taining U (the fissile isotope) has a lower molecular weight than that 
238 containing U. When heated to a gaseous form, tile lighter molecule collides 

more often with container walls and therefore will diffuse through a porous 
barrier slightly faster than the heavier. The enrichment plant consists of a 
large number of such harriers in a "cascade" where, at any given stage, the 
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enriched product proceeds to the next higher stage, while the depleted remnant 
is directed to the next lower. In principle, a cascade can be designed with enough 

235 
stages to yield a product of arbitrary U purity. In practice, the highest enrich
ment uranium for commercial purposes would be used in the high-temperature gas-
cooled reactor (HTGR), which requires uranium feed that is 93% much higher 
than the 2 to 4% enrichment for LWR's. Other methods of enrichment arc currently 
at various stages of developn^nt. A method that is employed in new European en
richment facilities uses high-speed centrifuges, which again depend on differences 

yic 238 
in the molecular weight of compounds containing " U and " U to provide the 
isotopic separation. In this method, it is also necessary to employ a series 
of stages, although the number is not as large as in a diffusion plant. It is 
likely that any privately built enrichment facility in the United States would 
employ the centrifuge method, due to economic advantages. Finally, a technique 
that is receiving a great deal of attention currently and toward which much 
research is being directed is the "laser separation" method. This depends on 
the principle that the energy (or, equivalently, the wavelength) of spectra] 
lines of uranium or its compounds will depend slightly o>? which uranium isotope 
is present. Using lasers of very well-defined wavelength, it should he possible 
to induce transitions in one isotope, but not the other, thus leading to a 
separation. Although the details of this method are not yet developed, it is 
clear that the process stream would involve radically different types of 
operations than are employed in current separation methods. Choice of laser 
separation methods would result in an altered potential for radioactive re
leases. 

Uranium hexafluoride of the desired enrichment is shipped to fuel fabrica
tion plants, where uranium is incorporated into assemblies ready for insertion 
into a reactor. A typical process line would expose the UF, to ammonium hydroxide, 
yielding ammonium diurynate, which is dried, then reduced (using hydrogen! to 
UO,, the chemical compound actually used as fuel. The UO, is ground into a powder 
which, for water-cooled reactors, is pressed into pellets, sintered (heated) to 
form a ceramic, then finally ground to a cylindrical shape. These cylindrical 
pellets are incorporated into fuel rods (pins), with jackets (cladding) of 
zirconium alloy. The fuei rods are arranged in assemblies ready for insertion 
into the reactor core. 

One of the materials extracted at the fuel reprocessing plant (see below) 
is the plitonium produced during reactor operation. This plutonium may then 
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servc as fuel material for fresh fuel assemblies. Any plutonium incorporated 
into the fuel would be subject to a fabrication process similar to that just 
described for uranium. As presently planned, when plutonium is recycled, it would 
be added as PuCU powder to the DO, just mentioned. As indicated, the fabrication 
process for either uranium or plutonium involves both chemical and physical opera
tions, each with characteristic release possibilities. 

Tn light-water reactors in the united States, fuel remains in the reactor 
for three or four years of operation, one third or one fourth of the fuel being 
replaced each year. During reactor operation, the total amount of radioactivity 
in the fuel increases dramatically (as measured in curies). Although almost all 
of this increase is associated with fission products, the total amounts of uranium 
and plutoniura activity increases substantially, principally as a result of neutron 
capture. On removal from the reactor, the fuel is stored for several months in 
water pools, during which time the fuel's overall radioactivity decreases 
markedly, due to decay of short-lived species. However, rapid decay does not 
occur, for the most part, for the isotopes of uranium and plutonium. The fuel, 
cooled and shielded by special shipping casks, would then he transferred to a 
fuel reprocessing plant, if such facilities were available. 

At the reprocessing plant, the fuel rods arc chopped up and placed in nitric-
acid to dissolve the fuel. The cladding hulls are relegated to waste storage, 
leaving an acidic solution from which the uranium and plutonium are removed by 
solvent extraction. The remnants are the "high-level wastes", which consist pri
marily of fission products in acid solution. The plutonium may then be separated 
from the uranium by another solvent extraction, and the uranium purified by processes 
similar to those at the UF, conversion plant. In the extraction of uraniun and 
plutonium from the acid solution, care is taken that ill of the highly radio
active fission products remain in the wastes. As a result, the extraction process 
leaves a small portion of the uranium and plutonium - perhaps 1° - in the high-
level waste fluid. 

A full-scale fuel reprocessing plant, to be operated by Allied-General 
Nuclear Services, is now nc-aring completion at Barnwell, South Carolina. This 
plant will be able to process 1500 metric tons of heavy metal {uranium and 
products) per year, equal to the output of about 50 I.WR's. A major question 
It is anticipated that other fuel processing plants will he established by the 

middle of the 1980's. One would he the Nuclear Puel Services plant at West Valley, 
New York; this plant closed down in 1972 for an extensive renovation intended to 
reduce releases and occupational exposures and (o bring the plant up to a 750 metric 
ton per year capacity. In addition, 1-xxon is now considering the possibility of 
building a plant. 
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in the licensing of this plant will be uncertainty in the handling of plutonium. 
In a complete LWR fuel cycle, the uranium would be returned to enrichment plants, 
the plutonium to fuel fabrication plants. 

The high-level wastes are an acidic, highly radioactive solution which could 
be partially consolidated by evaporation, but which must ultimately be reduced 
to a solid in any case. Methods are available for "calcining" these wastes to a 
dry, granular solid which can be stored on an interim basis in stainless steel 
bins or capsules. However, the ultimate disposal form that is most favored is a 
silicate glass that would be deposited in geologically inactive formations. Al
though the details of such disposal are not settled, methods for transformation 
to glass are known. Both calcining and glassifying require raising the tempera
ture of the liquid wastes to drive off volatile components. The less volatile 
residue is ultimately allowed to cool to a solid. In the case of glassification, 
glass-forming materials are first added to the residue and the temperature is 
raised sufficiently that, on cooling, the melt forms the desired type of glass. 
The volatile substances driven off constitute a secondary waste stream which 
must be handled separately or, to some extent, can be reinjected at the be-
ginniiig of the solidification process. The final product of glassification 
is a hard but brittle substance, with a tolerably low thermal conductivity (it 
would be an improvement if it were higher) and very low leachability. Such a 
product is intended to be suitable for permanent disposal. As indicated above, 
the process is not ideal since it requires driving off substantial amounts of 
liquid, which may contain significant radioactivity. However, as previously noted, 
the high-level wastes do not contain a large portion of the uranium or plutonium 
from a reactor, even though it is still enough to warrant monitoring. 

We have not commented on the relatively inert phases of the fuel cycle, 
such as storage or transportation, since these do not involve processes which 
would tend to produce appreciable effluent. There is however, a potential for 
release under accident conditions, or even under the relatively passive situation 
in which, due to some failure, the cooling necessary to maintain the integrity 
of the radioactive material is not supplied. 

The facilities indicated in Pig. 2-1 are those necessary for production and 
reprocessing of fuel for a light-water reactor system. A general discussion of 
light-water reactors and related facilities and their radiological impact is 
contained in Refs. 1 and 2. Some obvious changes in this fuel cycle would be 
necessary were b ;eder reactors, or even thorium-based reactors, to come into 
use. A breeder reactor system as presently envisioned would differ from the LWR 
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fuel cycle in one striking way; because the fissile material is primarily pluton
ium, and the isotopic composition of reactor-produced plutonium is adequate for 
recycle, no enrichment of the fuel is necessary. Uranium would still be used as 
the fertile material (to be converted to plutonium), but the mass 238 isotope 
is the one required. Enrichment plants, in the process of producing LWR fuel 

2 35 enriched in U, are storing the remnant (or "tails"), i.e., uranium that is 
depleted in 2 3 S U , so that its * u content is even higher than the natural 
99.3%. These enrichment tails would be used in breeders for a substantial period 
after their introduction, so that all of the fuel supplied externally To the 
breeder fuel cycle would effectively be LWR byproducts. 

In this context, it is appropriate to note that light-water reactors are 
examples of "converter" reactors, i.e., as fissile nuclei are destroyed in the 
course of the nuclear chain reaction, some fraction of them is replaced by 
fertile nuclei which "convert" to fissile by capturing neutrons, (in a breeder 
reactor, more fissile material is produced than ii destroyed.) Thermal reactors 
nay be designed with a high conversion efficiency by using thorium 232 as the 

238 fertile material instead of U. (See Ref. 3 for further discussion of both 
converter and breeder reactors.) 

Use of converter reactors where the initial fuel material contains rela-
23S tively pure U as the fissile nuclide and thorium as the "fertile" nuclide 

would also imply alteration of the fuel cycle. (Examples of such reactors would 
be the high-temperature gas-cooled reactor or the proposed light-water breeder 
reactor.) Eventually, as the fuel cycle reaches equilibrium, most of the fissile 

233 material supplied to the reactor is ' U generated from thorium; this uranium 
does not require enrichment since it is not diluted by U. Thus "TJ effec
tively replaces plutonium as the latter would be used in the LWR or breeder 
fuel cycle. However, any TJ that is supplied must be more highly enriched than 
in the LWR cycle. An auxiliary mining and milling function would have to be 
established to supply thorium to the fabrication plant, and thorium recovered 
from reprocessing would be recycled after holdup to allow certain species to 
decay. 

232 Recycled uranium that is generated from "Th would contain two isotopes 
23^ 738 that require more attention than U or U, the naturally occurring isotopes: 

232 1) a small portion (about 0.1% by mass) of the generated uranium is ' U, which 
has a short half-life, and therefore a high specific activity. Further, be
cause its daughters are short-lived, they have to be considered in setting 
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Fig. 2-2. Material and environmental release flow sheet for a typical 1000 flWe 
l ight water reactor power plant. 
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Fig. 2-3. Material and environmental release flow sheet for a 1000 MWe breeder 
reactor power plant. 
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standards. Even more important - for some purposes - is the fact that the decay 
208 of Tl, one of the daughters, is accompanied by emission of a 2,6 MeV gamma 

ray. This is much more penetrating than the radiation from other important 
uranium and plutonium isotopes, so that additional shielding and remote handling 
equipment would have to be added in recycle facilities to accommodate this 
isotope. 2) The primary isotope to be recycled, "TJ, has a decay mode, half-
life, and lung-clearance rate (for any insoluble form) that is similar to 
23" "Pu. As a result, permitted insoluble concentrations by either mass or 

239 activity are not dissimilar from those of Pu (see section 2.3). 
2.2 Release Points 

In the light-water reactor fuel cycle, routine radioactive releases consist 
primarily of gaseous fission products (noble gases and tritium) which are freed 
from the fuel principally at the reprocessing plant. Significant releases also 
occur at the reactor site itself. In addition, notable releases in tlie form 
of Ra and its daughters occur at the mill site. These are indicated in Fig. 2-2, 
a flow sheet for the LWR fuel cycle (without plutonium recycle). Note that the 
amounts given in the figure are in curies, a measure of activity, rather than 
in any toxicity index. A comparable fuel cycle flow sheet is given for the liquid 
metal fast breeder reactor (1MFBR) in Fig. 2-3. 

The potential for release of uranium and plutonium is rather small throughout 
any of these fuel cycles, except under accident conditions. One possible exception 
is at the mill site, where the tailings will necessarily contain substantial 
quantities of uranium, i.e., the portion missed by the extraction process. To 
some extent, particles from these tails will become resuspended in the air by 
errosive action, resulting in measurable concentrations in air; liquid effluent 
streams will also contain uranium. In other parts of the fuel cycle, the 
quantities of process material are smaller, and their form more uniform, so that 
greater control can be exercised; as a result, ordinary concentrations of 
uranium and plutonium in the effluent stream can be kept to levels that are within 

* 
regulatory limits. 
* 
From Fig. 2-2, the total amount of uranium routinely release in gaseous and 
liquid waste streams from UFg conversion, isotopic enrichment, and fuel fabrica
tion, sums to roughly 0.1 curies per reactor year of operation, of which about 
90$ is in the liquid effluents. Another 0.1 Ci is released in the milling opera
tions. Much smaller amounts are released from the reactor and subsequent facilities, 
where the transuranic releases (including plutonium) of 0.003 Ci exceed the uranium 
releases. (Total activity releases of other nuclides, principally noble gas fission 
products, are much greater than uranium or plutonium releases.) 
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As noted, the most significant releases of these materials may occur 
during irregularities in the operation of nuclear facilities, rather than 
under routine conditions. Some historical examples of releases from plutonium 
facilities are given in Table 2-1 (from Ref, S) and in Ref. 6. It is difficult 
to draw general conclusions from these examples of accidential release, since 
the particular facility involved, the process occurring (and thus the form in 
which the uranium or plutonium is to be found), and the type and degree of the 
irregularity, will determine both the amount and form of material Teleased. 
These, in turn, set conditions on the measurement capabilities required for 
monitoring these releases. The best procedure calls for measurement sensitivities 
ranging from background levels to the "worst case" level of activity. 

The sites where monitoring is needed are relatively well defined. Uranium 
is the major constituent of the LWR cycle from the mine to the reprocessing 
plant. Plutonium is produced in the reactor and resides in the fuel until it is 
extracted at the reprocessing plant. Both the uranium and plutonium may be stored 
and, assuming they are recycled, returned to the enrichment and fabrication plant, 
respectively. They will also be present in lesser amounts in the waste stream 
that begins at the reprocessing plant. When a pl'itonium-based breeder comes into 
use, this basic pattern will be changed only in that more plutonium and less 
uranium will be handled. On the other hand, a thorium-based reactor would in
troduce material of a different character, i.e., which has a specific activity 

239 235 more similar to Pu than to U. This isotope would be present in the fuel 
cycle from the fuel fabrication plant to the reprocessing plant (with, as usual, 
a small amount in the high-level wastes). 

The nuclear industry has already had substantial experience in the handling 
and monitoring of uranium. Many aspects of this experience are summarized in the 
proceedings of a recent conference on occupational health experience with 7 uranium. Most of this experience is with the front end of the fuel cycle. In 
addition, the Nuclear Fuel Services plant has provided one example of a com-
mercial reprocessing plant, and its effluent history has been discussed. How
ever, its design philosophy differed from that expected in new plants. Additionally, 
several other reprocessing plants have been operating in government facilities 
(such as at Idaho Falls, Hanford, and Savannah River). In each processing plant, 
the effluents of major concern have not been uranium or plutonium, but the 
capability for monitoring them has been available. (See section 4.) Finally, a 

These are only intended to be exemplary. Similar accidents have occurred since 
1970. 
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TABLE 2 . 1 . Major Pint on turn Qmt;i inment AIT itivnt s 

Category Vocation 

Crltlcallty 
Excursion In 
Crl t lcs l l ty 
T««t 

Richland, 
Vuh. 

Fire Henford, 
Vuh: 
Research 
Facility 

Fire CE 
Instal l . 
at Hanford, 
Wash. 

Flee Rocky 
Flat a 
plant, 
Col. 

Ftrc Rocky 
Flata 
plant. 
Col. 

Chemical 
Explosion 

Pu Hct«l 
Machining, 
Richland, 
Wash. 

tlra Loa Aluoa 
Scientific 
Laboratory, 
Hew Mexico 

Kaaner and Amount oi pu ta in 

Over-
areseurlzcd 
Container 

Chemical 
fecploalon 

Oak Ridge 
Hat. Lab., 

Over-
pressurized 
Container 

Llvermore, 
California 

Fire Rocky 
Flat a 
plant. 
Col. 

Fire Rocky 
Flata 
plant. 

Praaaure buildup Inside a vessel 
containing Pu solution caused the 
solution to sprsy into room. No 
environmental release. 
«4 g; eome Pu outside or fac i l i ty . 

No Pu outside of fac i l i ty . 

3.3 ug In air exhaust; none 
detected In environment, 

Emerging emoke (after the ventila
tion ayatea was shut off) contained 
negligible Pu. £% it lCT* g Pu/g of 
vegetation found in vicinity, but 
tbla i s considered below hazardous 
leve ls . 
No significant contamination out
side the laboratory TOOK; glove 
box breached, roost contamination 
up to 26,000 dis/tmlnXcm 2). 
Heavy Pu contamination of the room; 
some outalde on the ground to 
20.000 dia/(mln)(cm !). 

150 g Pu in aqueous solution was 
ejected from the equipment Into 
the c e l l . 0.6 g was blown chrounh 
the ce l l door. Outside local 
contamination was extensive. Cell 
ventilation f i l ters removed l . i g 
and did not allow release via tills 
path to the plant stack. 

Room contaminated by leak through 
glove box vent. Ho environmental 
contamination. 

Pu eacsped from the glove box, and 
extensive contamination of the 
building resulted from the spread 
of 1.1/2 g of 2 3 6 F u . 

Some Pu discharged through the 
stack. Ho contamination w*s 
detected outside the building. 

Activity outside the building uas 
leas than 2S0 counts/(ain)(cm 2); 
contamination of the building 
extensive relative to 8-hr 
concentration l imit. 
Some contamination of the roof, 
but no clear evidence of external 
contamination from the very large 
f ire, partly because the Pu back
ground around the plant was high 
aa a result of e t i l er Pu storage. 

Too-rspld withdrawal of * safety 
rod resulted in cr l t lcal l ty and 
boiling aurge. Ho ventilation 
ayaten damage. 
Spontaneous Ignition of combustible 
waste In storage. (Apparently no 
ventilstlon syate» provided.1 

900 g of metal Pu residues caught 
Eire. (Ventilation system role 
not clear.J 

800 g Pu metal-containing 
briquette spontaneously ignited 
end burned completely la a 
glove box. 
22 kg of Pu In metal form 
spontaneously Ignited la a glove 
box. After 15 mln, ventilation 
was stopped. 

Explosion, apparently from air and 
possibly an organic solvent from 
sparks from Pu metal machining. 

Welding repair of w t i l near an 
asbestos f i l t er allowed spark to 
Ignite Pu dust (possibly metal Pu) 
collected on a f i l ter from S-yr 
Pu production. Burning of 
combustible material on the f i l ter 
resulted in destroying the f i l ter 
completely. 

A ctiemlc.il 1'xploniun ucturrtJ In 

A leak In a vacuum connection (o 
a scrubber lor the glove box 
operation resulted in the scrubber 
venting n the room. A 2 1 8 F u 
precipitate was being dried In the 
glove b-- . 
17 g of * 3 8 Pu waa being processed 
In a glove box having a methanol-
air atmosphere, it Is believed 
that a hot plate Ignited the 
atmosphere and led to an explonioti 
which pressurized the glove box 
and tore s ix gloves fro* the glove 
ports. 

Pu-contamlnated gas was released 
to a ventflaced hood and vae 
discharged to the atmosphere 
through « high stack. 
Oily Pu netal chips and lathe 
turnings caught fire from a spark. 
30 g of Pu was widely dispersed In 
the building, apparently as very 
line aerosol. 
A fire swept through a r-rpdu.tiou 
building, causing about $50 
million daaaite. The f i l ter* 
apparently inufihi al l (he 
contaminant* re|e»sed during the 
f ire . 

http://ctiemlc.il
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number of studies have been completed on experience with plutonium and the 
probable difficulties to be encountered: Plutonium particulates as released from 

g 
fuel cycle operations have been characterized, based on a number of measurements 
made at different sites; the parameters which influence such effluents, particularly 
at fuel fabrication plants, have been assessed; the dangers of transiting 
plutonium have been estimated. Reference 12 contains the proceedings of a 
conference on safety in plutonium handling facilities. The most substantial Jis-
cussion of effluents associated with the thorium- " 'II fuel cycle is the l:inal 
Environment Statement on the Light Water Breeder Reactor Program. 

For any possible Telease point, it is important to have the capability of 
monitoring any releases at the level of the limits imposed by existing standards, 
which standards are discussed immediately below. This discussion is followed by an 
outline of the possible objectives of monitoring programs. 
2.3 Standards 

Standards exist for the exposure to radiation of: radiation workers, in-
dividual members of the general public, and of populations as a whole. These 
standards are stated both in terms of dose equivalent (as measured in rems) to 
the whole body and to specific organs, and in terms of concentrations of individual 
radionuclides. (See glossary for a definition of terms.) These concentrations 
have been established both as levels in some environmental media to which humans 
are exposed, as well as maximum permissible amounts which may be carried internally 
("body burdens"). The most generally used standards are the recommendations of the 
International Commission on Radiation Protection (ICRP). Of the 1CRP recommenda
tions, the most important are the maximum permissible dose equivalent for 
occupational exposure (5 rem per year), for an individual member of the general 

* 14 ~, 
public (O.S rem per year), and for a population (0.17 rem per year). These 
exposure limits are directly applicable for external radiation. However, they 
cannot be applied to internal radiation due to inhaled or ingested radioactive 
materials. For such materials, two different criteria are used, one for bone-
seeking radionuclides, for which a maximum permissible body burden (MPBB) is 
based on a comparison with Ra and its daughters, and another for other radio
nuclides, for which the MPBB is equal to the amount which would deliver specified 
doses to a critical organ, i.e., the one which is roost susceptible to radiation 
damage under the conditions of interest. The first criterion, for example, is 
applied to bone-seeking soluble plutonium, the second to uranium. These maximim 
A "population" is some appropriately large sample of the general public. 
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burdcns and concentrations arc typically stated for occupational exposures; 
according to the 1CRI1, the limits applicable to individual members of the general 
fMiblic ami to populations arc to be obtained by dividing by in and 30, respec
tively (as above for the 5, 0.5, and 0.17 rem for whole body exposure). 

Although the JCW* makes rccownend.itions (or dosage and concentration limits, 
actual responsibility lor establishment and enforcement of standards resides with 
individual national bodies. The responsible organisations in the United States are 
currently the National Committee o!t Radiation Protection and Measurements, a private 
organi:ation, which deals with the scientific and technical aspects of radiation 
protection, and the I). S. linvironment.il Protection Agency, which is responsible 
for the formulation and execution of standards, except as this function is pre
empted by other agencies. In many areas of radiation protection and standards, 
particularly in nuclear power, the cognisant organisation is the Nuclear 
Regulatory Commission (NRC). Perhaps the most significant extension by the NKC 
o{ the standards recornnended by tlie ICRP is that, rather than permitting nuclear 
power facilities considerable latitude in the amount of radioactivity released, 
as long as basic limits (such as the 500 mrcm/ycar Cor a member of the general 
public) arc not exceeded, the NRC requires that emissions be "as low as is 
reasonably achievable". In licensing, the NRC considers in detail the technology 
that is currently available for controlling emissions. The philosophy employed is 
that the controls are required to be "cost effective", based on a dollar value 
assigned to each man-rem of exposure, h'ithin such a context, it is appropriate 
that the capability of monitoring radioactive emissions match the need for infor 
mat ion, as a basis for both control and licensing. 

Appendix A contains excerpts from published regulations, specifying limits 
on emissions from nuclear facilities and on radionuclide conccntrations in air 
and water. Limits oi three kinds are given: 

1. Limits on the dose equivalent permitted individuals and populations 
surrounding such facilities. The NRC has more severe limits than those reco
mmended by the ICRP. The "as low as is reasonably achievable" standard is cur
rently interpreted to limit exposure of any member of the general public to 
S mrem/yr from routine effluents. This is a factor of 100 lower than the ICRP 
limit of 0.5 rem/yr. It is also much less than the 0.1 rem/yr typically received 
from natural background radiation. I'inally, most of the exjHisure from routine 
releases from nuclear facilities arises from noble gas fission products. Experience 
has been that the 5 mrcin/yr standard can lv met at the boundary of operating 
nuclear facilities. Large-scale world-wide nuclear development, with 1000 gigawatts 
capacity operating, would subject the average individual to a skin dose of 

http://rccownend.it
http://linvironment.il
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upproximatcly 1 mrem/yr from krypton 85. , b This would dominate tlie dose received 
I"roiu routine effluents. 

2. Limits (recently proposed by the EPA) on exposure of any member of the 
general public from planned radioactive discharges, and on total emissions of 
specified radionuclides from the entire uranium fuel cycle (i.e., the UVR cycle 
without plutoniun recycle). The specific limit on alpha-emitting transuranic 
discharges (including plutonium) would be (1.5 millicuries (mCi) per gigawatt-
year (see Appendix A). There is no specific limit on discharges of uranium. 
Most transuranic discharges would occur at the reprocessing plant. The Nuclear 
Fuel Services plant discharged approximately 4 mCi of alpha emitters per gigawatt-

g year; the smaller EPA limit would be based on the improved technology that is 
currently available. 

3. Limits on concentrations of specified radionuclides in environmental 
media. These are typically the quantities of most direct interest in release 
monitoring (although ultimate objectives are typically broader, as discussed 
below). Appendix A gives maximum permissible concentrations for a wide range 
of radionuclides. 

A detailed introduction to the physical and chemical properties of uranium 
and plutonium, and to their health effects and related protection criteria, is 
given in Ref. 17. The uranium and plutonium isotopes of greatest importance are 
alpha emitters, which are typically rather long-lived, and thus can persist in 
the environment for long periods of time. Table 2-2 gives maximum permissible 
concentrations for the important alpha-decaying isotopes of uranium, plutonium, 
and radium. The two environmental media for which MPC's are specified are air and 
water, and it is important to note that the results depend strongly on whether 
the isotope is in soluble or insoluble form, particularly for plutonium. For air, 
most of the MPC's are on the order of 40*10 Ci/liter. The most notable exception 
is soluble plutonium, which is 0.6*10 Ci/1iter. (Note that these are given as 
168-hour week occupational MPC's. MPC's for a member of the general public would 
be obtained by dividing by 10.) All the MPC's are stated in terms of activity 
per unit volume, and the results vary with isotope because of different chemical 
activity, clearance rate, and total energy deposited when the nuclide (and its 
daughters, in the case of TJ) decay. As we will see in Section 3, the LWR, LMFRR, 
* 
As yet no limit has been proposed for fuel cycles involving recycle of plutonium 
or use of thorium. 
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00" Curies/liter 

S 0.0001 

I 0 . 3 

S 0.4 

I 0.4 

Table 2-2. Maximum permissible concentrations (168-hour occupational) 
for radium, uranium, and plutonium alpha-emitters 

ISOTOPE AIR WATER 
(1015Curies/liter) 

2 2 6Ra S 1 0 

I 20 

232[J S 30 

I 9 

233,234 

235,236u S 200 S 0.3 

I 40 T 0.3 

238 u S 30 S 0.4 

I 50 I 0.4 

::.r,,239 

2 4 0 ' 2 4 2 P u S 0.6 S 0.05 

I 10 I 0.3 

S is for isotope in soluble form, I for insoluble. 
Values are from Code of Federal Regulations 10 Cl-'R 20 and NBS Handbook #69, 
as quoted in Appendix A. 
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and UltiR fuel cycles-handle similar amounts of material hy weight, and plutonium 
in all cases accounts for most of the activity involved. 11K only case where the 
amount of uranium activity is significantly increased as a result of reactor 
operations is the IfTGR, which converts thorium to '^1 ami ""II; these are 
shortlived compared with ""U and'"^ U, and tlierefore have higher specific activities. 
A summary of the physical properties of uranium and plr.toniuin isotopes is given 
in Tahle 2 3. 

Ambient levels are typically much smaller than the MPC's of Table 2-2, 
even when the latter are reduced by a factor of SO to the values for populations. 
Concentrations of uranium in air are on the order of .V10 Ci/litcr. Concent ra
tions in water have been found to be on the order of 3-H) 'Ci/liter, althutigh 
somewhat larger concentrations have been observed. In either case, the measured 
amounts are much less than the permissible limits. Most of the observed uranium 
arises from natural sources; uranium constitutes on the order of one millionth 
(by weight) of rocks, sand, etc. (See Ref. 18 for further discussion.I 

Plutonium does not occur naturally. Knvironroental levels of plutonium are 
due primarily to weapons testing and space applications ("" Pu power sources). 
The global inventory is about 400,000 Ci, most of which has teen deposited on 
the surface. A representative concentration of plutonium activity in surface 
soil in the United States is 5*10 Ci/gram, which is about \% of the natural 
alpha activity from thorium ai.-d uranium. Air concentrations have been as high 

-18 as 1.7x10 Ci/liter in New York (measured in 1963), still considerably less 
-18 

than the limit of 20x10 Ci/liter of soluble plutonium for populations. Cur
rent levels are one or two orders of magnitude less than the 1963 measurements. 

The various kinds of standards indicated above arise from differing problems, 
each with its own regulatory philosophy. Alpha-emitting uranium and plutonium 
have their primary importance as "internal" emitters which can do harm by being 
deposited in the body, whereas most whole-body exposure limits are based on 
"external" emitters (primarily of gamma and beta radiation). In the latter case, 
the regulatory position is usually that any exposure as measured in man-rcms is 
harmful, the effect being proportional to the total size of the exposure and 
independent of the size of the population group over which the exposure is 
distributed. This "linear" hypothesis has been most generally applied to ex
ternal emitters. There is a general convection (albeit with dissenters) that 
for interna] emitters a "threshold", a minimum exposure to a given individual, 
must be exceeded before causing damage that cannot be overcome by bodily repair 



-27-

Tahle 2 -3 . Some Properties o f Uranium and Plutonium Isotopes 

Isotope H a l f - l i f e Immediate Daughter Main Decay Products and laicr^ics 

3iU 72 years " n T h , 1.9 yr 68% 5.32 MeV a 
32% S.27 McV a 

2 3 3 U 1.6xl05 yr 2 2 9Th,7340 yr 83% 4.82 MeV a 
15% 4.78 MeV a 

2 3 4 U 2 .47x l0 5 yr 2 3 0 T h , 8><104yr 721 4.77 MeV a 
28* 4.72 MeV a 

2 3 5 U 7.1*10 8 yr 2 3 1 T h , 25.5 hours 57% 4.40 MeV a + 204,163,110 keV Y's 
181 4.37 MeV a • Y's 
?5% othera 

2 3 6 U 2 . 4 x l 0 7 y r 2 3 2 T h , 1 .4*10 1 0 yr 74% 4.49 MeV a 

264 4.44 MeV a 

2 3 7 U 6.7 days 2 3 7 N p , 2.1*106yr B" (0.245 MeV maximum) 
2 3 8 U 4.5xl09yr 2 3 4Th,24.1 days 77% 4.20 MeV a 

23% 4.15 MeV a 
2 3 9 U 23.5 minutes 2 3 9 N p , 2.35 days 8~ (1.29 MeV maximum) 

2 3 6 P u 2.85 yr 2 3 2U,72 yr 69°. 5.77 MeV « 

31% 5.72 MeV « 

2 3 7 P u 0.12 yr 2 3 7Np,2.1xl0 6yr electron capture 

2 3 8 P u 86 yT 2 3 4U,2.5xl0 5yr 72% 5.50 MeV a 
28% 5.46 MeV u 

2 3 9 P u 2 .44*10 4 2 3 S U , 7 . 1 x l 0 8 y T 73% 5.16 MeV a 
15% 5.15 MeV a 
12% 5.11 MeV a 

2 4 0 P u 6580 yr 2 3 6 U , 2 . 4 x l 0 7 y r 76% 5.17 MeV a 

24% 5.12 MeV a 

2 4 1 P u 13.2 yr 2 4 1 A m , 433 yr 6" (0.031 MeV maximum) 

2 4 2 P u 3 .8* l0 5 yT 2 3 8 U , 4 . 5 * 1 0 9 y r 76% 4.90 MeV a 
24% 4.86 MeV a 

2 4 1 A m 433 yr 2 3 7 N p , 2 . 1 x l 0 6 y r 86% 5.49 MeV a + 60 keV y 
13% S.44 MeV a 

From Ref. 19 
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raecltanisms. Itowcver, in instances involving the public, a linear point of view 
is often adopted i.e., any amoimt of exposure IKIV cause barm. Ilic basic 
philosophy of radiation protection, as well as specific limits, undergoes 
continuous review by the NCRP, and it is important to realise thai changes in 
standards may occur at any time. In particular, possihlc changes in the pluton-
iiiro standard are a matter of current interest. 
•vJ M° n'_ t t > r' nS Objectives 

In later sections, we will emphasize the physical techniques which may 
be used to identify plutoniwi and tiraniitn in various iiK'dia. However, the applica
bility of a particular techniuue is highly dependent on the requirements of the 
monitoring program being designed. Tims any monitoring progr.im depends on the 
specified objectives and, in turn, specifics the manner in which monitoring 
techniques are applied. The need will ultimately amount to protection of 
humans or the general environment from damage due to radiation, but often re
solves itself into contrasting possible emphases, which are stated here to indicate 
some of the possible objectives of a monitoring program: 

occupational vs general public protection 
source vs environmental monitoring 
routine vs accidental release monitoring 
continuous vs intermittent sampling and/or measurement 
baseline vs incremental monitoring 
activity vs exposure measurement 

Occupational - General Public 
As indicated above, the philosophy for protection of the radiation worker is 

somewhat different than for protection of the general public, and it is toward the 
latter goal that this discussion is primarily directed. However, it is clear that 
many of the same techniques are employed for occupational monitoring. In fact, 
it is primarily in the latter circumstances that most of our experience with 
monitoring techniques arises. In any case, the emphasis on the release of 
Plutonium and uranium particulates from nuclear facilities is clearly directed 
toward measurement of the extent to which these substances enter the general 
environment, thereby becoming available for possible contact with the general 
population. 
•Source - Environmental 

Actual release of radioactivity may be monitored in two distinct fashions: 
by measurement either of the amount being emitted at the source, the nuclear 



fucilitv itself, or of the amount pn-<»i in the general environment into which 
the material i> rek-a-ed and in wiin.li n may he dispersed. Source monitoring is 
a direct indicator oi the actual amount released l-Invironmental monitoring serves 
a more Benera 1 iled purpose of indicating; how material is distributed in the environ
ment, thereby iiulic.it ing the integrated effect of past releases. It also serves 
as a check on source mnn 11oring. fiom the point o! view of protection of popu
lations, environment a I monitoring is the nr-re fundamental, since it directly 
indicates the availain Iitv of radioactive nuclides for uptake by or exposure of 
humans. However, from a practii.il point ol view, source monitoring is easier, simply 
because the activitv concent r.it um- at the release point are greater and there
fore easier to measure. Moreover, ihe nuclear facility itself is clearly, of all 
places, the one which is most likelv to give an indication of a release. A com
plete monitoring program will necessarily employ both points of view in a com
plementary fashion liich approach will require instrumentation and techniques 
adapted to its own requirements. 
Rout ine_j__Accjdenta l 

In principle, either source or environmental monitoring can detect both 
routine radioactive ellluents and accidental releases. For either approach, though, 
requirements on response time and .ill imate utilization of the resulting informa
tion will differ. HasicalIv, routine emission data may be utilized for relatively 
long-range planning and reporting, lint depending on the extent of an accidental 
release, information on the amount and type of release will be employed rapidly, 
not only to assist in stopping the release, hut - more importantly - as a possible 
basis for rapid action in population protection. Because of the latter rapid 
response requirement, monitoring for accidental releases is most easily imple
mented at the source of the release, where concentrations are higher, and there
fore more susceptible to rapid measurement, and where facilities for relatively 
continuous monitoring are more likely to he available. Moreover, since it is the 
nuclear facility that is the source of the release, and dispersal of any release 
takes a period of time, which will depend on local conditions, monitoring at the 
source can more effectively forewarn populations which may be subject to exposure 
in the absence of protective measures. However, the requirements for emergency 
response do not lessen the need for measurement systems intended to check compliance 
with routine emission standards, since these are designed for long-term environ
mental protection. 

http://wiin.li
http://iiulic.it
http://practii.il
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Continuous - intermittent 
S|x>cific monitoring systems arc designed with sampling and measurement time 

schedules which vary in fundamental ways. To name some possibilities: 
- continuous sampling with continuous measurement. The carrier medium 

(such as air or water) is sampled or collected continuously, as with an air filter, 
and the material being collected is monitored continuously. This may even involve 
an alarm capability - i.e., an alarm is raised if the amount of radioactivity 
collected (or even the rate of collection) exceeds specified limits. 

- continuous sampling with intermittent measurement. At specified times, 
the sample, which has been collected on a continuous basis, is monitored for the 
amount of radioactivity collected. 

- intermittent sampling accompanied by intermittent measurement. 
Examples of this are typical soil sampling, or the special samples which may be 
taken in the event that continuous sampling techniques indicate as abnormality. 

We will make reference to these differing possibilities in our discussion 
of individual techniques. 
Baseline - Incremental 

From the point of view of environmental monitoring, it is important to 
have established a baseline with which subsequent measurements may be compared. 
This baseline may be established at two levels: Measurements may be taken prior 
to the establishment of any facilities which may affect activity concentrations 
at the place of interest; this measurement would then establish a "pre-nuclear" 
activity concentration, and thus a fundamental baseline, against which subsequent 
changes (presumably increases) can be compared. At a second level, one can measure 
the ambient amounts of activity after facilities have been established, taking 
care that the measurements are made when the emissions are at routine levels. 
This would establish an operating baseline. However, consideration must be given 
to the fact that radioactivity can persist in environmental media, once released. 
As a result, any operating baseline may change slowly, depending not only on the 
current routine release rate, but also on the history of releases. In any case, 
it is with respect to some sort of established baseline that any environmental 
measurements must be made. For a particular activity and a particular instrument 
or technique, this baseline may effectively be zero due to instrumental limita
tions, so that any positive resi.lt would indicate an increase in the environmental 
level of that activity. But for environmental measurements, where releases may 
make small but important changes in activity levels, it is important that a base
line have been established. 

http://resi.lt
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Activity - Exposure 

The basic function of any monitoring mstruinent and of a monitoring 
program is to measure the level of some activity. In every case, though* this 
objective must he considered in the light of the ultimate purpose of such pro
grams, i.e., to indicate actual or potential exposure of living organisms. Any 
complete monitoring program will measure the amount and character of activity 
releases down t'j some accepted baseline level. But a given amount of radio
activity which lias a form that is relatively inaccessible to organisms for 
some physical or chemical reason, or which has an extremely short half-life, does 
not constitute as great a danger as radioactivity satisfying neither of these 
criteria. Priorities of a release monitoring program should be set accordingly. 
Ultimately, in fact, a monitoring program should include an aJgoritlim constructed 
for weighting releases or environmental levels in a way to indicate ultimate ex
posures. This derivative information would go a step beyond the specific 
question of release monitoring. 

As examples, some beta decaying species of uranium in irradiated fuel have 
very short half-lives and thus could present only a short-term danger. On the 
other hand, very large plutonium particulates are in a relatively benign form, 
since they are not easily dispersed or deposited in humans. Thus their danger 
is not immediate, but must be reckoned in terms of a general increase in en
vironmental alpha emitters. 
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3. TliCHNIQlItS FOR IDENTIFICATION OF UKANHJM AND I'LUIONIUM 
j^lChemical and Isotopic Composition 

The most obvious means of identifying uranium and plutonium is the radiation 
associated with the radioactive decay of the various isotopes. Their principal 
modes of decay are given in Table 2-3. We should note, in addition, that some 
of the techniques we shall mention may depend on the radioactive properties of 
daughters of these nuclides. In addition to their characteristic radiation, 
uranium and plutonium isotopes may, in principle, be identified by their mass, 
their characteristic atomic excitations, or even their chemistry (although this 
last is rarely useful by itselfl. 

Chemical form does, hovever, have a strong influence on maximum permissible 
concentration, as noted in Section 2. ft can also directly affect the effective
ness of monitoring techniques, particularly those involving chemical transforma
tions. For such techniques, the most conservative assumptions are often made 
as to chemical form. For example, it may be assumed that the radionuclide of 
interest is incorporated in a relatively insoluble compound, making it difficult 
to bring into solution, and therefore to monitor. On the other hand, the MPC 
that is applied may be a more restrictive one associated with soluble compounds, 
even though this contradicts the previous assumption. 

In a similar way, isotopic composition affects the permissible concentrations, 
since these are tied directly to specific isotopes. More subtly, various isotopes 
interact to alter effectiveness of certain monitoring techniques, since the 
measurables (whether decay radiation, secondary radiation, or other parameters) 
may interfere with one another or may even augment the technique's effective
ness by providing more easily recognizable results. 

Depending on the particular part of the fuel cycle being considered, isotopic 
mixture varies strongly. Natural uranium, prior to processing at the mill, con-
sists almost entirely of U (99.3&) and U (0.7%), together with a smaller 
concentration of decay daughters (including " 10; this concentration will de
pend, of course, on the history of the uranium-bearing material since, for example, 
elements with different chemistry than uranium may have been leached at varying 
rates or, beginning with radon (a gas), may have diffused from the site of the 

234 uranium parents. During processing, the daughters other than ' I) are essentially 
all removed, so that they become of little consequence in monitoring (except that, 
as discussed below, ambient levels of the daughters may constitute important 
backgrounds, interfering with measurements). Beginning with the enrichment plant, 
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235 the percentage content of U increases in an amount that depends on the type 

of reactor being supplied. At the next stage, the fuel fabrication plant, the 
uranium is converted to a ceramic dioxide, after which the uranium is present 
in a relatively insoluble form. Residence in a reactor, of course, changes the 
isotopic concentration markedly, the most notable effects being a decrease in 
the percentage of "II and an introduction of ' II via neutron capture by " 11. 
At the same time, plutonium will be produced, primarily as a result of neutron 

238 capture by a few percent of the ' U. As the presently most important example 
of these transformations, we present in Table 3-1 typical percentage composi
tions and yearly curie amounts in these mixtures for a 10(10 MWe light-water 
reactor assuming an 80» capacity factor. Most of the 1.2x10 Ci of alpha activity 

238 generated per 800 MWe year is contributed by Pu. It is estimated that 1/2 to 
It of these materials would be injected into the waste stream at the reprocessing 
plant, due to incomplete extraction. 

On the other hand, in a thorium fuel cycle, the predominant uranium isotope 
233 (by mass) emerging from the reactor would be U, with the major activity 

232 being contributed by U. As an example, we give in Table 3-2 the isotopic 
composition of uranium reprocessed one year after removal from an IITCR at 

232 233 equilibrium, where it is seen that about 2000 Ci each of ' U and '' U arc 
generated. The uranium fuel supplied to the plant is recycled material, 

235 supplemented by uranium enriched to 93.5°6 ' U. The composition of the 
plutonium from such a system is also given. 

The total mass of this plutonium is much smaller than that generated in 
the LWR, since so little U is supplied to the J1TGR. Most of this plutonium 

235 is generated by neutron capture on U. However, since this plutonium would 
probably not be extracted at the reprocessing plant (because of its small 
total mass of fissile), about two orders of magnitude more plutonium alpha 
activity finds its way into the high-level wastes, than in the LWR cycle. 
Furthermore, the total amount of plutonium alpha activity from an IITGR, about 
1.8x10 Ci, is greater than that from a uranium-fueled LWR. Again this is 
dominated by " Pu. 

The composition of plutonium discharged from reactors which actually use 
it as a fuel will differ considerably from that given above for discharge 
from a uranium-fueled LWR. The difference for plutoniimt recycle into an LWR 
will be that the percentage of plutonium isotopes heavier than 2.39 (such as 
240 and 241) will increase, due to an effectively greater time available for 
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Tahlc 3-1. Yearly volume and composition of fuel materials supplied to and 

extracted from a 1000 MWe light-water reactor (uranium-fueled) operated at 
SO* capacity factor (from Ref, 1). 

mas£(kg) ŷ.iy.i.1 .̂ Caries) 

9.6 59.5 
898 1.9 
26,300 8.8 

3.1 19.2 
213 0.46 
113 7.1 
25,400 8.45 

0.00025 132 
5.9 1.00xl0S 

142 8.72*103 

58.6 1.29*104 

27.4 2.79xl06 

Isotope % Composition 

URANIUM SUPPLIED 
234 0.035 
235 3.3 
238 96.7 

URANIUM EXTRACTED 
234 0.012 
235 0.83 
236 0.44 
238 98.7 

PLUTONIUM EXTRACTED 
236 0.00010 
238 2.43 
239 58.4 
240 24.0 
24l" 11.2 
242 3.9 9.5 3.72*10* 

The quantities extracted are given after processing, assuming a 150 day holdup 
before shipment to the reprocessing plant. 
t 

Pu beta decays, and is not considered in the MPC's of Table 2-2. 
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Table 3-2. Yearly volume and composition of fuel materials extracted from a 
1000 MWe HTGR at equilibritm, operated at 80$ capacity factor (from Ref.l), 

Isotope » Composition mass (kg) Activity (curies) 
URANIUM EXTRACTED 

232 0.023 0.11 22% 
233 40.3 186.7 17<>9 
234 16. 9 78.4 485 
235 10.9 50.3 0.1 
230 24.4 112.9 7.2 
238 7.5 34.6 0.1 

J'LUTONIUM UXTRACTED r 
236 0.00021 3.2x10 ' 17 
238 64.9 10.5 1.77x10s 

239 14.4 2.33 1.43xl02 

240 8.5 1.38 3.03xl02 

241+ 6.0 0.97 9.89xl04 

242 6.2 1.00 4 fueled with thorium + recycle uranium at equilibrium; quantities present 1 year 
after discharge. 
•̂ Beta decays 
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multiplc neutron capture. Rut in either case, the plutonium isotopes of 
greatest biological significance soon after discharge will be ' Pu, formed by 
multiple neutron capture on 2 3 5 U , and 2 4 1Pu, from capture on 2MU. The first 
of these has an 86 year half-life and alpha decays, the second has a 13.2 year 
half-life and beta decays to Am. The alpha activity of plutonium from these 
LWU's is still dominated by "" Pu because of its high specific activity. The 
other major projected use of plutonium is in the fuel cycle of the fast-breeder 

23S reactor. Because fuel supplied to the breeder will have very little '"11, less 
of the lighter plutonium isotopes is produced in the breeder than in an I,WR. In 
particular, the percentage of Pu decreases considerably. For purposes of com
parison, in Table 3-3 we give the percentage composition and yearly curie amounts 
of plutonium discharged under three possible schemes: A uranium-fueled 1.WR, a 
"mixed-oxide" (uranium and plutonium)-fueled LWR, and an LMFBR. Note that the 
Plutonium's specific alpha activity is less for the fast-breeder case than for 

238 the others, primarily because it produces little Pu. 
It is important to note, though, that these compositions only apply to 

materials in the fuel stream. The high-level wastes discharged from the 
reprocessing plant will initially have the same isotopic composition as the 
fuel stream, but as the isotopes decay at different rates, this composition 
will change. As time passes, the relative importance of the 239, 240 and 242 
isotopes will increase. 
3.2 Radioactive Decay Monitoring 

In monitoring uranium and plutonium via their radioactive decay, all three 
of the basic radiations, alpha, beta, and gamma, can be employed. In some cases 
these are directly associated with the species of interest, and in others they 
result from decaying daughters. In most of the uranium and plutonium isotopes of 
interest, the nucleus decays by emission of an alpha particle with energy be
tween 4 and 6 MeV (see Table 3-4, a reproduction of Table 2-3) and is followed 

2 immediately by emission of gamma and/or x-radiation. The most important exception 
to this is Pu, which beta decays with a 13 year half-life to Am. 

In many cases, the primary alpha or beta radiation is not measured, partic
ularly in situations where their relatively short range in absorbing material 
makes it difficult to observe them. In these cases, the gamma radiation accompanying 
the primary decay or sometimes the decay of the daughters may be used as the 
ohservable, primarily because the gamma radiation is usually more penetrating 
than the alpha or beta particles. As discussed below, one also has a choice of 
either detecting the presence of a particular type of radiation, or actually 
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Table 3-3, Isotopic composition and activities in plutonium from yearly discharge 
from 1000 MWe power plants (from Ref. 1). 

Uranium-plutonium 
Uranium-fueled fueled light-water I'ast breeder 

1 sotope light-water reactor _ _ _rcactor_ reactor 
PERCENTAGE COMPOSITION BY MASS 

236 l.Oxlo"4 3,7xl0"5 ].5xl0"° 
238 2.4 4.3 6.9xl0"2 

239 58.4 37.2 71.7 
240 24.0 27.8 25.1 
241 11.3 18.6 2.4 
242 3.9 12.1 0.76 

ACTIVITY (CURIES) 
236 1.34x10 1.76xl02 1.59x10* 
238 l.OlxlO5 6.50xl05 2.25xl04 

239 8.82xl03 2.03xl04 8.51xl04 

240 1.30xl04 5.44xl04 1.07xlOS 

241+ 2.81xl06 1.69xl07 4.67xl06 

242 37.6 4.20xl02 5.74x10* 

Total mass (kg) 246 992 2058 
Total alpha 
activity (curies) 1.23xl05 7.25xl05 2.15xl0S 

Specific alpha 
activity (Ci/gm) 0.50 0.73 0.10 

beta decays 
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Table 3-4. Some Properties of uranium and Plutonium Isotopes 

Isotope 
232, U 

2 3 3 U 

234, U 

23S„ 

236, 

237, 
238, 

239,, 

236 

Half-Life Immediate Daughter _ Main Decay Products mid HneriyioM 
228 T 72 years 

1.6xlOJ yr 

2.47xlOJyr 

7.1*108yr 

U 2.4><10'yr 

U 6.7 days 
V 4.5*109yr 

229. 

Th, 1.9 yr 68". 5.32 McV a 
32"» 5.27 McV a 

'Til,7340 vr 83'i 4.82 McV u 
15?, 4.7S McV a 

2 3 0 T h , 8xl04yr 72°; 4.77 McV <« 
28'S 4.72 McV a 

2 3 1 T h , 25.5 hours 57?, 4.40 McV a + 204,163,110 keV V s 
18*. 4.37 MeV « + Y'S 
25 o othcrn 

2''2Th, 1.4xi010yr 74«, 4.49 MeV a 
26°, 4.44 McV i 

2 3 7 N p , 2.1xl06yr P" {0.245 MeV maximum) 
234, Th,24.1 days 77°; 4.20 McV a 

23'B 4.15 MeV a 
239„ 23.5 minutes Np, 2.35 days 6 (1-29 MeV maximum) 

232,, Pu 2.85 yr nj,72 yr 69°, 5.77 MeV a 
31% 5.72 MeV a 

237 Pu 

238, Pu 

239, Pu 

240. 

241 Pu 
242, Pu 

241 Am 

0.12 yr 

86 yr 

2.44X104 

Pu 6580 yr 

13.2 yr 
3.8*105yr 

433 yr 

2 3 7Np,2.1xl0 6yr electron capture 

2 3 4U,2.5xl0 5yr 72". 5.50 McV a 

235, 
28°, 5.46 MeV <* 

'U,7.1xl0°yr 73% 5.16 MeV a 
154 5.15 MeV a 
125 5.11 MeV u 

2 5 6 U,2 .4x l0 7 yr 764 5.17 MeV a 

241 Am, 433 yr 

24% 5.12 MeV a 

6" (0.031 McV maximum) 
2 3 8 U,4 .5x i0 9 yr 76°. 4.90 McV a 

245 4.86 MeV a 

2 3 7 N p , 2 . 1 x l o V 86°; 5.49 McV a + 60 keV y 
13% 5.44 McV a 

From Ref. 2 
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measuring its energy, thereby discriminating against similar radiation from sources 
other than the isotopes of interest. Reference J is a detailed survey of instru
mentation for the monitoring of all types of radiation and radionuclides. A re
cent treatment of environmental (as distinguished from sourcel monitoring is 
given in Ref. 4. 

Several basic types of radiation detectors are available, most broadly 
classified as gas ionization counters, scintillation counters, and semiconductor 
detectors. In scintillation counters, the basic mechanism for detection of radia
tion is the production of visible light, which is then detected by a photomultiplicr. 
In the other detector types, ion pairs are created by the passage of radiation, and 
the charge or voltage pulse resulting is counted or measured. In gas-type detectors, 
the induced charges are ordinary electron-atomic ion pairs from the gas itself; in 
the semiconductor detector, electron/hole pairs are induced in semiconducting 
material. Because the energy to create an electron-hole pair (about 3 eV) is so 
much less than the energy absorbed in the creation of a gas ion pair (order of 
30 eV) or the energy needed in a scintillating material (hundreds of eV), the 
intrinsic resolution of the semiconductor detector is superior to that of the 
other types. This is true for any given radiation since the total number of ion 
pairs or photoelectrons is greater and thus the fractional uncertainty due to 
counting statistics is smaller. However, due to other considerations, such as de
tection efficiency, cost, the need for a cryostat, physical ruggedncss, one or 
the other detector type may be chosen for a given application. In certain situations, 
for example, resolution is of no concern, because the detector is used simply 
as a counter rather than as a spectrometer. 

In general, the basic considerations in design of a detector for a specific 
purpose are the following: the efficiency with which the particular radiation is 
detected, the background presented by radiation from sources other than the nu
clide of interest, and usually the resolution with which the radiation of interest 
is detected, distinguishing it both from similar radiation from other sources and 
from noise in the detector system. All of these considerations are influenced by 
any possible absorption or attenuation of the radiation by material between the 
source of radiation and the point at which the fundamental detection process occurs. 
Such absorption or attenuation will depend strongly on the design of the particular 
detector and on the medium containing the radionuclide of interest. 

The design of the detector(s) and associated equipment in a monitoring sys
tem depends on the specific technique chosen for identification of the interesting 
nuclide. The simplest type of detector system simply accumulates a total number 
of events during some time period. For instance, it may record the number of 
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particles or photons leaving some minimum amount of energy. There are several 
distinct ways in which the system may be more sophisticated: !) Information 
on the energy of each event may utilized or stored, making the detector system 
a spectrometer. 2) Information on the time of each event may be obtained, 
leading to the possibility of half-life analysis or discrimination. 3) Discrim
ination may be achieved by requiring the coincidence of two or more events; 
since "coincidence" is defined in terms of a time period, this technique also 
requires measurement of event time. In this case, however, the time is measured 
relative to another event rather than relative to the beginning of the counting 
period or sample collection. Each of these techniques is commonly used in moni
toring for uranium and plutonium. 

The most direct radiometric technique for alpha emitters is simple alpha 
counting, in which the total number of counts triggering an alpha detector is 
accumulated. Such a simple technique, though, is subject to large uncertainties. 
In many cases, concentrations of other alpha emitters may be large enough to 
mask the counts of interest; in other cases, particularly with bulk samples, 

2 the range of alpha particles (about 6 mg/cm for 5 MeV alphas) is so small that 
a more difficult technique must be employed. 
3.2.1 Air Monitoring 

For our purposes, air monitoring is the most important class of measurements, 
since air-suspended material is most easily dispersed and most directly available 
for ingestion. The latter consideration is reflected in the relatively low air 
MPC's associated with isotopes of uranium and plutonium. 

A universal feature of air monitoring for uranium and plutonium is the col
lection on an air filter of airborne particles, the form in which these isotopes 
would be present. Any volume of air that could be directly monitored would be so 
small as to render the counting system very insensitive. Filtering concentrates 
the particulate content of a large volume of air into a small region, which may 
then be monitored directly. However, even with a typical collection system that 
filters about 1 liter of air per second, substantial collection and counting 
times must be used to measure levels approaching a general public MPC. For ex
ample, a one-hour collection at 1 liter/sec of 1 MPC of soluble plutonium (for 

-17 which the MPC is 6x10 curie/liter) would result in a sample yielding 0.5 
disintegrations per minute, a rather small rate. Tne actual counting rate would 
be further reduced because total detection efficiency is less than 1. The 
resulting sensitivity for measurement of plutonium would depend on the detection 
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system's ability to discriminate against background. In principle, of course, 
one need not separate the collection period from the counting period; on many 
systems, counting occurs while the activity is being collected. Because the activity 
is accumulated during counting ("on line"), sensitivity to a given air concentrit ion 
is not as well defined as for instruments where collection and counting are stp-
parate ("off-line"). 

MPC's for plutonium, and even for uranium, are several orders of magnitude 
lower than ambient air concentrations of other alpha emitters, most importantly 
radon-222 and its daughters. Since radon, a gas, and to a lesser extent, 

- P radon 220, occur naturally at concentrations of 0.1 to 1*10 " Ci/liter, and it-
daughters - typically found attached to particles - are efficiently collected 
by filters, the background against which uranium and plutonium must be measured 

222 7 ? 0 is substantial, figure 3-1 gives decay chains for Rn and " Rn (daughters of 
738 2y 

I) and "TIi, respectively), along with energies of the principal radiations. 
In spite of such backgrounds, the most common method for monitoring of 

Plutonium and uranium in air is still filter collection followed by direct mea
surement. In situations where simple alpha counting is practical, the detector 
is typically a scintilator-photomultiplier system, where only the total number 
of counts is accumulated. More sophisticated systems are avaiable for discrimin
ating against background, most of which fit into the categories mentioned above: 
1) spectroscopy, 2) lifetime analysis, 3) associated 6 measurements. 

These techniques are equally applicable to monitoring of either plutonium 
or uranium alpha emitters. The first depends on measurement of alpha energies 
from isotopes of interest, on the premise that these energies differ from those 
due to background. The second depends directly on the short lifetime of daughters 
of radon compared with the relatively long lifetime of the interesting Pu and I) 
isotopes. The third makes use of the B particle that almost immediately pre
cedes alpha decay of Po (Radium C ) . These techniques are discussed below. 
Additional methods depending on size segregation, radiochemical segregation, etc., 
will lie discussed in following sections. 
3• 2.!. 1. Alpha Spectroscopy. 

Figure 3-2 shows the alpha energies, and comparative strength, for certain 
isotopic mixtures of uranium and plutonium and for radon and daughters 
( Po and Po) in equilibrium. We also show the normally less important 
radon 220 chain. 

It is possible to design instruments with sufficiently good resolution to 
distinguish all important U and Pu isotopes from members of the radon chains, 



Fig. 3-1. Radon daughter decay chains (from Ref. 2). 
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Fig. 3-2. Relative strength of alpha groups from typical mixtures of uranium 
and plutonium. For any given mixture, the height of each line is propor
tional to the strength of that group. The mass numbers indicate which 
isotopes of the given element account for each group. 
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assuming that the radon gas itself is not efficiently collected from the air. 
However, because the alphas from radon daughters have higher energy than those 
from the isotopes of interest, the radon daughters will always present some 
background. This arises from energy degrading processes that will persist at 
some level. The effect of the background, whether due to radon daughters, other 
radiation, or noise, will decrease as resolution is improved. 

Either a semiconductor detector or a gas proportional counter is generally 
used for alpha spectrometry. The former has better intrinsic resolution char
acteristics but since this optimum resolution is often unavailable in any case, 
the proportional counter's large size and less sophisticated physical structure 
may prompt its use. The optimal geometric arrangement for a semiconductor de
tector system places the detector itself, typically a thin circular wafer, di
rectly in front of and parallel to the filter material (see Fig. 3-3). 

Filter 

XBL 768-3257 
Fig. 3-3. Schematic arrangements for filter and 

semiconductor detector in an alpha counting 
system; possible variation in alpha path 
length is indicated. 

Although such a detector can be used to achieve resolutions (FWHM) in the range 
of 20 keV, this is not obtained in direct alpha counting from filters for the 
following reasons: 1) The filter material itself causes a broadening of the line 
due to energy loss as alphas pass through the material -depending on the spatial 
distribution of radionuclides through the filter medium, this broadening may be 
hundreds of keV. 2) A similar difficulty is caused by the gas which typically 
exists between the filter and the detector. One cm of air at atmospheric pres-2 sure has a thickness of about 1 mg/cm , which can absorb about 0.75 MeV from 
a 5 MeV alpha. Since one cannot reduce the length much below 1 cm, the straggle 
in this energy loss, due either to the basic energy loss process or to variations 

Detector-
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in the path length, can markedly degrade the system resolution. Other aspects 
of the manner in which semiconductor detectors are used can degrade resolution; 
but in the present case, the two factors above are dominant. In a continuous 
monitoring system any optimization of the geometry would have to take account of 
the need for the air-filtering action to continue during counting. 

Although it is clear from Fig. 3-2 that, under most circumstances, a de
tector system with tens of keV resolution will efficiently discriminate against 
radon-daughters, the same is not true of a system with peak widths of hundreds 
of keV. This is demonstrated in results shown in Fig. 3-4 from one of the 
earliest solid state counter systems." There, even the 5.1 MeV alpha groups 
from Pu (or Pu) overlap with the radon A ( Po) group. The peaks are 
partially resolved but - because of the overlap - analysis lias to take account of 

218 the Po counts underlying those due to plutonium. Discrimination is quite 
significant but the analysis is not trivial. 

239 It is important to note further than Pu activity only dominates weapons-
grade plutonium, which has an isotopic mixture by mass of roughly 0.04°. Pu, 
93.3% 2 3 9Pu, 6.0% 2 4 0Pu, 0.6°* 2 4 1Pu, and C.04% 2 4 2 P u . 6 Commercial reactor plu
tonium mixtures were described in Section 3.1. Of these, the mixture that is 

239 most similar to weapons-grade plutonium comes from the IMFBR, where ' Pu and 
240 

Pu activities of 5.1 MeV or so dominate the spectrum, as seen in Fig. 3-2. 238 However, in LWR plutonium, Pu activity is most important and most easily 
masked by radon daughters, an unfortunate coincidence. To some extent, a sim-

232 ilar difficulty arises for uranium from an HTGR, where the U activity is 
very important, part, cularly since its MPC's are lower than the other uranium 
isotopes. The alpha g.-oups from natural uranium and LWR uranium are lower in 
energy, so that radon and daughters do not constitute as serious a background 
in these cases. 

Monitoring systems from commercial manufacturers are available both as con
tinuous monitors and as "off-line" monitors. In the latter case a filter from a 
separate air-sampling unit is inserted into the instrument. In either case, 
the geometry is essentially as described above; the filter paper is most often 
47 mm in diameter, and the counters are usually large-area (up to 750 mm ) dif
fused junction or surface barrier detectors. The energy spectrum from such a 
system is usually similar to that of Fig. 3-4, i.e., with a resolution of many 
hundreds of keV. However, the typical commercial systems, which are small, in
expensive, self-contained units, do not store this energy spectrum. Instead, 
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Fig. 3-4. Radium A (Polonium-218) interference in 
plutonium detection (from Ref. 5). 
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Fig. 3-5. Schematic diagram of a simple alpha spectroscopic system with back
ground compensation. 
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the unit counts the decays within some preset energy "window" corresponding to 
the alphas of interest. Many units make some compensation for the presence of a 

218 portion of the Po decays in this window. This compensation may, for example, 
be accomplished by making a subtraction based on another energy window as indicated 
in the block diagram of Fig. 3-S. Such a device is often called a "selective alpha 
monitor" and may claim sensitivities as low as 1 MPC-hour (40-hour occupational) 

239 for Pu. Such claimed sensitivites are with a low confidence level, even under 
optimal operating conditions. Thus it would be iinprudent to rely on such de
vices' response to such small amounts of radioactivity. They are nevertheless 
useful for routine occupational monitoring situations and for release measure
ment. When used for the latter application, these instruments typically put 
only a loose upper bound on quantities released. Their useful sensitivity is 
more in the range of Ifl MPC- hours ( occupational ). 

Gas proportional counters could be used in the above systems in place of 
semiconductor detectors because, as the latter are actually used, their reso
lution is relatively poor. The resolution of hundreds of keV encountered above 
is not due to the intrinsic resolution of the detector, and substitution of a 
gas counter would yield the same result. Moreover, the latter can easily be 
designed to cover large filter areas. A disadvantage is that these are most 
suitable for "off-line" counting, since the need for a thin window can make a 
gas counter difficult to use in a continuous mode. 

It is possible to construct an alpha-spectroscopic system from commercially-
available detectors and analysis systems that has resolution and intrinsic 
sensitivity much superior to that described above. Attendant difficulties are 
the need to put the filter-semiconductor detector combination in an evacuated 
chamber and to devise a more sophisticated data analysis approach than the simple 
window-subtraction technique mentioned above. The system would also be consider
ably more expensive. However, this is the approach taken in many laboratory 
situations. See also below under radiochemical analysis. 
3.2.1.2 Lifetime Analysis 

The radon daughters that constitute the most serious alpha background all 
have much shorter half lives (see Fig. 3-1) than the alpha-emitting U and Pu 
isotopes. This fact may be used in a variety of ways to reduce the effect of 
this background. These techniques usually depend on an off-line procedure -
i.e., separation of the collection and counting periods. The main radon-daughter 
chain of interest is: 
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2 1 8 P o a ^ 2 1 4 P b B
 2 1 4 B i S 2 1 4 P o 

(Ra A) 3 Minutes (Ra B) 27 Minutes (Ra C) 20 Minutes (Ra C'l 164 psec 

A waiting peTiod before counting reduces the amount of daughters present by 
the time counting occurs. This is particularly important for Po, which has a 
short half-life and is the isotope that is most troublesome in the alpha-spec-
troscopic techniques (see Figs. 3-2 and 3-4). As a result, a long collection 
period or a holdup period between collection and counting reduces the relative-
size of radon daughter background. However, to achieve good sensitivity, the 
holdup period may have to be very long, a condition that is inconsistent with 
many monitoring applications. 

Alternatively, one may do a partial or complete lifetime analysis- i.e., 
count in successive time periods to determine the half-life composition of the 
collected sample. If the counting system does have a spectroscopic capability, this 
time dependence need only be determined for counts in the preset window of inter-

218 est. Since only Po, with a 3 minute half life, would interfere, the analysis 
could be relatively simple. A more complete analysis would treat the full energy 
range (or at least that over a broad range, perhaps everything above some dis
criminator level). This fuller analysis would of course be necessary in the 
absence of energy information and may require a fit using several half-lives 
(3, 27, 20 minutes). In either case, any component of the activity that does not 
show a decrease with time would be attributed to possible Pu or U isotopes. 

In a system in which measurement of time assumes importance, a different 
detector type may be chosen than in a spectroscopic system. Under these cir
cumstances even scintillator-based systems, with their poor energy resolution, 
may be appropriate, particularly if energy information is no longer sought. Fur
ther, the associated electronic logic and data-analysis system will differ 
from that for pure spectroscopic measurements, primarily in that they will be 
timing, rather than energy-analysis systems. However, emphasis on timing puts no 
strong constraints on the detectors themselves, since the timing consists pri
marily of measurement of counting periods. 

Lifetime analysis monitors are not generally available from commercial 
manufacturers. The detectors and related equipment are available, but the user 
must design and assemble this equiDment in his own logic tiding system, such 
as that indicated in Fig. 3-6. 
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Fig. 3-7. Schematic diagram of alpha counting system with associated-beta sub
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3.2.1.3_Associated u-g Measurements 
In the "associated $" method, the alpha counts due to daughters of radon 

and thoron are determined by observation of the B rays that effectively accompany 
ihe alpha decay of 2 1 4 P o (Ra C ) and Z 1 2 P o (Th C'j. Those nuclides are formed 
by B-decay and, because of their 164 and 0.3 usee respective half-lives, almost 
immediately alpha decay. Observations of cc-p coincidences can be used to 
estimate the radon and thoron daughter activities. 

The basic system, shown schematically in Fig. 3-7 would consist of an 
alpha-sensitive and a beta-sensitive detector. Both detectors are counters, 
rather than spectroscopic instruments. The only discrimination against background 
activities is therefoie from subtraction of the a-@ coincidences, weighted to 
take account of the direct and coincidence efficiencies. This causes a number of 
possible difficulties: 

a} If the long-lived U or Pu activity is small compared with the radon/thoron 
activities, one will be subtracting two large numbers to obtain a small one; 
such subtraction may lead to substantial uncertainties. 

b) Since the filter will be monitored by two different detectors with dif
fering intrinsic and geometric detection efficiencies, the a-6 coincidence rate 
must be electronically weighted before subtraction. Given fixed resolving times 
and detection efficiencies for the system, it is theoretically possible but not 
always achievable in practice, to cancel out both the radon and thoron chains 
exactly, aside from statistical fluctuations, provided the deposited daughters 
are in equilibrium, and the efficiencies are known. 

c) This last consideration is non-trivial, since the betas to Ra C have 
substantially different energy spectrum than those leading to Th C , requiring 
care in compensating for the variation of detector efficiency with energy. This 
is especially important since for long collection periods, the thoron daughters 

212 may - because of their longer effective half-life (due to the 11 hour Pb) -
dominate the shorter-lived radon daughters. In either case, careful measure
ment of the efficiencies is important because of the required subtraction, (t 
must be emphasized, in any case, that the observed u-B coincidences are measures 
of the Ra C and Th C activity. Subtraction from the total a rate depends on 
the assumption of equilibrium in the respective decay chains. Balance in any 
given chain, however, will depend on the relationship between the collection 
and counting periods. 



-53-

Instruments employing this technique have been built using a variety of 
7-10 detector schemes. The alphas are typically counted by a scintillator-photo-

muitiplier detector, the betas by a scintillation detector or a Ceiger-Muller 
tube. The resulting instruments are typically not as sensitive to the isotopes of 
interest as energy spectrometers. However, cc-B subtraction may be incorporated 
in an alpha spectrometer, thereby improving the sensitivity over that associated 
with each of the individual techniques. However, perhaps due to the complexities 
in performing the subtraction reliably, this method is not often used for II and 
Pu monitoring. 
3.2.1.4 Radiochemical Analysis and High Volume Air Sampling 

Another technique for air sampling is radiochemical analysis of the air 
filter, followed by electrodeposition of the radioisotopes and alpha spectroscopy. 
Prior to electrodeposition, the radioisotopes of interest must he brought into 
chemical solution; they can then be deposited onto a planchet (used as an elec
trode) by passage of an electric current through the solution. This technique 
is more difficult than the direct counting methods just described, since it re
quires chemical dissolution of the sample (along with the filter), followed by 
chemical extraction, then electrodeposition onto a planchet, before the actual 
alpha counting can take place. The details of these preparatory procedures are 
discussed in Section 3.2.2 under the category of water, soil, and biological 
sampling techniques. The primary purpose of these procedures is to remove the 
uranium and plutonium, or other elements of interest, from the medium in which 
they are contained and/or to separate the various radioisotopes from each other, 
thereby simplifying the counting analysis. 

In the general technique of radiochemical analysis followed by alpha counting, 
the actual detectors used for the counting are the same as are used in the 
methods discussed above. However, because of the greater intrinsic sensitivity 
available in the absence of, for example, radon daughters, the detector system 
may be arranged to take advantage of this situation. For example, no u-fl sub
traction is appropriate; nor are the particular window subtraction techniques 
associated with alpha spectroscopy in the presence of radon daughters necessary. 
The investment of time and effort to prepare the sample for spectroscopy often 
justifies the use of a more careful spectroscopic measurement. Counting chambers 
are often evacuated, thus eliminating energy degrading processes in air, to pre
serve the high intrinsic energy resolution of semiconductor detectors. Moreover, 
the total energy spectrum may be stored and analyzed in a more sophisticated manner 
than above. The result is sensitivity that approaches the theoretical maxiratm in the 
absence of competing backgrounds. Details are discussed below. 
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It should be emphasized that this technique involves a commitment of time 
and equipment that is substantially more extensive then, for example, the com
mercially available, self-contained alpha spectroscopic units described above. 
Because of the difference in analysis time, the applicability of these distinct 
techniques differs considerably. For example, the radiochemical technique is more 
suited for long-term monitoring than for alarmed systems. And because of the 
investment in equipment and operating personnel, only a limited number of in
stallations, such as major federal laboratories, would choose radiochemical 
preparation, except as an outside service purchased as a check on internal 
monitoring systems. 

Environmental air monitoring with high-volume samplers is a technique which 
often uses radiochemical separation. These devices sample air at 10 to 50 cubic 
feet per minute, at least an order of magnitude faster than the alpha monitors 
discussed above. The latter instruments are primarily intended for occupational 
and source monitoring. In the general environment outside a nuclear facility 
(or at its fence), the activity concentrations are lower than at the facility 
itself, and the same is true of permissible concentrations. As a result, it is 
appropriate to sample at a higher volume. This usually requires larger filter 
areas, with typically 10 to 100 times the area used in low-volume samplers. 
Utilizing this entire filter area and obtaining the heightened sensitivity needed 
for environmental monitoring leads to a choice of radiochemical analysis prior 
tc alpha spectroscopy. As suggested above, this technique requires a substantial 
analysis time, as well as notable investment in laboratory equipment and personnel 
time. 
3.2.2 Radiochemical Analysis of Water, Soi 1_, and Biological Samples 

In many circumstances, the extent of a release or of a history of releases 
may be monitored by examination of environmental samples to measure deposition 
and/or uptake of radioisotopes. The most precise method of measuring the uranium 
and plutonium activity contained in such samples for in the filter samples from 
air monitoring) is still alpha counting and/or spectroscopy. However, the activity 
cannot usually be measured while it is still in the sample matrix because of the 
short range of the 4 to 6 MeV alpha particles associated with the important U and 
Pu isotopes. Because of this short range, the maximum uranium mass thickness 

2 
which may be monitored directly is a few mg/cm which for most materials cor
responds to a linear thickness on the order of 10 microns. Moreover, any sample 

That is, the thickness t = u/p , where u is the mass thickness and p js the 
density. FOT a typical case, >' is a few mg/cm and P is a few gm/cm , so that 
t * 10-3 Q,, o r in microns. 
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approaching this thickness will seriously degrade the energy resolution available. 
Other less sensitive techniques that are based on observation of y and x-rays 
do not suffer this difficulty as severely and are discussed under survey methods 
in Section 3.2.3. 

The technique used for removing the mass of material which makes alp'i.i measure
ments difficult is chemical separation to extract the elements of interest. Radio
chemical analysis has the additional ijnportant benefit of ridding the sample of 
other elements whose activity would interfere with measurement of the activity 
being monitored. As a result, the detection scheme is usually alpha spectroscopy 
or even simple alpha counting, without auxiliary background suppression. 

Chemical analysis may suffer from two difficulties aside from the need for 
a practical chemical separation procedure. One is the small amount of the radio
nuclide component of the sample. The other is the possible difficulty of bringing 
the radionuclide into solution as the first step in separation. These difficulties 

239 are particularly true of plutonium. For Pu, I pCi has a mass of only 16 pg, and 
the weight of the same amount of activity of reactor grade plutonium is even 
smaller. As to solubility, the most common chemical form of plutoniim is the 
dioxide (PuO,), which can be extremely difficult to dissolve, particularly if 
it has been heated to high temperatures. Such firing may occur either as part of 
materials processing (such as in production of fuel pellets) or under conditions 
associated with accidental releases. To some extent, these difficulties may be 
alleviated by adding a "tracer" to the sample, i.e., a known quantity of the 
same element, hopefully in a chemical form similar to that of the nuclide to be 
measured, but with a different alpha spectrum. Assuming that a known amount of 
tracer can be brought into solution with the isotopes to be measured, the percentage 
yield of the tracer at the final detection device can be used to normalize the 
corresponding results for the isotopes of interest. 

For radiochemical analysis of plutonium, the use of either Pu or Pu as 
tracer for chemical yield is common. These yield alpha groups which occur respec
tively, at 5.75 and 4.88 MeV, so that - using high resolution alpha spectroscopy, 
in the absence of radon daughter backgrounds - they may be easily distinguished 
from Pu 238, 234, and 240, the dominant activities in either weapons or reactor 
grade plutoniun. Pu, with its low energy alpha, may be chosen to avoid pos
sible contribution to background through energy degrading processes. 

However, a tracer technique cannot account for insolubility losses, because 
there is no guarantee that equal proportions of tlie tracer and the sample activity 
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will go into solution. This defeats the basic requirement on a tracer, that it 
chemically exchange with the "unknown" in the sample, ultimately giving a measure 
of yield. Another consideration is that enough tracer activity be used that 
counting statistics on the tracer groups do not substantially degrade the pre-

12 cision of the final result. 
Two classes of chemical separation are used: total dissolution techniques, 

which bring the entire sample into solution, and leaching, which selectively ex
tracts the substance of interest from the sample matrix. The yield often depends 
on which method is used (and indeed on the details of the individual methods) as 
well as on the solubility of the sample activity. Leaching is the less vigorous 
approach, hence more liable to error, and this technique may be checked by total-
dissolution. However, it should be noted that the efficacy of periodic checking 
will be reduced if the solubility of samples varies considerably. Moreover, care 
must be taken that even the total-dissolution method completely dissolves the 
species of interest. Although these comments arc phrased to apply most directly 
to soil samples, the same general considerations apply to any type of macro
scopic sample. 

Returning to the question of air sampling, we may note that samples col
lected by filtering are often subjected to radiochemical analysis, in some cases 
actually preceded by direct alpha counting (for continuous monitoring purposes). 
Chemical treatment of an air filter differs only qualitatively from treatments 
of other sample types. 

Samples are treated with acids, typically nitric plus some combination of 
hydrofluoric, hydrochloric, perchloric; yielding a solution out of which specific 
elements are extracted, often sequentially, by ion-exchange techniques. (See 
Ref. 13). Separated carrier solutions are then prepared for asc in an electroplating 
technique, which deposits the radioisotope-bearing ions onto a planchet which 
may be observed in an alpha spectrometer. Alpha groups from each element may 
then be counted without background from other radioactive elements. Moreover, 
the planchet and detector system may be designed, by using an evacuated counting 
chamber, to achieve energy resolution of tens of keV. Most often Pu and 

are used as tracers in this technique. 
The treatment described above fits best into the "leaching" category. If 

the nuclides of interest are present in their more insoluble forms, high yield 
may require complete dissolution of the sample. For many samples, this can be 
difficult. Rut Sill 1 4 describes a method for soil samples which, after an initial 
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treatment with nitric and hydrofluoric acid, utilizes a high-temperature "fusion 
with anhydrous potassium fluoride" and subsequent "pyrosulfate fusior" to dis
solve the sample completely. The resulting melt is treated, and various fractions 
separated (after barium sulfate precipitation), to yield solutions out of which 
(Th), fPa, U, Np, and Pu), and (Am, Cu, Cf) fractions can be electrodeposited. 
Further, U can be separated into its own fraction to preclude confusion with 

237 alphas from Np. Another total dissolution method for measuring only plutonium 
has been described by Talvitie. In this procedure the sample is initially dis
solved (if necessary) in hydrofluoric and nitric acid, then heated with hydro
chloric acid, after which ion exchange is used to prepare a solution for elec-
trodeposition. 

The dissolution/fractionatior step just described is only the first ir the 
procedure for radiochemical analysis. (See Fig. 3-8) Tne next is invariably elec-
trodeposition, which is not as complex as the chemical separations, but requires 
care to avoid loss of the radionuclides or contamination from residues of previous 
runs on the same equipment. For large initial samples, the chemical preparation 
method roust be designed to segregate the interesting isotopes into a small amount 
of material which, after deposition onto the planchet, does not degrade resolution 
in the alpha counting. 

The final step in this procedure is alpha spectrometry. With an evacuated 
counting chamber and a solid state detector followed by the usual signal processing 
modules, leading into a multichannel analyzer, complete alpha spectra with res
olution between 20 and SO keV may be accumulated. Provided care is taken to avoid 
buildup of background due to system contamination by processes such as implanta
tion of recoil ions in the detector, interfering alpha groups such as those which 
cause difficulties under alpha spectrometry above are very strongly reduced. 
Because of this low background, positive identification of particular nuclides 
is possible with only a few counts in a peak. 

Thus, for example, requiring only 5 counts in a peak that accounts for 50$ 
of a nuclide's decay and using a sample preparation and spectroscopic system 
with 304 efficiency, 0.015 pCi is the minimum detectable amount for a 1000 
minute counting period. (A 1 hour air filter collection at 1 liter/sec assembles 
0.20 pCi of plutonium if it is present at the general public MPC level, for solu-

-17 ble Pu, of 6*10 Ci/1.) Since counting periods greater than 1000 minutes are 
rarely useful, 0.01 pCi represents a practical limit for sensitivity. By way of 
comparison, a continuous alpha monitor as described in Section 3.2.1.1. has a 
sensitivity greater than 1 MPC - hr (40 hour occupational), which corresponds to 
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Fig. 3-8. Generalized flow diagram for radiochemical analysis. 
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8 pCi. The sensitivity is so much poorer than radiochemical analysis followed 
by alpha spectroscopy both because of limitations on collection/counting periods 
and because of alpha backgrounds whose contributions cannot be subtracted ex
actly. 

For air-monitoring applications, the 0.01 pCi limit is still significant as 
compared with maximum permissible concentrations. For measurements in other media, 
it does not represent a limit. For example, the general public MPC for plutonium 
and uranium in water are 50,000 and 200,000 pCi/liter, respectively. These are 
relatively large amounts compared with instrumental sensitivities. However, the 
ability to monitor water and other samples to lower concentrations is still an 
important requirement for measuring releases of radionuclides. 

The disadvantages of radiochemical analysis are the time, equipment, and 
personnel required. Analysis requires at least one day after collection and in
volves equipment for chemical dissolution, ion exchange, electrodeposition, and 
spectroscopy. Skilled workers are an absolute necessity. 
3.2.3 Methods for Field Survey and Personnel Monitoring 

In many circumstances, a relatively rapid determination of the radionuclide 
content of a sample or an area is needed. This precludes complex chemical analysis 
or other treatment, particularly if what is required is the survey of a living 
person or a large land area. Under such conditions, measurement of radionuclide 
distributions via alpha particles is impractical, except at very high concentrations, 
because of the short range of the particles through matter and/or degradation of 
the alpha energy. Electromagnetic radiation is a much more suitable signature 
when significant amounts of material exist between radionuclide and detector. 
For both uranium and plutonium, concentrations may be monitored by x-rays or 
Y-rays emitted immediately after alpha decay. The x -rays will be characteristic 
primarily of the element decaying, the y-rays of the particular isotope. 

Survey instruments for plutonium often make use of L x-rays from the uranium 
atom remaining after alpha decay. The most prominent lines occur at 13.6, 17.2, 
and 20.2 keV with relative intensities 100, 120, and 25 1 6 respectively, instru
ments using this technique are usually intended primarily for monitoring of 
weapons grade Pu. However, x-ray spectra should be relatively independent of the 
particular isotope, excepting Pu, so that reactor grade plutonium could be 

?A1 241 
measured equally well. Pu beta decays, but its daughter, Am, has its own 
characteristic x-ray lines (14.0, 17.8 20.8, 26.3 KeV with branches of 121, 13%, 

17 3%, and 2.51 intensity, respectively) which may be used for plutonium monitoring, 
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Table 3-5. Principal gamma rays following decay of uranium and Plutonium (from Ref\ 2) 

URANIUM PLUTONIUM 

Isotope 
232 
233 

Gamma Energy 
58 keV 
42 

Branching 
0.2 S 
0.06% 

Ratio Isotope 
236 
238 

Gamma 
48 
143 
199 

Energy 
keV 

Branching Ratio 
0.3 % 
0.03% 
0.008% 

234 53 0.2 % 239 52 0.02% 

235 
H43 
J163 
]185 
1204 

11". 
54 
543 
5% 

240 
242 

1 
•7 

236,238 •> Z41M 60 36% 

provided the "age" of the plutonium is known and the americium has not become 
chemically separated. X-ray spectroscopy may in principle be used for uranium, 

1R ».hich yields thorium L x-rays at 13.0, 16.0, and 19.2 keV, but this has not 
often been done. 

Individual isotopes have characteristic gamma rays which follow alpha decay 
to excited states in daughter nuclei (See Table 3-4). For the most important isotopes 
of uranium and plutonium, the principal lines (in keV), with their intensities 
relative to the total disintegration rate, are given in Table 3-5. 

Few strong gamma rays are associated with the above isotopes. For most 
practical measurement applications in the nuclear fuel cycle, though, monitoring 
via gamma rays must depend on these lines or - in a few cases - on those of im
mediate daughters, such as Am. The one exception is that uranium occurring 
naturally in environmental media may be measured by observation of gamma rays 
from relati/ely distant daughters. The most useful gamma ray in this category is 
the Bi line at 1.76 MeV. However, the fact that Bi occurs after radon re
quires that the possibility of lack of equilibrium be seriously considered. 
Techniques depending on daughter activities, however, are used more often for 
assays of uranium-bearing ore, an application of little interest here, than for 
monitoring of releases from nuclear facilities. 

That is, one must know what percentage of the Pu has transformed to Am. 
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Returning to the observation of x- and y-rays directly from uranium and 
plutonium, we direct our attention to the two major classes ofdetectors: scintilla
tion counters of relatively low resolution and semiconductor detectors with sub
stantially higher resolution. The first are most often Nal(Tl) detectors coupled 
to photomultipliers, the second Ge(Li) detectors, connected to charge sensitive 
amplifiers. Two other potentially important subsets of the semiconductor class 
are the intrinsic germanium detector, which has to be cooled only while it is 
operating, and the CdTe detector, which can be operated without a cryostat. 

All of these detectors may be applied for a large range of photon energies -
from keV to MeV. For the present purposes, though, they are usually designed to 
maximize sensitivity at low energies, from 10 to, at most, a few hundred keV. 
Thin detectors are intentionally chosen to minimize the background caused by 
scattered, but incompletely absorbed, higher-energy photons. Other important con-

19 siderations for survey instruments are: 
1. The effective aperture of the detector: for surveys of low concentrations, 

a large aperture is needed in order to obtain sufficiently high counting 
rates. 

2. Energy resolution: the choice of thin detectors may also degrade efficiency 
and/or resolution for photons of interest. 

3. Dependence of the radiation field on angle: for radioactivity in soils, 
a large portion of the radiation from land areas is emitted at large angles 
with respect to the vertical. 

4. Probability of x-ray "escape": one would like to minimize background 
caused by events in which the incident photon ejects a photo-electron and 
the subsequent x-ray escapes from the detector. (This may be accomplished 
by choice of low atomic number materials for the detector, but this re
duces the stopping power.) 

One common type of area survey instrument is designed around a thin Nal(Tl) 
crystal of large area. The most straightforward version of such an instrument 
couples a photomultiplier to the crystal, allowing energy analysis of radiation 
interacting with the crystal. The archetype of this instrument, designed for 
monitoring of plutonium contamination by observation of americium photons is the 
FIDLER, which has a 5" diameter, 1/16" thick crystal. This is a portable instru
ment with energy windows around 17 and 60 keV, the principal x-ray and y-ray 
groups from An. (See Fig. 3-9). Such a planar detector can average over a 
large area. Interpretation of results will depend on this averaging, on the isotopic 
composition of the contamination, and on its depth distribution in the soil. 
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Chonnet No. lofpton 1-ktV/chonnet) 

Fig. 3-9. Spectra for An and background as measured with a 5-in.-diam by 
1/16-in.-thick Nal(Tl) scintillation detector. Qrtimuni discriminator 
settings for 17-keV band and 60 keV are shown (from Ref. 20). 
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Both of the last two will depend on the "age" of the contamination. This 
especially affects interpretation of the results due to the fact the monitoring is 
via Am. Since this is the daughter of Pu, which has a 13 year half-life, 
isotopic composition will change relatively rapidly. It will also depend on the 
isotopic mixture of the plutonium. Typical minimum detectable Am from a dis-
tributed source is 15,000 pCi/m . 

Similar instruments have been developed, based on other scintillators, such as 
21 CaF,(Eu). The possibility of developing an area-survey "phoswich" instrument 

(see below) to discriminate against background from high-energy photons is being 
22 considered. 

Recent work on soil survey techniques has included use of Ge(Li) detectors, 
with their much superior energy resolution, which reduces the amount of background 

23 under the peak(s) of interest. Straightforward volume detectors, using the 
Am line, yield a sensitivity that is somewhat superior to the FIDLER. A more 

sophisticated development is the use of an array of large-area but thin (2.5 mm) 
Ge(Li) detectors; as above, choosing a thin detector reduces the background due to 

24 partially-absorbed high-energy photons. The sensitivity of the latter instrument 
is said to be roughly a factor of 10 better than that of the FIDLER. On the other 
hand, Ge(Li) detectors must be continually cooled; the necessary cryostat, and also 
the more complete data analysis required for this improvement in sensitivity, pre
clude designing such a detector into a portable instrument. It is, however, suited 
for use with a van. 

The instruments just described were developed for use in surveys of con
tamination due to plutonium, particularly of weapons grade. They are not suitable 
for observation of uranium y-rays, with the exception of the large-volume Ge(Li) 
counter, which is sensitive to high-energy photons from daughters. See for example 
the Bi line in Fig. 3-10 from Ref. 25. Because of these high-energy photons, 
Nal(Tl) detectors used for uranium monitoring would be chosen to be approximately 
a centimeter thick. Such detectors have sensitivity in monitoring natural uranium 
on the order of 1 ppm. However, for monitoring of either fresh or spent fuel, 
daughters will for the most part not be present, so that detection must depend 
on the decay of the actual uranium isotope. The only y-rays of significant strength 
are from TJ, and the strongest of these (185 keV) occurs at the same energy, 
within typical detector resolution, as a Ra y-ray. Survey instruments for 
other important isotopes (such as 2 3 2 U and 2 3 3 U ) must depend on extremely thin 
detectors, sensitive to the L x-rays from uranium decay, or possibly on detectors 

208 232 
sensitive to the high energy (2 MeV) photon from the Tl daughter of U. 
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«°»TI (2 62 M«V> . 

Fig. 3-10. Upper drawing: in situ spectrum northeastern U.S. location, taken 
with 10 cmxlO cm Nal(Tl) crystal, 20-minute counting time. Lower drawing: , 
in situ spectrum fphoton energies in keT), at same location, but with 60-cm 
Ge(Li) detectjr, 40 minute counting time. (From Ref. 25). 
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A more recent advance in solid state instrumentation is the development of 
detectors which require cooling only at the time of use or not at all. An ex
ample of the former is the intrinsic germanium detector, which therefore has a 
somewhat wider range of application than Ge(Li). An example of the latter is CdTe, 
a material which can be used at room temperature, but whose resolution is inter
mediate between NaI(Tl) and Ge(Li). Both intrinsic germanium and room tempera
ture materials, however, are not usually applied to environmental surveys but to 
assay of fuel materials, an application in which the count rate due to U or Pu 
would be expected to be high. 

The requirements on measurements for monitoring of human subjects differ 
somewhat from those for area survey. Fixed installations are often possible, and 
the backgrounds are better defined. The manner in which Nal(Tl) is normally used 
is in a "phoswich" detector, composed of a thin Nal('fl) detector backed by a 
thick CsI(Tl) detector, which stops high energy photons. (See Fig. 3-11). The 
latter scintillator has a longer decay time that Nal(Tl), so that its signal 
may be used to suppress background in the thin detector from high-energy photons. 
Sensitivity can therefore be improved over the roughly 6000 pCi lung burden that 
could be detected (for a 100 minute counting period) by a thin Nal(Tl) detector 
without suppression. Other workers have used gas proportional counters, Ge(Li) 

27 28 29 
counters, Si(Li) detectors, and intrinsic germanium for lung and/or wound 
assay. These are invariably applied to possible cases of plutonium contamination, 
and not uranium. In either case, such instruments belong to the general class of 
personnel rather than release-monitoring devices. In addition, a variety of rela
tively insensitive instruments, usually not specific to either uranium or plutonium, 
may be used for checking for radioactive contamination of workers or their clothing. 

With the exception of instruments for uranium ore assay and search, most of 
those instruments are not commerically available. The one notable exception is the 
phoswich detector. Use of this device requires careful set-up and calibration be
cause of its timing-based anti-coincidence circuitry. Specialized survey instru
ments do not usually constitute part of a routine monitoring program, except at 
special sites, such as the Nevada Test Site and other federal testing and/or pro
duction facilities. As discussed in a later section, such instrumentation might 
profitably be available on an "as-needed" or emergency basis for surveying in the 
vicinity of suspected release points. 
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LOW BACKGROUND 
HOUSING [STAINLESS STEEL] 

[BERYLL IUM] 
ENTRANCE WINDOW 

[CSI (TL)] 
SCINTILLATOR B 
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SCINTILLATOR A 

MAGNETIC SHIELD 

LOW BACKGROUND 
VOLTAGE DIVIDER BASE 

LOW BACKGROUND 
OPTICAL WINDOW 

Fig. 3-11. Harshaw Phoswich detector: matched window type of x-ray and low 
energy ganrna detection. 
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3.2.4 Track-etch Technique 
Alpha particles from decay of isotopes of interest may be recorded in a 

permanent fashion in the bulk of some materials. The particles produce ionization 
along their paths and the material can be treated subsequently to make tracks 
visible. These tracks can then be observed with the help of a microscope. 

This same basic technique may be used for fission track monitoring, dis
cussed below in Section 3.3.1.2. 
3.3 Monitoring via Induced Activities 

Having considered those monitoring techniques which depend on radiation re>ulting 
from the spontaneous radioactive decay of the isotopes of interest, we may now turn 
to other methods for identifying uranium and plutonium. These other methods ma)' 
be based on induced (as opposed to spontaneous) activity, mass, or chemistry. These 
techniques will not depend directly on spontaneous decay, but maximum permissible 
concentrations and related standards are tied directly to such decay. As a general 
rule we may expect that materials which have a high specific activity (decay rate 
per unit mass) will be more difficult to measure at the required minimum levels 
by non-decay techniques than materials with low specific activities. For the 
latter, a standard expressed in terms of some maximum activity will translate into 
a relatively large number of atoms present, thus making monitoring via non-decay 
techniques more practical. 

The first class of non-decay techniques which we will consider produces a 
signature for the isotopes of interest by inducing such material to give off 
(or, in principle, absorb) radiation. This radiation may be associated with either 
the nucleus or the electronic structure. (That is, it may be either nuclear or 
atomic radiation.) A distinct advantage to monitoring via radiation is the pos
sibility of detecting the isotopes of interest even when embedded in some matrix: 
radiation characteristic of these isotopes can transverse such material to reach 
a detector. However, this advantage is also enjoyed by some techniques discussed 
under decay monitoring. Monitoring via induced activities can only be favored 
where the technique offers sensitivity or ease of application that is superior 
to decay-monitoring techniques. 

Three important classes of induced activities will be described below: 
1. Neutron-induced fission - applicable to fissile isotopes 
2. Activation analysis - always applicable, in principle; yields radiation 

characteristic of individual isotopes 
3. X-ray fluorescence - gives a signature characteristic of an element 

rather than of a particular isotope. 
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3.3.1 Neutron-Induced l:ission 
Any mixture of uranium or plutonium will contain a substantial portion of 

fissile material, so that - in principle - presence of these elements may be 
indicated by observation of fission induced by slow neutrons. Fission may be 
indicated in a number of ways, the most important of which are delayed neutrons 
and fission tracks. In either case, the setup required for monitoring is more 
extensive than that associated with more direct techniques, such as alpha moni
toring, especially since a reactor or other substantial source of neutrons is 
needed. Because this implies analysis at a location remote from collection, 
analysis of samples cannot typically be accomplished rapidly. This fact further 
limits application of such techniques. 
3.3.1.1 Delayed Neutrons 

When a uranium or plutonium nucleus undergoes fission, approximately two 
neutrons, on the average, are released. Although almost all of these arc freed 
instantaneously, 0.3 to 0.5? of them result from neutron decay of fission product 
daughters, so that their appearance is delayed by the time taken for production 
of these daughters via beta decay. These delayed neutrons can be detected by various 
types of systems, such as a plastic scintillator mounted on a photomultiplier. 
Delayed neutron emission is an excellent signature for fission, since the only 
other known neutron-decaying nuclides are nitrogen 17 [with a 4.2 second half-life) 
and lithium 9 [0.17 second). Contribution of these two nuclides to background can 
be eliminated by allowing them to decay away after irradiation of a sample and be
fore counting begins. Observation of decayed neutrons has the distinct advantage 
that it can be used for bulk samples, because of the long range of neutrons. As a 
result; relatively small concentrations in soil and other samples may be detected. 
For ordinary uranium samples, and with neutron fluxes normally available from a 

235 reactor, the counts obtained are due principally to U. The sensitivity limit 
for natural uranium is on the order of 0.1 to 0.01 micrograms ' as the technique 
is usually applied. For a bulk sample, say of 10 grams, this corresponds to a 
concentration limit of 3 ppb. This is roughly the average concentration of uranium 
in the earth's crust. It is interesting to note that 0.01 micrograms OT 10 ng is 
also the present limit on detectability of heavy elements on air filters analyzed 

Fast neutrons can induce a larger number of isotopes, including those of thorium, 
to fission. However, the fission cross sections at high energy are not as large. 
Slow neutrons are more often used. 
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by x-ray fluorescence. (See Section 3.3.3.) Note that for natural uranium 10 ng 
corresponds to about 3x30" 3 Ci, a very small activity. For isotopes with a much 

239 233. shorter half-life (such as " Pu or ' u), the minimum detectable activity is 4 10 times larger. 
3.3.1.2 Fission Track-etch Techniques 

A much more sensitive technique for detection of fission events is observation 
of the ionization tracks left by the stopping of the fission fragments. Uranium 
bearing material is placed on a thin sheet of plastic (e.g., polycarbonate' ) 
which is placed in the neutron flux from a reactor. After storage to allow for 
decay of short-lived activities, the polycarbonate is etched in an NaOH solution, 
then examined under a microscope. Sensitivities down to 10" g of natural uranium 
are reported. Presumably comparable amounts of other fissile material could be 
detected, although it would not be possible to distinguish one fissile material 
from another. In any case, this appears to be the most sensitive method presently 
available for detection of fissile material. The method does require that the 
sample be deposited as a very thin layer, so that fission fragments can escape into 
the detector material. For the case of an air filter it is often possible to 
place this directly on the detector. As a result, this method would appear 
to be as convenient for the detection of very small amounts of material collected 
by air filters as any other available technique. Disadvantages are that it needs 
a neutron source, such as a reactor, and requires a long delay between collection 
and analysis. 
5.3.2 Neutron Activation Analysis 

In neutron activation techniques, the sample is placed in a flux of neutrons, 
and nuclei in the sample capture neutrons to form radioactive nuclei. Decay of 
any particular type of nuclide will lead to characteristic gamma rays, which can 
be used to identify the nuclide and ultimately - when enough such types are 
identified - the nuclide from which it was formed. This technique may be used for 
identification of uranium and plutonium. However, probably because of the need for 
a neutron source in any case, and because detection of neutron-induced fission is 
a more sensitive technique, it is not often used for uranium and plutonium. 
3.3.3 X-Ray Fluorescence 

If electromagnetic radiation with energy greater than that of the x-ray emission 
lines strikes an atom, electrons from one of the deep shells may be excited. As 
the atom returns to its ground state, x-radiation characteristic of electronic 
transitions in these deep shells will be emitted. This radiation, commonly called 
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tluorescence, may be used as a signature for measurement of trace quantities of 
. 7,1 XT, elements in environmental samples." ' ' In the case of air filter analysis, the 

2 limit of detection for heavy elements is about 10 ng/cm , a sensitivity limit 
which is comparable to that of some of the techniques listed above for natural 
uranium (in particular delayed fission neutron detection of uranium). This 10 

2 2 -1 ̂  
ng/cm corresponds, for a filter area of a few cm , to about 3x10 Ci of 
uranium, a sensitivity that is much superior to decay monitoring techniques. 
However for short-lived activities, implying a high specific activity, the 10 ng 
limit corresponds to a relatively large amount of activity; for example it cor-239 responds to about 1 nCi of Pu. 

Since most of the present effort in x-ray fluorescence has been directed 
toward detection of the lighter elements, it is not clear what improvement 
might be realized for heavy elements if techniques were optimized for these 
elements. A possible difficulty is interference from lines due to other elements 
in the sample. If such interference required the utilization of chemical sep
aration techniques, it would clearly reduce the attractiveness of the x-ray 
fluorescence method since one of its salient features is that air filters may be 
analyzed directly and automatically, using only short measurement periods. One 
might ask whether it might be useful to apply x-ray fluorescence in circumstances 
where chemical separation must be used in any case. Then the fraction of high 
specific activity elements might be measured by conventional alpha monitoring, 
whereas the low specific activity fraction could be measured by x-ray fluorescence, 
with its short counting time. For environmental monitoring, there is an advantage 
to measuring the rather low baseline concentrations of nuclides of interest such 
as uranium and thorium. Changes in their low levels would then indicate some ab
normality. It may be possible to deposit the chemically extracted material on 
a matrix which, when used with the fluorescence technique, reduces the minimum 

2 detectable amount below 10 ng/cm . An important factor in the existing sensitivity 
limit is scattering from the filter material. Deposition on a thinner matrix 
would presumably reduce this problem. X-ray fluorescence can be applied to any 
activity extracted chemically, whether the initial matrix was an air filter, soil, 
or other sample. 

Electrons may also be excited by other than x-rays, although this is the 
technique most often used. Other possibilities are a proton beam or an electron 
beam. Electron bean"= are sometimes chosen in more specialized applications, f'or 
example, an electron-excited x-ray probe may be used to analyze the elemental 
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content of small particles collected on an air filter. Such a technique, however, 
has a much narrower range of application that the more general approach to trace 
element analysis mentioned above. 

In general, it is important to note that x-ray fluorescence analysis identifies 
elements, rather than isotopes. 
3.4 Monitoring Using Mass Spectroscopy 

Another physical characteristic which may be utilized for monitoring is the 
atomic mass of the substance of interest. The manner in which this mass is measured 
in a mass spectrographic method is to ionize the atoms in the sample, acce'cr e 
them to some specified energy, then allow them to pass through a magnetic fie d. 
Atoms (or molecules) of differing mass will be deflected through different a-.gles 
and will be collected at different points along the detector. One of the mo _> 
difficult aspects of this approach is to ionize the atoms in a manner that is 
consistent with the chemical form or physical size of the sample and with the 
requirements of the acceleration and magnetic analysis system. Another irpor-ant 
goal is that a significant portion of the ions entering the analysis syp cem 
reach effective areas of the collector or detector. To achieve this the magnets 
are typically designed to have advantageous focussing properties. 

Mass spectroscopy is not often emphasized for monitoring radioa ive nu
clides, since the required equipment is bulky and often difficult tc use. Nor 
has the technique offered any clear advantages over more convenient methods. 
Generally the sample to be observed has to be subjected to complex chemical pre
paration before it can be introduced into the ion source. Once this is done, the 
substantially easier and less costly alpha monitoring method may be used. However, 
it should be noted that in principle a mass spectrographic tech lique can be more 
sensitive than any decay monitoring technique, primarily because the mass analysis 
does not require the nucleus to decay in order to be observed. In this respect, 
mass analysis could also be much more sensitive than method? that induce activity, 
because the latter approach usually has a relatively poor e/ficiency for exciting 
the atom or nucleus. 

For analysis of soil or other macroscopic samples, c.iemical preparation is 
inevitable to bring the sample into a form that is suitf r>le for ionization. How
ever, for the single case most important for monitorin; of releases, air monitoring, 
the amount of solid material to be dealt with is relatively small. Moreover, the 
form in which uranium or plutonium would normally be present in the air is in the 
form of particulates, rather than as a gas. However, mass analysis of the activity 
collected on air filters would still require chemical preconcentration. Because 



-72-

the mass analysis could then proceed very rapidly, there may be circumst;mcos in 
which a mass analysis system designed for this case may be advantageous. 

The most clearly advantageous system would somehow introduce the airborne 
activity directly into the ion source, effectively bypassing any preparation 
process. No such system is presently available, but work on its development is 

34 progressing. Because the activity of interest is carried in particulate form, 
one can use the momentum of these particles, causing them to impact against a 
surface, to collect the activity from the much larger volume (and mass) of air. 
Since in principle that surface can be designed to act as the filament in a mass 
spectrograph ion source, one will have placed the activity in a position suitable 
for analysis. The fact that such an ion source must operate at very low pressure 
effectively limits the rate at which air can be sampled. This is a serious dis
advantage if the activity is of interest is not well distributed throughout space. 
(See :ection 3.6.2 below, where a possible solution to this problem is dis
cussed.) On the other hand, the low operating pressure in the chamber ntikes it 
possible to have even very small particulates impinge o.i the filament. 'Ihis 
avoids loss of very small particulates ( <. 0.5 micron diameter) that would pass 
through the impacting stages of a device operating at atmospheric pressure. 
(See Section 3.6.2.) 

Table 3-6 shows possible sensitivities from aipha spectroscopy, x-ray 
fluorescence, and mass spectroscopy, all assuming 1 liter/sec collection and 
specified minimum detectable amounts. 
3.5 Other Monitoring Techniques 

A variety of techniques that are less sensitive than those discussed above 
may be used for measurement of higher concentrations or larger amounts of uranium 
and/or plutonium. These methods are typically based on preparatory chemical 
analysis followed by either electrochemical or photometric measurement. Into the 
first category tall coulometry, ' polography, amperometric titration, and 
others. The second category includes fluorometry and general spectrophotometry 
(including x-ray fluorescence, which was treated separately above because of its 
relatively good sensitivity). Many of these techniques give accurate results, 
but require large amounts of the substance of interest. Because release monitoring 
usually involves small amounts of material, we shall not discuss these methods. 
Reference 13 includes discussion of methods involving relatively large material 
quantities. 



Table 3-6. Limits on sensitivity for plutonium and uranium measurement (given in general puMic MPC-hours,a 

assuming air sampling at 1 liter/second) 

Alpha Spectroscopy X-Ray Fluorescence Mass Spectroscopy 
require 10 disintegrations 
during counting period ° 

require 10" 8 gram 
collection ° 

require 2000 atoms b 

10 minute 1000 minute 
counting counting 
period period 

10 minute 
counting 
period 

counting period 
less than 
10 minutes 

Plutonium-239 2 0.02 300 3xl0"8 

(1 MPCa=6xlO"17Ci/£ 
= l.OxlO-lSgm/i) 

Uranium-235 0.12 1.2xl0~3 0.9xl0"3 0.9*10~14 

(1 MPCa=4xlO"15Ci/H 
= 1.2xlO_8gmA) 

A general public maximum permissible concentration is one tenth the smallest value given in Table 2-2. 
obtain the sensitivity limit by assuming the minimum detectable amount observable by each method under the 

best circumstances normally achievable. 
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5.6 Associated Uadiocheinica.1 and Physical Tccluiiquos 
A mumVr of important chemical and/or physical procedures are implicit in 

the specific monitoring methods discussed above. 'Hie details of these procedures 
or techniques have a substantial hearing on the effectiveness of monitoring. Of 
particular importance are the questions of chemical analysis and sample collection 
or particle suing. 
3.6.1 Chemistry 

As was apparent in the previous sections, many monitoring techniques require 
chemical separation and even, in the less sensitive methods, chemical measurement. 
The most sensitive methods currently available require substantial chemical prep
aration of a sample; in contrast to this, the fastest (albeit less sensitive) 
methods completely avoid such preparation. This general observation, that for the 
most sensitive methods, time-consuming chemical procedures arc required, seems 
inevitable except in cases where the substance of interest is not contained in a 
large amount of material. One such case is air monitoring. Hven in this case, the 
trade-off between speed and sensitivity usually exists. 

Air monitoring offers the one hope of combining rapid measurement with high 
sensitivity, since rather small samples by mass are collected. However, sensitivity 
is impaired by the possible presence of large backgrounds, whose effect must, some
how be removed or reduced. Complete removal prior to decay monitoring does not 
appear possible except via chemistry. The alternative is to use methods based on 
induced activities «r possibly mass differences, as discussed in Sections 3.3 
and 3.4. However, neither of these methods has yet combined good sensitivity 
with rapid or convenient monitoring capability. The greatest sensitivity cur
rently available requires either chemical separation or neutron generators. 
3.6.2 Si^e and Collection 

An important air monitoring consideration, which we have not mentioned above 
except in the case of mass spectroscopy, is the size distribution for particles 
carrying the activity of interest. The size distribution of particles carrying 
other activities is also of concern if these activities constitute a background 
interfering with measurement of the activities under consideration here. 

Particle size is important in two distinct respects: 1) it affects the 
release and transport of associated radioactivity and the extent to which this 
radioactivity can subject humans (or other organisms) to exposure, and 

Water monitoring may be another since water can be easily evaporated. 
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2) it influences the effectiveness of any monitoring technique, A crucial con
sideration is that the size of particles most easily collected by the pulmonary 
region is in the range CI to 5 microns. Particles much smaller or much larger 
than this range are not as easily retained. 

Mechanical, chemical, and accidental release mechanisms associated with the 
nuclear fuel cycle can produce particles in the 0.1 to 5 micron range. Chemical 
processes usually produce the •dialler sizes, mechanical the larger; accidentally 
produced particles are not so easily characterized. A number of studies have dealt 
with the question of the size distribution of particles emitted from plutonium 
processing facilities. The most extensive of these studies included measurements 
of particles sizes produced at a number of different Ai;C facilities.' In Fig. 
3-12, it is seen that the particles from a chemical recovery facility flotation I:) 
favors diameters less than 1 micron. This contrasts with the R&D and fabrication 
facilities which, on the average, have a peak between 1 and 5 microns. These 
measurements were taken before the exhaust filter banks, which consist of high-
efficiency particulate air (IIHPA) filters. The work reported in Rel". 38 also 
included experimental measurement of the effectiveness of IIRPA filtration systems 
in collecting these particles. Because llEPA's have a size dependent collection 
efficiency, they affect the size distribution of routine emissions. In major 
accidental releases, they would also affect size distributions in the same way, 
assuming that the integrity and efficiency of the filter banks is not impaired. 
These filters normally permit maximum penetration for particles size in the 
vicinity of 0.4 microns, which is in the range most effectively deposited in the 
pulmonary region. Substantially larger particles are deposited in the tracheo
bronchial region or the naso-pharyngeal passages, where they are availahle for 
transfer, via muco-cilial action, to the upper gastrointestinal tract, from 
which they are removed from the body with high efficiency. However, it is 
important to realize that regulations coverning release and maximum permissible 
concentrations for plutonium and uranium do not include any explicit size infor
mation. From a practical point of view, one does not expect very large particles 
(say 10 microns and up) to escape very easily from the site of production, nor -
in fact - to remain airborne for long if they do escape. This fact, together 

These results are consistent with measurements made by other workers, particularly 
at fuel fabrication facilities. Some of this work was recently reported in Ref. 39. 
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analysis of all impactor samples taken at the specified location. The facility 
types and plutonium isotopes handled are indicated (From Rcf, 38.) 
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with the results cited above on size distribution of produced particulates and on 
HEPA filter efficiencies,make it reasonable to presume a substantial percentage 
of any release is in the biologically significant range. 

In monitoring for releases, then, care must be taken that the collection and 
measurement technique is responsive to the biologically significant range, and 
preferably to the entire range. The size dependence of collection methods is dis
cussed immediately below. Other parts of the monitoring procedure can depend on 
size, but how critically is difficult to determine. For example, the effectiveness 
of chemical leaching or dissolution of particulates in a bulk sample can depend on 
physical properties such as particulate size, how firing took place, etc. In 
alpha spectroscopy, energy loss in the particulates themselves can significantly 
affect energy resolution at the larger sizes. (Loss to a 1 micron thickness of 
Plutonium or uranium dioxide is about 10 keV. At sizes much larger than this such 
losses become a significant contributor to the peak width in any high resolution 
system. It is of no concern in the typical system with a resolution of hundreds 
of keV.) 

For air monitoring, which is the most important aspect of monitoring releases 
from nuclear facilities, the basic element of most techniques is an air filter. 
These occur as two basic types: membrane filters with many small holes through 
the membrane, so that the hole size determines the maximum size of particles 
passing through, and fiber filters formed of many fibers which collect particu
lates by either flow interception, inertial impaction, or thermal diffusion. One 
example of the latter is a HEPA filter, which is Tiade of glass fibers. In an air 
cleaning system, such as those employing HEPA filters, the details of filtering 
efficiency are an important consideration, even though measured efficiencies are 
very high: greater than 99.9%. These systems should clean the air as well as pos
sible. However, when the filter is to be used to collect a sample for monitoring 
purposes, the difference between 995 and 100% efficiency is not significant. For 
the particle size range for which sampling filters are designed, they are satis
factorily efficient. As a result, the more difficult questions on air sampling 
have to do with the manner of collection of the air which is to be passed through 
the filter, and with subsequent treatment of the filter material. 

In most monitoring situations, the intention is to determine the total amount 
of th? substance of interest that is contained in the medium being monitored. In 
the case of air, plutonium and uranium are present in the form oi particulates 
and, ordinarily, the sampler is intended to collect a percentage of these particu
lates that is independent of their size. For a stack monitor, this is typically 
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accoraplished by an "isokinetic" probe, one which draws off a sample air stream at 
the same velocity as the effluent air stream being sampled. The result is that no 
size selection occurs, at least in the range of interest. The material collected 
on the filter is then a measure of the total activity present, independent of the 
size distribution. 

In other circumstance, it may be important to segregate particles by size. The 
most basic reason for such segregation would be that the size distribution is to 
be determined by the measurement. An alternative purpose of some importance is 
to discriminate against particles in some size range, eith< r because they arc of 
no significance, say biologically, or because they contain substantial background 
activities. 

A variety of sizing techniques are available, but one that is most often 
used, because it can be implemented in a way that deposits different size fractions 
on convenient monitoring substrates, is the "cascade impactor". Each stage of this 
device makes use of the fact that, if an air stream is forced to change its di
rection, particles of sufficiently high momentum (which is proportional to mass 
for a given velocity) tend to escape from the stream. A sequence of such stages, 
with decreasing particle-diameter cut-offs, can bring about the type of separation 
desired in monitoring intended to ascertain the particle size distribution. This 
is, for example, a technique that ivas used in the plutonium particulate mea
surements of references 38 and 39. 

The same principle may be employed simply to discriminate against an unim
portant or irrelevant size range. For example, the particle sizes that are most 
apt to be deposited in the pulmonary region are those with diameters less than 
about 1 micron (for dense particles such as those consisting of plutonium or 
uranium dioxide). An impactor may be used to separate out the larger particles. 
Such a device has been used, for example to separate organic particulate matter 
in ambient aiT into respirable and non-respirable fractions. In this case, the 
device was a "virtual" impactor in which the incoming air stream is separated 
into two fractions, one of which contains, predominately, large particles, the 
other of which contains only smaller particles. The two streams may then be passed 
through air filters, as desired, to collect the particulates for monitoring pur
poses. This technique has not often been applied to monitoring for plutonium or 
uranium. In fact, its converse has been used in order to discriminate against 
the small particulates which are likely to carry most of the background. One 
such device ' uses a solid state detector as an impacting surface on which 
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particles with diameter larger than about 1 micron are allowed to collect. Tn 
this manner, the device can discriminate against the roughly 99% of radon daughter 
activity that is associated with smaller particles. The detector surface would 
have to be cleaned regularly, just as the air filter in other systems has to he 
replaced on a routine basis. This same technique has been applied to more general 
radiation monitoring situations. In general, though, it is important to realize 
that it is often the smaller particles that are most biologically significant and 
that an impactor operated in this manner may therefore discriminate against the 
most important fraction unless care is taken that the size division is made ;it 
a very small diameter. 

Provided attention is given to this last •nsideration, an impactor could 
be generally useful in the typical monitoring situation. It is interesting to note 
that it can eliminate the need for an air filter, although it is still possible 
(and advisable in many situations) to collect the large size fraction on such a 
filter. The device would then be a virtual impactor in which one (or both) of the 
air streams is collected on a filter (or filters). This could greatly reduce 
the background due to radon daughter activity, and thus significantly improve 
the current generation of alpha monitors. However, in view of the observed size 
distributions of plutonium aerosols, for which significant percentages of the 
activity is contained in particles of submicron size, care would have to be 
taken that the cut-off was sufficiently small. 

In one new development discussed above, the direct inlet mass spectrometer, 
the question of radon daughters is not important, but the separation of most of 
the plutonium or uranium activity into a relatively small stream of air would be 
very beneficial. In this device, only a small flow rate can be allowed into the 
ion source if th^c source is to operate properly. This decreases the rate at 
which air can be sampled unless the plutonium (uranium) in a large volume of air 
is somehow preconcentrated into a smaller volume which is then introduced into 
the ion source. A virtual impactor can perform exactly this function. Concentra
tion factors of at least 10 are obtainable in a single stage, so that a two 
stage device could concentrate the larger plutonium particulates into a volume 
fraction that is a factor of 100 less than the volume taken as a sample. Thus, 
for example, a 1 liter per second sampler would have its activity cor.entrated 
into a 10 cm"/sec air stream, a flow that may be acceptable to the spectrometer 
ion source. The crucial question is whether an acceptably low size cut-off is 
achievable in a virtual impactor. At 1 liter/second (about 2 cubic feet per minute 
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or 2 CFM), a lower cut-off of about 0.2 microns is practical for cascade (non
virtual} impactors sampling plutonium. (See, for example, location E in Fig. 3-12, 
where the cut-off is = 0.12 microns at 2.75 CFM.) It would be interesting to know 
whether this is possible in a virtual impactor operating at atmospheric pressure. 
Building a virtual impactor with a submicron cut-off would probably require 
lets with such a small diameter, and hence such a small flow rate, that a multiple-
jet design would be necessary for total sampling rates of 1 liter/second. It 
such a device could be designed for placement at the inlet of the mass spectrometer 
ion source, it could sample as great a volume of air as an ordinary "continuous 
alpha monitor", but it would respond to the collection of any particle immediately. 

The particularity of airborne activity would still be a major difficulty for 
this device, as for the usual sampler. For example, if the air contains 1 MPC 
(general public) of plutonium 239 in the form of 1 micron diameter particles, 
there is, on the average, only one particle per 10 cubic meters or 10 liters. 
Sampling at 1 liter/sec would only collect 1 particle every 10 seconds, about 
3 hours. The effective sensitivity would then be approximately 3 (general public) 
MPC-hours. Since basically any particulate will give a signal on the mass spectro
graph, the sensitivity decreases in proportion to the volume of the particles or 
the cube of their diameter. Moreover, if expressed in 40 hour occupational MPC's, 

239 the sensitivity for 1 micron Pu particles is about (l/40)x3 MPC-hour 
- 0.1 MPC-hour, much more sensitive than the typical claims, often optimistic, 
for commercial alpha air monitors. (Remember that this presumes an effective 
sampling rate of 1 liter/sec.) However, there is still no doubt that the discrete 
character of particulate plutonium constitutes a significant limit on the ultimate 
sensitivity of any air monitor. For a specified postulated particle size, this 
limit becomes more stringent as the activity per unit mass increases. As a result, 

239 "reactor grade" plutonium, with a specific activity that exceeds that of " Pu, 
would have fewer particles corresponding to any given activity concentration 
than would 2 3 9Pu. On the other hand, activity in which is a prime component 
would more easily be monitored via mass spectrographic methods than would plu
tonium. 

Sampling considerations are also important for monitoring in media other than 
air. However, in such situations, it is not the physical technique that is critical, 
but rather the choice of sampling location and frequency - continuous samplers 
are not usually practical. Reference A includes a discussion of sampling techniques. 
In recent work an attempt is made, even in soil measurements, to use methods which 
are most sensitive to the biologically significant particle fraction. 

Substantial work (see, for example, ref. 45) is being done on the l:ioJogical and 
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4. CURRENT PRACTICE: MONITORING INSTRUMENTATION, PROGRAMS, .AND PROCEDURES 
Instruments or techniques, and the manner in which they are used, are chosen 

in light of the objectives of a particular monitoring program. Possible program 
objectives were discussed in Section 2.4, and specific techniques in Section 3. 
In this section, we will summarize the extent to which individual techniques 
have been applied and give examples of their implementation at both commercial 
and federal facilities. We will also discuss procedural and system aspects of 
implementation. Possibilities for improvement in current practice, including 
development of more effective techniques, are discussed in another section (1.2). 
4.1 Techniques: Availability, Cost, and Extent of Application 

For most of the techniques discussed in Section 3, a working system may be 
assembled from commercially available components. In some case, pre-assembled 
systems (referred to below as "integral" units) may be purchased on either a 
routine or special order basis. In the discussion of individual systems below, 
the major components are specified and the approximate costs, within about a 
factor of 2, are givan in 1976 dollars for systems purchased as components or, 
where available, as integral units; these costs are given to indicate the degree 
of financial commitment required. (The technical aspects of these systems, often 
illustrated by block diagrams, are discussed in Section 3. Photographs and 
references to many manufacturers are given in Ref. 1.) Finally, for each 
technique, a comment is made on the importance of that technique as measured by 
the extent to which it is actually applied in monitoring of nuclear facilities. 

The most basic categorization of instruments which may be used is source 
versus environmental monitoring, since both programmatic objectives and the 
instruments themselves may often be classed in this way. As in Section 3, we 
begin with air monitoring, first discussing techniques which are primarily 
intended for source monitoring and then leading into techniques for environ
mental monitoring. 
AIR MONITORING - based on filter collection and primarily for source monitoring 

A common feature of most of these systems is the equipment for collection 
of air samples - a comment on this equipment is given under gross alpha moni
toring. 
Gross alpha counting -

equipment requirements -
collection: pump for air filter always required - commercially 

available (cost - $300). Filter holder and sampling probe 
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form depend widely on application - cost may easily vary from 
a small portion to a major part of the cost of the entire 
system, including detection (i.e., from $50 to thousands of 
dollars). 

detection: scintillator-photomultiplier or semiconductor detector, 
amplifier, counter - all components commercially available 
with a total cost -~- $1000. 

integral units (with or without pump included) - $1500. 
Alpha counting is the most basic form of air monitoring and has, usually, 

no provision for discrimination against background. It is often used in source 
monitoring (and in occupational monitoring), where a measure of the gross alpha 
activity may be useful if operational conditions preclude overwhelming radon 
daughter backgrounds. A wide range of components, at relatively low cost, is 
available for gross alpha monitoring. Moreover, the results are unlikely to be 
affected by changes in adjustment of voltages, amplification, etc. As a result, 
this type of detection system requires a minimum of human attention. Units can 
be assembled into a small amount of space (1 cubic foot or less). 
Alpha spectroscopy - semiconductor detector with direct counting from the 

filter, 
equipment requirements -

collection: same as for gross alpha 
detection: semiconductor detector, amplifier, single channel analyzers, 

compensator (prescaler or the equivalent), counter - all com
ponents commercially available with total cost -$1500. 

integral units (with or without pump included) ~ $2000. 
Alpha spectroscopy is the most widely used method for source (and occupa-

cional) monitoring. With background subtraction techniques, it can discriminate 
substantially ag.iinst interfering activities. The components are generally 
available, and little attention is required to adjust the single channel analyzers. 
Acquisition of the data requires no operator intervention from collection to 
readout. The units can be assembled into volumes of about 1 cubic foot. 
Lifetime analysis -

equipment requirements -
collection: same as for gross alpha 
detection: scintillator or semiconductor detector, amplifier, counter, 

time control, and readout - all components can be purchased 
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commercia] ly, total cost •* $2000. 
integral units: not usually available. 

Components of simple versions of this system are similar to those of a 
gross alpha system, and a sophisticated system may be similar to a spectroscopic 
system. However, the lifetime analysis itself, in which the activity fractions 
with differing half-lives must be separated by some data analysis technique , 
requires either sophisticated operator action or the equivalent of an automated 
computer analysis (as discussed in section l).As a result, this technique is not 
often used and is not available in integral commercial units. 
Associated q-B measurements -

equipment requirements -
collection: same as for gross alpha 
detection: two detectors, amplifiers, coincidence unit, 

compensator (prescaler), counter - - $2000. 
integral units: not usually available. 

The associated g technique is not widely used. Performance is not superior 
to alpha spectroscopic systems, and the technique requires greater care in making 
the background subtraction because of a dual detector system. However, no data 
reduction is required; the result is sinply read out. 
Radiochemical analysis (air) -

equipment - similar to gross alpha or alpha spectroscopic techniques as 
above except that between the collection and detection the filter 
must be subjected to complex chemical, and sometimes electrochemical, 
preparation. Requires a chemical laboratory, the cost of which -
depending on its sophistication - will equal, and perhaps exceed, 
the cost of collection and detection systems. Detection system cost 
will probably be =•• $3000, assembled from component units. All analytical 
and detection equipment are commercially available. 

Radiochemical analysis, has personnel requirements an order of magnitude 
greater than the direct counting techniques described above, basically because 
the latter do not involve wet chemistry. Because of this personnel commitment, 
and indeed the time required to obtain a measurement from a single sample, radio
chemical analysis is only performed routinely at large installations or at central 
laboratories which serve the smaller facilities. Radiochemical analysis followed 
by alpha spectroscopy has greater inherent sensitivity than the direct counting 
techniques; but, because of the one to three days required for analysis, it is 
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most often used for long-term environmental sampling, or as a regular check on 
source monitoring by the direct counting methods. 
High-volume environmental or source sampling -

equipment - since this usually involves radiochemical analysis preceded by 
a high-volume field or stack sampler, the equipment and cost are 
changed only by the small incremental cost (which may add 201 to the 
full cost of the technique) of the sampler. 

High-volume sampling is usually used in suspect environmental areas, perhaps 
in the immediate surroundings of a nuclear facility, or in special source or 
environmental testing. 
General radiochemical analysis (followed by alpha spectroscopy) of soil water, 

and biological samples -
These techniques, as for radiochemical analysis (air) and high-volume air 

sampling, are used for sampling with high sensitivity, in this case principally 
of the general environment and areas surrounding facilities. Analysis is often 
performed at central laboratories. 
SURVEY TECHNIQUES -
FIDLER - integral units - principal availability on special order. Cost - $4000. 

Unit has been used primarily for survey of products of nuclear weapons 
programs, but has more general application. 
Ge(Li) Survey Instruments - all components (detector, amplifiers, multichannel 

analyzer, data analysis) commercially available - total cost ^ $10,000. 
Must be assembled by user or contractor. 
Not often used except at larger nuclear facilities, due to cost and 

personnel sophistication required. 
Phoswich - Detector and electronic components commercially available. 

Cost - $6000. 
Occupations personnel survey, not for release monitoring per se. 

INDUCED ACTIVITIES AND MASS SPECTROSCOPY -
Monitoring techniques based on any signature other than decay radiation re

quires more extensive or more sophisticated equipment than the methods described 
above. Since they are rarely used for routine monitoring of plutonium or uranium, 
we do not describe their cost and equipment requirements individually. The basic 
equipment for most of these techniques costs from $10,000 to $1.1,000 and - if a 
neutron generator must be included - these costs are usually considerably higher. 
As a result, most analysis of this kind would be on a service basis, performed at 
large laboratories. An obvious exception to this is direct inlet mass spectroscopy, 
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which is specifically designed for on-line measurement and readout, Of all these 
techniques, however, the direct inlet spectrometer is most clearly in the develop
ment stage. 
4.2 Release moiiitoring at commercial and federal nuclear facilities -

We briefly give some examples of current uranium and plutonium monitoring 
practice within a number of nuclear facilities, at their exhaust stacks, and in 
their immediate surroundings. This survey is not comprehensive, but only indica
tive of current practice. In many cases the monitoring method used is not specific 
to uranium and/or plutonium, but is applicable to other radionuclides; the method 
may in fact be designed specifically for other activities, which - in the partic
ular facility - may be emitted in more significant amounts than uranium or 
plutonium. 

The primary interest from the point of view of monitoring and control by 
public agencies, either at the state or federal level, is commercial nuclear power, 
as distinguished from research and/or weapons facilities. There is, however, some 
overlap between the two types of facility, since substantial portions of the nu
clear fuel cycle are federally operated and, in certain categories, such as 
chemical recovery (reprocessing), no privately-held facilities are currently 
operating. 
COMMERCIAL FACILITIES 
Fabrication plants - typically employ alpha monitors, both for uranium and 

plutonium, for occupational and source monitoring, and send environ
mental samples, such as soil or vegetation or high-volume air sa.tiples, 
to independent laboratories for analysis, 

lix.xon Nuclear Fuel Fabrication Plants (Richland, Washington) -
uranium and mixed oxide facilities - have continuous alpha monitors 

and separate filter holders, both using alpha spectroscopic 
methods. Both types of systems are used both for in-facility 
monitoring and at the stack. ' 

Kerr-McGee (Cimarron facility) -
uranium facility - separate filter holders both in-facility and at 

the stack, with counting in an alpha spectroscopic unit at a 
4 central location. 

mixed oxide facility - in addition to filter holders, has a continuous 
alpha monitor on the stack, using a (scintillator) alpha 

4 counting system. 
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Reactors - ordinarily use gross alpha (as well as beta and amma) monitoring on 
a continuous basis. Alpha monitors are likely to ie scintillation 
detectors. Primary effluents at such facilities are likely to be 
fission products rather than uranium or plutonium. Details of such 
systems can usually be found in the Safety Analysis Report for the 
facility. 

Reprocessing plants -
Allied-General Nuclear Services (Barnwell, SC) - the Separations Facility 

will continuously monitor gross alpha (using a scinti.Jator) and gross 
gamma. Other types of sample may be taken as needed fa. off-line 
analysis. ' 

FEDERAL FACILITIES 
Rocky Flats Plant (operated by Rockwell International) - this is a plutonium 

fabrication facility. Monitoring programs routinely use both con
tinuous alpha monitors and separate filter holders; the latter filters 
are subsequently monitored for gross alpha (using a scintillator) and 
for specific nuclides by radiochemical analysis followed by alpha 

e 
7 

spectroscopy. An extensive environmental monitoring program is 
conducted at the facility. 

Los Alamos Scientific Laboratory (operated by Univ. of Calif.) -
DP - West - a plutonium research and development facility 

Both in-facility and stack monitoring are performed with a 
system of separate filter holders, with off-line gross alpha counting, 
and with continuous air monitors, based on alpha spectroscopic 
techniques. (A new facility is being built that will use the same 
basic techniques.) 

Idaho Falls Chemical Processing Plant (operated by Allied CheinicaJ Corp.) -
For stack monitoring, uses scintillators, sensitive to gross alpha; 
however, the primary activities emitted are fission products. 

Routine environmental monitoring for the entire Idaho Falls 
test facility is performed by the Health Services Laboratory. 

Where no comment is made about a facility's environmental monitoring effort, 
no implication that such monitoring is omitted is intended. In fact, all of these 
facilities are required to perform and report on such monitoring, and these re
ports are often available in the open literature. 
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4.3 Procedural and system aspects of a monitoring program 
The most basic components of a monitoring system are the fundamental collec

tion and detection devices discussed in Section J. However, an equally important 
aspect of monitoring is the manner in which the system handles and responds to 
data derived from these devices. A raw count rate is rarely significant in itself. 
The data must be processed in some way to compare it with some relevant standard, 
after which some response may' be appropriate. 

In any monitoring application, we can identify three levels at which there may 
be a need to process or handle data prior to use of derived information for sub
sequent action. The first level is at the detection device, where it is usually 
necessary to correct count rates for interfering backgrounds in order to derive 
a result for the activity of interest. This correction may involve only a simple 
electronic weighting and subtraction or it may involve a computer analysis of 
greater sophistication (such as lifetime analysis). The next level of sophistication 
in processing is to compare the result for the activity of interest with the 
relevant standards. In some applications, this comparison occurs directly at the 
instrument, which may even include visual or aural alarms. In other circumstances, 
such comparison may occur at some readout and coiitrol location, or even at some 
regulatory agency to which measured concentrations or emissions are reported. 
Whether comparison occurs at the instrument or later, some provision must be made 
for a final level of processing, i.e., transfer of activity-level measurements to 
the readout-control point just mentioned. This provision may take the form of a 
person or of a remote data handling system. 

The distinction among levels of data handling just presented will vary de
pending on the particular monitoring technique employed and its intended appli
cation. Moreover, utilization of the information, once received, will vary. It 
may be used for routine reporting or, if it indicates an abnormality, may elicit a 
response such as inspection or shutdown of the facility in question or even -
in more extreme cases - in warnings to populations which may be affected. These 
broader features of a monitoring program, and the related process of setting 
standards, are beyond the scope of this work. However, the data processing and 
handling sequence described above directly affects the effectiveness of monitoring 
and is discussed in Section 1.2, where possibilities for improvement arc 
considered, 

A somewhat more subtle aspect of a monitoring system than the existence of 
the measurement instrumentation or of the data handling capability is the time response 
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of the system and of the related administrative machinery, timphasizing the former, 
a narrowly defined area that is well within the sec; e of this work, wc have -
in a number of instances in Section * - noted the approximate length of time an 
instrument takes to detect some concentration of an isotope of interest. Decreasing 
this time in "rder to hasten response to any irregularity is a primary objective 
of instrumentation development. Such decrease in time corresponds to an increase 
in sensitivity and may be accomplished by introduction of new measurement techniques 
or by improvements in the present techniques, either at the detectors themselves 
or in the data processing, particularly in treating the data to remove background. 

Improvement in sensitivity, in addition to decreasing the time taken to 
indicate emissions exceeding specified limits, results in the intrinsic ability to 
measure at lower levels. In many monitoring situations, the devices used give a 
reading of zero (within the measurement uncertainty) because of sensitivity limitu 
tions, even though the activities of interest are being emitted at some rate. 
Improving sensitivity lowers the concentration level at which the instnment gives 
a positive reading, and may even establish a nonzero baseline reading for normal 
operating conditions. This offers great advantages, since measurements can then 
give continuous information on emissions, rather than simply indicate emissions 
when the concentrations are abo e some lower limit. 

One of the most striking characteristics of ihe operating monitoring systems 
listed in Section 4.2 is their range of sensitivity and sophistication. It is clear 
that although standards exist for radionuclide concentrations, l'*tle guidance 
exists for measurement capabilities. The range of instrumental sophistication ex
hibited by the various facilities results from some obvious factors. Some of 
these are the degree of concern over the plutonium or uranium being handled, the 
extent to which measurement of these materials interferes with measurement of 
other - sometime more significant - emissions, and the availability of funds and 
personnel to implement and operate a monitoring system. These matters arc all 
affected by improvements in the sensitivity, availability, and cost of instnmentui
tion. The last matter, in particular, is an impetus to reduce the amount of 
personnel time required to operate a system. Finally, the general level of moni
toring capabilities could be improved, not only by changes in the instrumentation 
itself, but by central availability of information on possible instrumentation 
and overall monitoring systems. 



92-

RI-HKIiNLtK tor Section 4 
1. Survey of Instrumentation for linviromnental Monitoring, Uiwrcmc Berkeley 

Laboratory Report I.Bl-1, Vol. 3: Radiation. Oct. 1975. 
2. In format ion on monitoring at these fac i l i t i '* is available in the license 

application and supporting Materials, Docket » 70-1257, Uxxon Nuclear Fuel 
Fabrication Plants. 

3. for generic information on these methods, see Section 3 o( this report; for 
specific manufacturers, see Ref. 1. 

4. Both of these fac i l i t i es hail discontinued operations by the beginning of 
1976. Sec Ref. 3. 

5. Final safety Analysis Report for the Allied-General Nuclear Services 
Separations Facility. 

6. K. J. Freiberg and C. G. Ifciynes, "Ismission Monitoring Systems for 
Plutonium Facilities," Rocky Flats Report RFP-2218. 

7. Sec, for example, P. Krey cx_ aj., "Plutonium and Americium Contamination in 
Rocky Flats Soil, 1973", Health and Safety laboratory Report HASL-30-1, 
March 1976. 

8. W. J. MaraKin, K. D. McNecsc, and R. G. Stafford, "Confinement Facilities (or 
Handling Plutonium," Health Physics 29, 469 (1975). and R. G. Stafford, 
private coaiunication. 

9. M. Aravc private communication. 

10. See, for example, {iivironmental Monitoring at Major USF.RDA Contractor Sites," 
USI3UW Report KRHA-S4 (1974), August, I97S. 



-93-

GLOSSARY 
(Although many of these terms have wider applicability than the present context, 
they arc defined here in terms appropriate to this report.) 
activity - see radioactivity; may be used loosely in referring to particular 

radioactive nuclide(s). 
alpha emitter - a radioactive nuclide which decays by emission oi «n alpha particle. 
alpha particle - the type of particle emitted from nuclei which is actually 

identical to the nucleus of a helium 4 atom; it consists of two neutrons 
and two protons. 

ambient level - the actual concentration at some particular time of a substance of 
interest in a specified medium. 

background level - the ambient level in the absence of introduction of some 
change. One example is the average human radiation exposure (in, say, 
rem per year) in the absence of any increase caused by nuclear power. This 
exposure serves as "background" to the exposure after the introduction of 
nuclear power. As another example, an instrumental background is the portion 
of a Measurement result tint is not due to the radionuclide^! of interest. 
This background may arise cither from other radionuclides or from instru
mental noise. 

baseline - refers to a level with which various results will be compared; in 
monitoring for radionuclides, thelwselinc level for a given nuclide is 
often the normal concentration in which that nuclide would be found -
a monitoring program could then look for changes in the concentration. 

beta particle - an electron or positron (a positively-charged electron) emitted 
from a nucleus. 

body burden - the amount of radioactivity, usually of a specific radionuclide 
contained within a human's body. 

collection - the process of assembling a sample. 
concentration or level - the amount of radioactivity per unit mass or volume. 
counting statistics - refers to the statistical significance implied directly by 

the nunber of counts accumulated in a measurement; as an example, in a mea
surement where typically N events are observed and the individual events 
occur on some random basis (such as docs the decay of any specified radio
active nucleus), the intrinsic uncertainty in that number of counts is the 
square root of N. (That is, even if the same sample is being measured under 
the same conditions, the result is expected to vary from N by approximately 
JR.) Therefore, in this measurement, the fractional uncertainty contributed 
by counting statistics is »fJ/N or 1/VtM. 

Curie - an amount of radioactivity that yields 3.7*10 disintegrations per second 
daughter - a nuclide produced as a result of decay of a radioactive nuclide (the 

"parent"); may refer to any of the subsequent generations from a specified 
parent. 
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dose - sec exposure 

electrode-position - process wherein- a current is passed through an ion-bearing 
solution and material of interest is deposited from the solution onto one 
of the electrodes. 

electron volt (eV) - the amount of energy gained by a particle with one elect runic 
chprge when it is accelerated through an electrical potential of one volt; 
1 eV = I.6»l(>-'!) joules. 1 keV = 10(10 cV; I MeV = 1IMMI keV = H) ( > eV. 

excitation - the process of changing the state of a system from a low energy 
state (usually the "ground" or lowest energy state) to a higher energy 
state; "atomic" excitation consists of an alteration of the electronic 
structure, and nuclear excitation implies alteration of the internal 
structure of the nucleus. 

exposure or absorbed dose - the amount of radiation received by an organism 
or material, usually given in terms of a unit based on energy deposited 
per unit mass (see rad, rem). 

fast neutrons - neutrons having energy much greater than thermal energy. 
In the context of reactors, fast neutrons are those having energy com
parable to their energy on emerging from fission events (i.e., on the 
average 1 MeV.) 

fertile nuclei - nuclei which can be converted to fissile nuclei by absorption 
of neutrons, followed by radioactive decay; examples are 238(j ; l n ti 2.i2-|i,, 

fissile nuclei - nuclei which_can be induced to fission by slow or "thermal" 
neutron; examples are 235rj a, ) cj 2?9|'u. 

fissionable nuclei - nuclei which can be induced to fission by neutrons of 
some (not necessarily thermal) energy; includes both fissile and fertile 
nuclei. 

fission products - the major fragment resulting from fission; they are actually 
medium-weight nuclei such as >"Cs and 9»Sr. 

fuel cycle - the various operations (or facilities) for production, reprocessing, 
and disposal of fuel. 

fuel element or assembly - the basic fuel nodule for insertion into a reactor. 
For most commercial reactors, an assembly consists of a bundle of long 
fuel rods, each of which is filled with a stack of cylindrical uranium 
dioxide pellets. 

gamma radiation - electromagnetic radiation emitted from a nucleus. 

half-life - the tir~ during which half of the nuclei in a sample of a particular 
nuclide will decay spontaneously. 
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ion - a basic atomic or molecular unit with a net non-zero charge, so that it is 
not electrically neutral; consists of an atom or combination of atoms 
with an excess or deficit of electrons, relative to the electrically 
neutral object. 

ionization - the process of creating pairs of oppositely charged ions: often 
refers specifically to removal of electrons from an atom or molecule. 

ion pair - two oppositely charged ions, usually formed from the same neutral 
atom, molecule, or other medium [such as a semiconductor material); may 
refer to an ion and an electron or to a particle and a hole (as in a 
semiconductor), in addition to two actual ions. 

isotope - one of the (several) specific types of a given element. The element 
is specified by proton number; a particular isotope of that element is 
then specified by the mass (or neutron) number. 

microprocessor - a device, based on one or a few large-scale integrated-circuit 
semiconductor chips, which performs all the logical and control functions 
of a computer's central processing unit, including the basic arithmetic 
and word-handling functions. 

mixed oxide - refers to nuclear fuel consisting of a mixture of uraniim and 
plutonium dioxides. 

noise, instrumental - spurious signals produced as a result of random, or at 
least uncontrolled, fluctuations in the instrument itself; such "noise" 
may constitute a background to the signals of interest. 

nuclide - a particular nuclear type, specified by proton number and neutron 
number (the sum of which is the mass number, A). 

particulate - referring to particle. 

rad - the unit of exposure or absorbed dose, given as energy absorbed per mass 
of living tissue; 1 rad = 100 ergs/gram (or O.fll joules/kg). 

radiation - a generic term for the various emissions resulting from nuclear, 
atomic, or molecular processes; in the context of this report, it refers 
principally to the alpha, beta, gamma, and x-radiation emitted from atoms 
and nuclei. 

radioactivity - the capability of certain nuclides to decay ("disintegrate") 
spontaneously to other nuclides, giving up energy and some specific type(s) 
of radiation in the process; the disintegration rate of a radioactive 
sample is measured in Curies. 

range - the "average" distance (often defined via some precise arithmetic algorithm) 
traveled through some specified material by radiation of a specific type 
and energy. The range may lie given by a linear distance (for example, in 
centimeters) or by a mass thickness (in grams/cm^, for example). 
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readout - the process of exhibiting the result of a measurement: this may involve 
printing the result, displaying it on an electronic module Isuch as a digital 
display or meter), plotting it on graph paper, etc. 

release - in the contest of this report, any entry of radionuclides from a fuel 
cycle facility into the general environment; applies to both routine and 
accidental emissions. 

rem - an exposure unit which, for radiation ol a specified type and energy, is pro
portional to a rad, but which takes into account the relative biological 
effectiveness of the radiation; the dose equivalent I in reins) = dose I in rad) 
x quality factor, which factor equals 1 for x-radiation and electrons, hut 
which is larger for heavier particles. 

resolution - the quantified ability of an instrument to distinguish differences 
in the parameter measured; energy resolution may, foi example, be given 
in kcV and refer to the instrumental))- contributed energy width of a peak 
resulting from a radioactive source emitting radiation of a well-defined 
energy; time resolution, measured, for example, in nanoseconds, gives the 
intrinsic instrumental ly contributed time width in a lime las opjxised to 
energy) spectrum. 

sampling - refers either to the process ol taking :.\n individual sample for mea
surement or to a systematic program of taking such samples to attain some 
monitoring objective. A sample itself may be collected on a filter, as is 
often the case in air sampling, or may be taken directly from the medium to 
be sampled, as in a solid or water sample. 

solubility - the ease with which a material may be brought into solution. 

specific activity - amount of radioactivity per unit mass for a particular nuclide 
or sample. Measured in Curies per gram or similar units. 

spectroscopy - measurement of the specific value of some parameter (usually the 
energy, but may also refer to other parameters, such as time). The result 
may be given as a "spectrum". 

spectrum - a measurement readout in which the parameter measured is displayed in 
effectively continuous fashion, l-'or example, if an energy range is divided 
into small intervals, the "spectrum" resulting from some measurement would 
specify the number of events (such as measured nuclear particles) in each 
energy interval. Analogously, a time or frequency spectrum may result from 
other types of measurement. 

tailings - the remnant from any material processing, especially one in which a 
substance of particular interest is extracted from a larger amount of 
material, thereby leaving a 1 ess v.iIuab1e remnant behind. In the nuclear fuel 
cycle, the term is applied to the ore tailings pile at a uraniim mill and 
to the HSu-depleted uranium stream at an enrichment plant. 

thermal reactors - reactors which take advantage of increased fission cross sections 
at low neutron energies by rapidly moderating neutrons to iow energy through 
collisions with low-atomic-weight materials. 
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t hernial or slow neutrons - neutrons which have reached Ihcniial ecaii 1 ibriimi wi th 
t he i r surroundings, so that thev .ire at the same temperature and have the 
same average energy us the molecules ol the material containing the neutrons, 
' l l l is themial energy i s , for typ ica l reactor temperatures, approximate!v 
ID'S times the average energy of neutrons a---, rhcy are released from f i s s i on . 

thickness, mass - the thickness of material given in terms of mass per uni t area 
( e . g . , grams/cm-). I'or material of density linass per unit volume), r the 
mass thickness u is related to the l inear thickness t by the r e l a t i o n , 
:i = ;> t . 

thoron - the h i s t o r i ca l name for Ha. 

uptake - the process whereby a l i v i ng organism ingests or absorbs a radinact i ye 
substance. 

x - rad ia t ion - electromagnetic radiat ion emitted in the course of a change in the 
e lect ronic las opposed to nuclear) s t ructure of .in atom; often follows a 
change in the nuclear s t ruc ture . 
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Appendix A. - A Selection of Standard ami Guides -

As discussed in section 2,3, standards of several fy|>cs are applicable to 
radiation and radionuclides in general and to uranium and plutuniun in particular. 
Direct responsibility for licensing of nuclear facilities lies with the Nuclear 
Regulatory Commission (NRG), which functions in conformity with title 111 of the 
Code of Federal Regulations (lOCHl)- In licensing proceedings, the NRG enforces 
an "as low as is reasonably achievable" limit on individual facilities, The NRG 
publishes a series of Regulatory Guides to give guidance to applicants foe licenses 
on how the requirements of 10 CFR may lie satisfied. 

In addition to the general "as low as is reasonably achievable" standard, 
there are several more specific standards and guides promulgated by several 
committees and agencies: 

Table A-l selected from NCR]' Report »3i>, gives generally applicable ex 
posurc limits, consistent with those recommended by the IO.il' (see Section J.3). 

Table A-i. !tose-Iimiling recommendations 

Maximum Permissible Dose Equivalent for 
Occupational Exposure 

Combined whole body occupational ex
posure 

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 Occasion

ally Exposed Individuals 
Individual or Occasional — 
Students 
Population Dose Limits; averaged over a 

suitable sairple of the general public 
Genetic 
Somat ic 
Bnerecncy Dose Limits—iife Saving 
Individual (older than 45 years if 
possible) 

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

5 rems in any one year 
HI-15 reins in any one year 
(N 18) x 5 rems 
15 rems in any one year 
7S rems in any one year (25/qtr) 
3D rems in any one year (10/qtr) 
15 rems in any one year (5/qtr) 
I).5 rem in gestation period 

0.5 rem i n any one year 
0.1 rem in any one year 

0.17 rem average per year 
0.17 rem average per year 

100 rems 
200 rems, additional (300 rems, total) 

25 rems 
UIO rems, total 

http://IO.il'


An addition t<i 40 CI'R has -een proposed 'iy 
the l-nvironmental I'rotection Agency ami is pres
ently under cons i do rat ion.. 'Itiis addition would 
impose limitations on dose equivalent from 
facilities for the uranium fuel cycle and on 
emissions of specific radionuclides, such as 
tin- transuranics (including plutonium- -'3't). Hie 
proposed Part 191) is reproduced here as pub
lished in the Federal Kc-jjistcr (p.2M2t ff. 
Way 29. 1975). 

M R ! 190—ENVIRONMENTAL RADIATION 
PROTECTION STANDARDS FOR NU
CLEAR POWER OPERATIONS 
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1870. 

Subpart A—General Provisions 
g JWMH A t> t.li.<.l..Uiv 

T h e piovt.sli'iis ol Hits pan . apply to 
rad ia t ion dose* received by niernbei.-. uf 
tiie public in tin.- genera l r i u i r n n m m l 
und to inil i i /ari ivc ma te r i a l s In t roduced 
i n to t h e ceiwi;i l e n v i r o n m e n t us the re
su l t of (ijiei-atiniis which a r c p :u t of it 
nuc lea r iuel c y c l e 
g \')0.W2 l».t,/i.ii.Mi.. 

«u> "Nuclear furl cycle" m e a n s the 
ope ra t i ons deli tied to be associa ted wi th 
t h e p roduc t ion of e lectr ical power for 
public use by any fuel cycle t h r o u g h 
ut i l izat ion or nuc lea r energy . 

<!>> " U r a n i u m iuel cycle" m e a n s all 
facilities conc lud ing t h e ope ra t i ons of 
mil l inc of u r a n i u m 01''-*. c h e i n r a l con
version of u r a n i u m . Isotonic e n : ' i h m e n t 
of u i a n i u m . fabr icat ion of u r a n i u m fuel, 
gene ra t ion of electr ici ty by : . l i u h t - w a t c r -
cooled nuc lea r power p l a n t us lnc u r a 
n i u m fuel, reprocess ing of s p e n t u r a n i u m 
fuel, a n d t r a n s p o r t a t i o n of any r ad io 
act ive m a t e r i a l in s u p p o r t of these ope r 
a t ions , to t h e e x t e n t t h a t these Mipport, 
commerc ia l electr ical power product ion 
utilizing nuc lea r energy , bu t exrludc.s 
milliner opera t ions a n d t h e reuse of r e 
covered n o n - u r a n i u m fissile producUs of 
t h e cycle. 

*ci " G e n e r a l e n v i r o n m e n t " m e a n s the 
to ta l t e r res t r ia l , a tmosphe r i c a n d aqua t ic 
e n v i r o n m e n t s ouUudc si tes upon which 
any opera t ion which is p a r t o l a nuc lea r 
fuel cycle is conduc ted . 

<d) " S i t e " m e a n s a n y location, c o n 
ta ined within a b o u n d n t y aeinsw which 
ingress or eRie.ss of members of t h e gen
era l public Is cont ro l led by t h e person 
conduc t ing act iv i t ies the re in , on which Is 
conducted one or m o r e ope ra t ions 
covered by th i s pa r t . 

U" • Hat i ia l ton" m e a n s any 01 all of 
Uic IOIIUWIIIK: iiijjJin. beta , nummit . o r 
x r;»>h. ii ' i i t iuii;- . ami hlKh-eneiKy elec
t ion*, piiitu:)*., or u th^r a tomic p a i i u h . s . 
bu t nu t s.miid or radio waves, nor visible, 
Infi-ip-d -ir iilliAVlulelllKUt. 

11 > ' K iMio.ulr. e inali Ha l" ll u a i is in if 
m.il< :l.<i widen I'liilt- i . idiutlon 

• i " " tJuti i ium mi ' " is a n y m e wnl rh 
lout. i iu- i .ni ' - twri i t t r i l i of o u r p e r r e n t 
Kl Hi p c i t n i i i oi mote ul u i a n i u m by 
lu-urht 

<ti< ••f 'uiir" <<(• m e a n s t h f t ryiianlfH 
ol i.idi...n i n r r a a t r n a l pi'uluc-IIIK 37 
biJliun nuc lear tr.uii-Ii): iiiaUoii'. per sec
ond if>ne n i l l l i nn i c <mCi' 0001 O " 

i i ' "IJiisr c( | in\n)ei i t" m e a n - I he prod
uct nf i i b ' o ib t ' l (!.!-.• a n d upprnpt late 
l.n t..i.s lo account l. : ilitfciciic-r^ in bm-
locna t effectiveni- ' , due to l l lr mial l iy 
nl n u i l a u w i and its spa t ia l c i i ' lnbul Ion 
in U. i -bmh The mot of dose c-c|iiiv;il«-:it 
i'. t i . i ' "r i 'm " i One m i l l u c m i in rem > 

0 HOI t e m » 
• i • ' O I L ; . H I " int ' .iii . .my liuisi.in uri ' im 

CM I n . h e t-f the cicnnis. Hie epidermis . 
or t t iecoini ' i i 

>k< "OiK.iw:itl->e;ir"* r e l t i s lo Hie 
iiu.tiititv ol elcct i lcat enerjry produced a t 
the bti 'bi ir ol a c i i i c r . i l i nc s la l inn A 
r i c a w a l l Is equal '.o one billion wat t s . 
A i!u:awaM-yr»r is euuiva len t to the 
aiiiiiinit of etirre.v ou tpu t represen ted l>y 
:m average e lc r l r i ' ' power level of o n e 
i p r a w a t l '•ii'.la)ti> il i o r n n c y c a r 

<\> "Member nf the pub l ic" i"":nis 
atiy Individual that can receive a r a d i a 
tion dose in t h e c r u c i a l e n v i r o n m e n t , 
ttliether he may oi may not nlso be 
exposed to r a d i a u o n in a n orciipatir.ii 
:'.-M'iiaU'd with a nuc lea r tuel cyelr, 
Ho tuvc r . iin iml.viiltr.il i* n<it ciniMdeied 
.» member oi Hie public Hut ini: a n y period 
in winch he Is etii*:ir.cil in c a n y i i i i ' ou t 
a n j opera t ion which is p a i l of a n u c l e a r 
fuel cycle 

"111> "Rei 'ulat i . ry ncenc.v" m e a n s t h e 
i-iiveiniiieiii. acency jesiKin:;ibIe for issu-
inc re«ula l ions cuvrrnlnf! tlie use of 
sources of rndlnt ion or r ad ioa r t l ve m a t e 
rials or emissions theref rom a n d e a r r y i n c 
out inspection and enforce inent act iv i t ies 
to a ssure e o m p h a n c c Willi sue!: r cgu la -
lluns 

Subpart B—Enviroumr inl.)1 Standards tor 
Hie Uranium Fuel Cycle 

:: i'lP.MI Si,,,,,!.,:,)- f „ r . . omvd , „ . 

t-.O T h e anniiiil d i r e efiuivalent shal l 
not exceed 2.1 milli ieiiis lo t h e wlmli" 
.jody. "35 iml l l rcms Iti the thyro id , a n d 2b 
.ulUiieuis to any e ' h e r orr.im of any 
m e m b e r of the public as t h e result of 
exposure hi p l anned d i scharges of n id io -
jiel 've ma te r i a l s , l a d o n a n d '•* dai iKhlers 
ex tpp t ed . lo t h e cene ra l e n v i r o n m e n t 
from ui 'aidiim fuel cycle ope ra t ions a n d 
rad ia t ion from these opera t ions . 

<!>> T h e to ta l n i iani l ty or radio- . t t lvL 
ma te r i a l s r u t e r t m : the t ienernl env i ron -
n i r n t from the e u t n e i i ianl i im fuel cycle, 
per Biuawat t -ycar or e lectr ical energy 
produced by t h e fuel cycle, sha l l c o n t a i n 
less t h a n 50,000 curios of k ryu ton -85 , 5 

http://Sutip.it
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mllhrurics al Iodine-1-P. and 0.5 milll-
curies combined of. plut'iiilum-239 and 
other alpha-emitting traiiMtranlc radio
nuclides with half-lifes e'eater than one 
year. 
g 190-11 Variance fur unusual 0|K*r«-

tious. 
The standards specified In % 190.10 

may be exceeded if: 

<a) Tlie regulatory acriu-y has Kt-.intrd 
a variance bused ui>on Its dr termination 
that a temporary and unusual oi'ecitinr: 
condition exists and rcnttnucd opi-i.ilion 
is necessary to protect the overall .societal 
interest with respect to the orderly de
livery of electrical power, and 

lb) Information delineating the na
ture and basis of the variance is made 
a matter of public record. 

g IW.I3 Kfta-iiw- <l»i>. 
"a' The standards m this Subpai! ex

cepting thuse fur krypton-US and ir.d.nr-
129. shall be ellecthc 24 months fwin ihe 
promulgation date r f this rule. 

ibi The standards for Krypton-Sfi and 
iodine-129 shall be effective January t. 
1983. 

IFR Doc 75 14017 rued 5-2B-7ii:8:45 am J 

Finally, in Table A-2, we give an example of specified maximum permissible 
concentrations (MFC) for individual radionuclides, '["he table is taken from the 
National Bureau of Standards NBS Handbook "69. (Even more specific limits, i.e. 
on each of isotope of these elements, are given in 10 CFR Part 20. The NBS 
table further indicates how specified MPC's are associated with doses to 
individual organs.) 
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Table A-2. Excerpted fro-:: National Bureau of Standards NBS Handbook #69 

Maximum permtmiUt body burden! and maximum permiuibU concenlrolton. of radionuclide! in air ana m 
water for occupational expoture 

Radionuclide and type of 
decay 

,H"(HTOorHiO)(0-> ( S o ] ) 

(HJ) (Immersion) 

,C"<CO,)«-> 
(Sol) 

(Immersion) 

Organ of reference 
(critical organ in 

boldface) 

isP" («") 

J . C B " («• ) 

?tCr" (., -,) 

, i C o « («" , -y) 

S O Z I I « ( S \ 

(Sol) 

(Instill 

(Sill) 

(Instil) 

„As" <»)-. y) 

(Insol) 

(Sol) 

(!nsol) 

(Sol) 

(Ilisol) 

/Body Tissue. 
\Total Ilody. -

Skin.. 

1GI (LLI) 
Tolal Body. 
Kidney 
Liver 

IG1 (LLI) . 
iLll l lR. . 

Maximum 
permissible 
burden in 
total body 

«(«c) 

10" 
2 X 1 0 > 

(Fal . . . 
jTotal Body. 
I Bone. . 
Total tlody 

{Bone . 
Tolal Etitly. 
GI (LLD.. . 
Liver 
Brain. . 
Lung . 
GI (LLI) . 

Bone 
Total Butlv 

.(',[ (LLI).'.. 
/Lung . . 
1(71 (LLI) . 

/GI (LLI) 
Tolal Body. 

Jl.llllR 
j P r o s l a t e 

Thvro i t l . 
IKitWv 
(Lung 
\GI (LLI) 

(CI (LLI) 
Total Body 

I Pancreas _. 
I Liver 
Spleen.. . 

[Kidney. . 
ILung. 
(Gl (LLI) 

Tolal Body. 
Prostate 
Liter . . 
Kidney 
GI (LI.I) . 
Pancreas. .. 
Muscle. . 
Ovarv . . 
Testis.. 
Bone... . 
Lung . 

I d (LLI) .. 

300 
400 
400 

50 
aoo 

30 
200 

MX) 
10" 
2 X 1 0 " 
4 X 10" 
8 X 10" 

10 
70 
90 
200 
200 

200 
200 
300 
400 
700 

Maximum permissible concentrations 

For 40 hour week 

(MFC), 
nc/cc 

0.1 
0.2 

0.02 
0.03 
0.04 

5 X 1 0 ' 
ax io-" 
3 X 1 0 - ' 
5 X 1 0 ' 
0 .02 

7 x 1 0 t 

3 x 1 0 t 
2 x 1 0 " 
0.01 

0.05 
O.fi 

io-» 
4 X 1 0 - ' 
0 . 0 2 
0 . 0 3 
0 . 0 5 
0 . 0 7 

1 0 ' 

3 X 1 0 - " 
4 X 1 0 - " 
4 X 1 0 - ' 
6 X 1 0 - " 
6 X 1 0 - ' 
7 X 1 0 - ' 
0.01 
0.01 
0.02 
0.04 

5 X 1 0 ' 

6 X 1 0 - 1 

0.4 
0.0 
1 
6 X 1 0 - ' 

( M F C ) , 
nc/ec 

5 X 1 0 - ' 
SX10" 1 

4 X I 0 - ' 
5X10- ' 
6X10- ' 
5X10-" 

7x10-" 
4X 10-' 
BX 10-' 
l i X l O ' 
3X10 • 
8X10 " 
10 ' 

3 X I 0 - " 
3 X 1 0 ' 
3 X 1 0 - * 
10 ' 
0 X 1 0 • ' 

1 0 ' 
10 ' 
2 X 1 0 - ' 
3 X 1 0 - ' 
B X I 0 - ' 
! 0 - ' 
7 X 1 0 - " 
S * 10-" 

3 X ! 0 - ' 
4 X 1 0 - ' 
2 X 1 0 - » 
10-« 
4 X 1 0 - ' 
nxio-" 
9 X 1 0 " 
2 X 1 0 - ' 

1 0 - ' 
1 0 - ' 
1 0 - ' 
2 X 1 0 - ' 
10"' 
3 X 1 0 - ' 
4 X I 0 - ' 
5 X I 0 - ' 
OX 10 ' 
1 0 " 
6X 10 " 
OX 10-' 

10- ' 
5X10-« 
8X10-" 
1 0 ' 
10-' 
0XI0- ' 

For 108 hour week** 

( M P C ) . (Mi>0„ 
MC/CC ilC/CC 

0.03 2 X 1 0 • 
0.05 3 X 1 0 • 

4 X 1 0 - ' 

S X 1 0 - ' 10 - ' 
0.01 2 X 1 0 - " 
0.01 2 X 1 0 - ' 

10 - ' 

i X I O - ' 2 X 1 0 " 
:»X 10 ' 10 ' 
'.)x io * 2 X 1 0 ' 
•IX 10 ' 2 X 1 0 ' 
» x 10 ' 10 " 

3 X 1 0 " 
2 • 10 ' 4 X 10 " 

9> ia > 10 • 
7 x 10 t '.IX 10 " 
•1X10 ' 10 • 

4 X 1 0 • 
2 X 1 0 ' 3 X K 1 - ' 

0.02 4 X 10- • 
0 2 4 X 1 S - " 
0.4 Hy 10 « 
0.5 10 ' 
1 2 X 1 0 » 
2 4 X 1 0 ' 

8 X 1 0 ' 
0.02 3 X 1 0 - " 

5 X 1 0 - ' 10 ' 
1 0 ' 
7X10-' 
9X10- ' 
0 02 
0. 03 

3 X 10- ' 

10 ' 
1 0 - ' 
10 • 
2 X 1 0 - ' 
2 X 1 0 - ' 
3 X 1 0 • 
4 X 1 0 " 
4 X 10 ' 
OX 10 ' 
0.01 

2 X 1 0 > 

2 X 1 0 - ' 
0 1 
0.2 
0 4 
2 X 1 0 ' 

"I"1)1' ohbrcvlatlona OI, S, SI, UL1, and LLI refer lo Kostrolnlrstlnul tract, stomach, small Intestines, ulipflr lorio lntt*stlito. unit lower Ionic liilesllni-. 
"•It will he noted thii the MPC values for the Iftt-haur week arc nut always precisely tho sanie multiples u' Ilia MI'C fortliotn-tiourwnok. E'urlolllilsts 

roused hy rounding otT the calculated values to ono digit, but In Nome Instances It la duo to technical differences discussed In the 10R P report, Htirnusc. or 
tlieunrrrtaliitici iiresent in much ol the biological dalii and because of individual variations, the dllTeieoi-ot alt) not considered slKiilflcaiit. The M I'C valine 

. ojniour week are to be considered as basic for occupational oxiiosuro, and tlw vuiues for the Iftt-lmur week are basic for continuous ositosuni us In the 
fuse itl HM population at lanm. . -. 

file:///Total
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Table A-2. (Continued) Excerpted from National Bureau of Standards NBS Handbook #69 

Maximum permissible body burden* and maximum permissible concentration* of mtlimtuctides m air and in 
water for occu national rxpasure—Contimirrt 

l l i t r i iunuclide «;id t y p e of 
decay 

,,Sr» (S-) 
(Sol) 

(IllSOl) 

„ S F « (IS") 
(So!) 

(Insol) 

„ Z r " {S~, y, !•") 

,,NI>« ( 0 - . y) 

(li isol) 

(Iiisol) 

„Ku">" ( r , y) 
(Sol) 

(Insol) 

a I ' » (0-,»,e-) 
(Sol) 

(Insol) 

i » o i * ( r , T, e-) 

«Ce»-' (o, j5f-, -y) 

. •Pm» '<a p 8~) 

M a x i m u m pomin-i ibJc concert Lm I wit* 
Miix imuin . . . . 

permiss ib le I 
b u r d e n in For 40 hour week 
t o till body 

*ll '/Cl' 

For 108 hour week** 

( M i n , 

3X10 " 10< 
3 X 1 0 ' 4X10 ' 
2 X 1 0 ' 7X10-' 
4 X 1 0 " 
10 i 3X10 • 

3X10 " 10-• 
9X10 " 4X10-« 
3X10 ' 5X10 • 
sx io-» 2X10 ' 4X10 < 

4X 10 ' 6X10 ' 
10 i 1 
2X 10 ' 2 
2X 10 ' t 

3 X I 0 - ' 2 
3X10 ' 2 
3X10 " 
3 x 10 i SX10 < 

fix 10 ' 10 ' 
5X10 ; 4 
7X10 ' r> 8X 10 ' ii 
»X 10 ' 7 
10 " 7 
10 ' 
5X10 ' 10 ! 

8 X 1 0 1 io-< 
10 ' 1 X 10-> 
5X10-' 0.01 
7X10 ' 0.02 
6X10-' 
6X10-" 1 0 ' 

9X10- ' 2X 10-» 
8X10;' 2X10 • 
7XI0-" 0.01 
3X 10-' 8X10-' 
3X10- ' 

6X10-' 2X10-' 
8X10-« 2X10-' 
9X10-' 2X10-' 
10-' 2X10-' 
2X10-' SX10-' 
2X10-' SX10-' 
ex io-' 2X10-' 
5X10-" 8X 10-' 
10-i 
2X10-' 4XI0- ' 

sxio-' io-« 
10-" 0.08 
io-» 0.1 
2X10-" 0.2 
3X10-' 0.3 
6XJ0-' 
6X10-" 10-' 

10-« 2X10-> 
6X10-' 0.5 
2XI0- ' 2 
3X10"' 2 
4XI0- ' 3 
10-' 
10 « 2X10-> 
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Table A-2. (Continued) Excerpted from National Bureau of Standards NBS Handbook #69 

Maximum permissible body burden* and maximum permissible concentrations for radionuclide* in air and in 
water for occupational exposure—Continued 

Itndionurlide HIKI type of 
decay 

, j T a ' » ( « - , ?> 

: : Ir" ! iS-, 11 

„ A u » («-, T) 

.,Ru-'"t(o. a. -,) 

„RV™ (O, S-, T) 

«l ' '» <a, p", Tl 

„U»" (<*, -,, ir) 

HI'U'" (a, >) 

(Sol) 

(IllSOl) 

(Sol) 

(Insol) 

(Sol) 

clnsnl; 

I So] I 

'Insull 

(Sol) 

(Insol) 

IS..I) 

(I twill 

Organ of reference 
(critical organ in 

boldface) 

(01 (LLI). 
! Liver 
/Kidney 
) Total Iludv 

Spleen ' 
iBone 
/Lung. . . . 
IGI (LLI) 

Ul I'wLli. . 
Kidney 
Spleen. 
Liver.. . . 
Total Body 
Lung 
Gl I LLI) . 

GI (LLI)-. . 
Kidnev 
Total Body 
Spleen 
.Liver 

fGI (LLI).- . . 
I Lung 

Lung.. 

[Bone. . 
Total Bodv. 

I d (LLI)' . . 
/Lung . . 
\GI I LLI i 

[Gl (LLI) 
Kidney 
Bone.. .. 
Total Body 

fLung 
GI I LLI) 

IGI (LLI)____ 
Kidney... 
Bone. .. 

I'l'otal Body. 
fLung.. 
(Gl (LLI) 

'Bone 
Liver 
Kidney 

, ( i l (1.1.1) 
U'otal IIo.lv 
Lung 
Gl (I.LI) 

Maximum 
permissible 
burden in 
Uttal body 

?(cc) 

0 1 
0.2 

0.03 
0.06 
0.4 

5X10"' 
0.06 
0.5 

0.01 
0.4 
O.Ii 

Maximum permissible concentrations 

For 40 hour week 

(MI'C). 
fiC/CC 

10-' 
0.9 
2 
2 
4 
6 

10-' 

10- 3 

4 X I 0 - ' 
4 X 1 0 - ' 
5 X 1 0 - 1 

0.01 

I O - 3 

2X10- 3 

0.07 
0.1 
0.2 
0.3 
io - 3 

4X10- ' 
6X10- ' 
10-" 

8X10 
0.01 
0.01 
0.04 

10-' 
2XI0" 1 

0.01 
0.04 

i6:-' 

10 ' 
r>xio • 
7X10-' 
8X10 < 
10 ' 
8X10 • 

(MFC). 
/iC/CC 

3X 10-' 
4X10- ' 
SX 10-» 
9X10-" 
10-' 
3X10- ' 
2XI0-" 
2 X I 0 - ' 

3X10 •' 
10 •' 
!0 ' 
2X10- ' 
1X10- ' 
3X10 » 
2X 10-' 

3:cio-' 
3X10-" 
4X10-« 
8 X I 0 - ' 
10> 
2X10- ' 
6X10- ' 

3 X 1 0 " 
5X10-" 
3 X I 0 - ' 
ftx 10-" 
2X10- ' 

2X10- ' 
5X10-'° 
6X 10-"> 
2X 10-« 
lO-io 
10-' 

2X10- ' 
7X10-" 
6X10-'" 
2X10"» 
lO-io 
2X10- ' 

2X10-1' 
7X10 i' 
9 X 1 0 " 
2X10- ' 
! 0 - i i 
4 X 1 0 " 
2X10- ' 

For 168 hour week" 

(MFC). 
UCICC 

4X10 -
0.3 
0.7 
0.7 
1 
2 

4 X I 0 - ' 

4X10- ' 
!0 - 3 

IO- 3 

2 X 1 0 - 3 

4 X 1 0 - 3 

4X10 -• 

5XI0-* 
0.02 
0.04 
0.07 
0.1 
5X10-« 

10-' 
2 X 1 0 - ' 
5X 10"< 

3XI0-* 

3 X 1 0 - ' 
4 X 1 0 - 1 

5 X 1 0 - ' 
0.01 

3 V 1 0 - ' 

4X10-* 
6X10-< 
5 X 1 0 - 3 

0.01 

4X10 :< ' 

SX 10-' 
2V 10-' 
2:- 10-' 
3:- 10-' 
3V10- ' 

3X10-' 
w.t.i|M». .if Ui,»" :it„| |{„m „ r ( . |Lssiiiiie.l iirrsrni 

:* p:irt i.f MM: liiMku iiml ir |in»*iir mini tin <misl r isomiics tlip i1:ini!titpr clement* 
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