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ABSTRACT 

'l'his report summarizes work done for the u.S. Nuclear 
Regulatory Commission as part of a program considering the 
need for and appropriate level of emergency response plan­
ning at fuel cycle and by- product material facilities. The 
purpose is to (1) provide a base of technical information 
for identifying and ranking those facilities for which the 
need for emergency response planning and preparedness should 
be further considered. and (2) perform an initial screening 
of licenses issued by NRC. A data base containing the radio­
nucl ide possess ion I imi ts for each I icense was developed. 
Dose es t ima tes f or a uni t (1 cur ie) re lease of each of the 
radionuclides in the data base were calculated. To account 
for the variability in weather. distributions of doses were 
estimated for a full range of meteorological conditions. As 
requested by NRC. doses at the 99th percentile of the distri­
bu t ion were used. An i.ni t ia I sc reening ana lys is was per-­
formed for the approximately 9400i licenses by comparing the 
estimated 99th percentile dose for a postulated release of a 
fraction of the licensed possession limit to the dose levels 
suggested in the Environmental Protection Agency I s Protec-
tive Action Guides. -

Using relatively conservative assumptions in the screen~ 
ing analysis. all but at most a few hundred licenses were 
found to have estimated doses below the Protective Action 
Guide levels. The few hundred identified in this initial 
screening should be further evaluated using realistic assump­
tions and site-specific information to establish the need 
for. appropriate level and extent of. and potential effec-­
tiveness of emergency response planning and preparedness 
beyond that currently required. 
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EXECUTIVE SUMMARY 

The U.S. Nuclear Regulatory Commission (NRC) is in the 
process of determining whether any fuel cycle or by-product 
material licensees should be required to develop and imple­
ment emergency response plans for providing further protec­
tion of the public beyond that now required for responding 
to accidental releases of radioactive material. For those 
facilities at which emergency planning and preparedness are 
found to be needed. regulations concerning the nature. 
extent. level. applicability. and potential effectiveness of 
these planning efforts need to be developed. The purpose of 
this study is to (1) provide NRC with a base of technical 
information for identifying and ranking those fuel cycle and 
by-product material facilities for which the need for addi­
tional emergency planning and preparedness should be further 
considered. and (2) perform an initial screening of the 
licenses issued by NRC. The general approach is first to 
screen the facilities by estimating the possible offsite 
radiological dose that might result from postulated releases 
of a fraction of the licensed inventory quantity and to com­
pare this hypothetical dose estimate to dose levels that 
have been determined to warrant the consideration of emer­
gency protective actions. It is expected that most licenses 
allow an insufficient quantity of radioactive material to 
warrant the need for emergency planning beyond that now 
requ ired. Licenses which exceed the dose c r iter ion in the 
initial screening should then be further evaluated using 
realistic assumptions and site-specific characteristics. 

'I'he principal goal of this program is to develop and 
perform an initial screening analysis of the some 9400~ 
licenses issued directly by the NRC. Secondary goals include 
development of information and data for use in succeeding 
stages of the evaluation process for specific licenses and 
facilities. and development of methods and data for use in 
the preparation and evaluation of additional emergency 
response planning and preparedness efforts. 

Pursuant to these goals. the principal efforts in this 
project were divided into the following tasks: 

1. Development of a comprehensive library of dose esti­
ma tes (dose at se lected dis tances. expressed as rem 
per curie released) for radionuclides appearing in 
the possession limit data base. 

2. Compi la t ion. f rom the NRC 1 icense docket file. of 
the radionuclide possession limit data for each 
license for input into a computer data base 
containing this information. 



3. Development and application of a computer program 
for screening of the radionuclide possession limit 
data to identify those licenses which might exceed 
the dose criteria and for which emergency planning 
and preparedness should be further considered. 

4. Development of procedures for estimating the size of 
potential emergency planning zones for the immediate 
plume exposure pathways. For long-term ground expo­
sures, a method is presented for estimating the 
extent of contaminated land areas. 

The library of dose estimates for each radionuclide was 
developed from calculations using a slightly modified ver­
sion of the CRAC2 computer code (Ritchie et al., 1983a; 
1983b). CRAC2 was selected because it calculates distribu­
tions of doses over a full range of meteorological condi­
tions and allows flexibility in the description of the 
atmospheric transport and dispersion. The calculations 
considered (1) the atmospheric transport and dispersion of a 
1 cur ie re lease of each rad ionuc I ide; (2) the exposure of a 
hypothetical individual at selected distances from the 
release point via three exposure pathways: external expo­
sure to the plume (cloudshine), inhalation of mat-erial from 
the plume, and exposure to contaminated ground (ground­
shine); and (3) the resu I t ing dose equ iva len t (dose commi t-­
ment) at each selected distance. 

There are over 20,000 licensed fuel cycle and by-product 
material facilities in the United States. Approximately half 
are licensed directly by the NRC Office of Nuclear Materials 
Safety and Safeguards (NMSS). The other half are licensed 
directly by individual states cULrently numbering 26. Reac­
tors of all kinds (power, research, critical assemblies, 
etc.) are licensed separate ly by the NRC Of f i ce< of Nuc lear 
Reactor Regulation and are not considered in this study. 

Because of the very large number of licensees and the 
variety of radionuclides, configurations, possession limits, 
applications, building types, and so forth, a detailed anal­
ysis of the conditions particular to each license is not 
possible for the initial screening. Consequently, so as to 
provide guidance tha t may be appl ied to the broad range of 
licenses, a general and simple (i.e., IIgeneric ll ) atmospheric 
transport and dispersion model has been used. CRAC2 us~s 
the standard Gaussian-plume dispersion model and a simple 
building-wake effect model. The use of more detailed models 
is not justified by the nature of the application of these 
results and by the lack of detailed information needed for 
such models. Thus, for this initial screening analysis, it 
is appropriate to use generic assumptions for parameters, 
such as building size, release duration, etc. 
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In summary. the basic assumptions used in the atmos­
pheric transport and dispersion calculations include a 
ground-level release. neutrally buoyant Gaussian plume. con­
stant wind direction. and ground-level exposure point. The 
released material is assumed to be entrained in the wake of 
the building. which is 25 m wide by 10 m high. Within the 
constant direction wind field. the plume is assumed to mean­
der. such that the integrated dose is somewhat lower. For 
the ground exposure pathway. an 8 hour exposure time is 
assumed; after which the individual is assumed to be removed 
to an uncontaminated location. These effects are intended 
to be representative of the conditions that may be encoun­
tered at a typical facility. While one single condition or 
assumption may be nonconservative at an individual facility 
(in which case the dose es t ima ted here wou Id be too low). 
the combination of these assumptions are expected to provide 
realistic or slightly conservative dose estimates. 

Variability and uncertainty in local weather condi­
tions can have a large effect on estimated doses and the 
probabi 1 i ties of occur rence of such doses. To provide a 
framework for bound ing the effects of varying meteoro logy. 
dose es t ima tes were ca lcu la ted for a full range of meteor­
o logica 1 cond i t ions and a frequency dis tr ibut ion was con­
structed for each radionuclide and for each distance. From 
these distributions. dose estimates were selected at the 
desired level of conservatism; in our case. the 99th per­
centile. as requested by NRC. For randomly distributed 
accidents. the actua 1 dose would be expected to be lower 
99 percent of the time. wi th a 1 percent chance of being 
higher. To use an even higher percent i Ie leve 1 would lower 
the confidence level due to an insufficient number of 
meteorological samples contributing to the high dose/low 
probability portion of the frequency distribution. 

In prior work concerning human exposures to radio­
nuc 1 ides. dose es t ima tes were usua lly expressed in terms of 
whole body and critical organ doses. based on the dosimetry 
and modeling concepts described in the International Commis­
sion on Radiation Protection (ICRP) Publication-2 (ICRP. 
1959) . Recent ly. improved methods for dose es t ima t ion were 
published by the ICRP in PUblications-26. -28. and -30 
(ICRP. 1977; 1978; 1979a; 1979b. 1980). The principal 
change is the use of the effective dose equivalent (EDE). 
which is based on the stochastic risk for each organ or 
tissue. 

since the screening analysis and subsequent licensee 
eva 1 ua t ions are concerned wi th exposures to single (or a 
few) radionuclides. dosimetry for these individual radio­
nuc 1 ides is re la t i ve ly more impor tant than in the case of 
reactor accidents involving a very large number of nuclides. 
Hence. it was felt that dose conversion factors based on the 
mos t recent work in the fie ld should be used. For these 
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reasons. the new ICRP dosimetry concepts and models were 
implemented as part of this study. 

The dosimetric modeling approaches of ICRP PUblica­
tions-26 and -30 have replaced the total body concept (from 
ICRP-2) with the effective dose equivalent. The effective 
dose equivalent is. however. numerically similar to the dose 
estimates for the total body. Therefore the total body dose 
limits from the Protective Action Guides may be used to 
evaluate estimates of the effective dose equivalent. For 
accidenta 1 releases expos ing the general publ ic. the range 
of 1 to 5 rem from the Protect i ve Act ion Guides for 1 imi ts 
on the total body dose (and the effective dose equivalent) 
is within the exposure recommendations of ICRP Publica-· 
tion-26. This approach appears to be a consistent appli-­
cation of the EPA Protective Action Guides and the new 
dosimetric approaches of ICRP Publications-26 and --30 
(Runkle and Johnson. 1983: Eckerman. 1983). 

At higher dose levels (e.g .• 5 rem EDE). limits must be 
placed on exposures to specific organs other than the thy­
roid. In particular. for a few isotopes the kidney is the 
limiting organ and for many alpha emitters (and a few others) 
the bone surface dose is 1 imi t ing. Tables of organ dose 
estimates for these are provided. 

For thyroid exposures. the limits in the Protective 
Action Guides are 5 to 25 rem. The principal nuclides are 
the radioiod ines and tellurium that decays to radioiodine. 
The definition of the thyroid was not modified in ICRP 
Publ ication-30. as compared to Publ ication-2. and therefore 
the limits in the Protection Action Guides proposed in 1975 
(and revised in 1980) are directly applicable. 

One of the first parts of this study was to collect. for 
use in a computer data base. the .radionuclide possession 
limit information that is specified as part of each license 
issued by NRC. This possession limit data base has been 
developed over the last 2 years with the assistance of a 
subcontractor. International Energy Associates Limited. of 
Washington. D.C. This development effort was part of a 
separate program funded by NMSS. 

The data base used in the screening analysis in this 
study represents a snapshot of the docket file as of about 
May 1984. Changes. additions. deletions. etc .• to this file 
are being processed and accumulated as part of a separate 
NRC program: there are about 200-300 licensing actions 
processed each month. Eventually. the possession limit data 
base wi 11 be brought up to date and integrated into the 
on-l ine. rea l--t ime Licens ing Management System. 
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A number of inconsistencies. ambiguities. 
were found in the initial screenings of the 
These can generally be classified as follows: 

Stable. naturally-occurring nuclides. 

and errors 
data base. 

Naturally-occurring nuclides with very long half­
lives. 

Unrealistic nuclides. 

Very short-lived 
parents. 

nuclides. without corresponding 

Single nuclide of mixture: The principal example 
is U235. without specifying the U234 fraction. which 
usually dominates the inhalation hazard. 

Possession limit specified with too many (eight or 
more) significant digits. 

Nuc I ides which the NRC does not have the s ta tu tory 
au thor i ty to regula te (i so topes of act in ium. protac­
tinium. etc.). 

Over time. I icense reviews and inspect ions should resolve 
and/or correct most of these cases. 

The vocabulary used for material descriptions in the 
data base is very large. A thorough review and simplifica­
tion of the terminology used for the possession limit 
descriptions. so as to identify a minimum set needed for the 
Licensing Management System and the licenses. would sig­
nificantly enhance user comprehension. and reduce learning 
time and data entry error rates. If a simpler and more 
conc i se d ict ionary were adopted. a descr ipt i ve fie ld could 
be added to provide any supplemental information that might 
be appropriate or important. Such a system would be easier 
to use and understand. This work is in progress under a 
separate NRC program. 

The central basis for the initial evaluation of a 
licensed facility is that the estimates of dose at a 
selected distance arising from postulated accidents do not 
exceed exposure guidelines. In simple terms. the dose to an 
individual is a product of (1) quantity of material involved. 
(2) release fraction. and (3) the unit dose estimate for the 
nucl ide cons idered. Since several dose cri ter ia are used 
(effective dose equivalent. and thyroid. kidney and bone sur­
face doses). the ratio of the estimated dose to the respec­
tive criterion is a measure of the potential hazard. For 
licenses with multiple nuclides. the sum of the individual 
ratios is the corresponding measure. This can be expressed 
as: 
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L 
all (Dc)i 

.$. 1 (6.1) 

radionuclides 
i 

where 

Qpl licensed possession limit 

RF = release fraction 

Os = dose estimate for a specified unit release 

Dc = exposure dose criterion 

and wherein the sum is less than one (or releases which 
wou Id no t exceed the c rite ria. I f the sum exceeds one. 
then. based on the assumpt ions used. the ac c identa 1 expo­
sures might exceed one of the exposure criteria. A computer 
program was written to implement this screening method. 
Algorithms for processing the isotopes in group medical 
licenses and broad licenses are included. 

For the initial screening. a simple set was chosen that 
is an extens ion of the F'edera 1 Register set. The nucl ides 
are organized into six groups. based on general estimates of 
potential volatility: 

1. Volatile gases 
2. Volatile. combustible 
3. Semivolatile 
4. Inert metals 
5. Neutron source materials 
6. All Others 

H3. AR. KR. XE 
C. P. S. 1 
BR. RU. TE. HG. PO 
C060. TA. W. OS. RE. IR 
PU238. PU239. AM24l 
All other nuc 1 ides 

Separate release fractions for nonsealed source forms and 
sealed sources were assigned as follows: 

Group 

1. H3. AR. KR. XE 
2. C. P. S. I 
3 . BR. RU. TE. HG. PO 
4. C060. TA. W. OS. RE. IR 
5. PU238. PU239. AM241 
6. All other nuclides 

For the reasons stated above. 
these release fractions are 
screening analysis. 

Release Fractions 
Non-SS SS 

1.0 1.0 
0.5 0.5 
0.1 0.01 
0.01 0.0001 
0.01 0.0005 
0.01 0.001 

it shou Id be recognized tha t 
assigned parameters in the 

-6-



For nonsealed source forms of radionuclides. the follow­
ing table lists the number of 1 icenses (or which the dose 
projections exceed the criteria: 

Sum > 1 
> 10 
> 100 
> 1000 
> 10000 

186 
99 
56 
32 
17 

____ ~ __ ~em EDE 

134 
79 
45 
21 
14 

If the accumulated conservatisms in the screening analysis 
assumptions were a factor of 10. then about 80 to 100 
facilities would be i.n the "further evaluation" category. 
Other results of the screening analyses are presented in 
Chapter 6. 

As part of the safety evaluation for a facility and the 
cons idera t ion of addi tiona 1 emergency response planning and 
prepa redness ef f or ts. it is usefu 1 to es t ima te the dis tance 
out to which plume exposure doses or ground contamination 
might exceed selected levels and for which the implementa­
tion of protective actions may be warranted. For the plume 
exposure pathway. a simple method was developed for esti­
mating this distance given a specification for the size of 
the release and the threshold dose level (for initiating 
protective actions), or conversely. for estimating the size 
of the release given. the distance. and the threshold dose 
level. This method is based on a simplification of the dose 
versus distance data for a large number of radionuclides. 
For the ground contamination case. curves are presented for 
the resulting ground contamination level for a unit release 
(Ci/m2 /Ci released) as a function of distance for two 
values of the settling velocity. which is the dominant 
parameter in estimating ground contamination levels from 
passing plumes. These methods and data would be but one 
part of the overall process of evaluating a facility and 
establishing the need for and size of emergency planning 
zones. 

The dominant factor for plume exposures is the very 
short time available after the start of the release for dose 
avoidance measures to be effective. Immediate and probably 
unilateral actions by the licensee. such as quick notifica­
tion of persons located downwind. will be needed. The prin­
cipal protective action that could be taken by the exposed 
population would be sheltering; there is insufficient time 
for evacuation. Responses by other agencies and offsite 
emergency personnel would not be expected to influence dose 
avoidance. except for long duration releases and contami­
nated ground exposures. In-plant accident prevention should 
not be forgotten as probably the most effective way of 
reducing or avoiding radiological exposures to the public. 
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CHAPTER 1 

Introduction 

The U.S. Nuclear Regulatory Commission (NRC) is in the 
process of determining whether any fuel cycle or by-product 
material licensees should be required to develop and imple­
ment emergency response plans for providing further protec­
tion of the public beyond that now required for responding 
to accidental releases of radioactive material. For those 
faci lit ies a t which emergency planning and preparedness are 
found to be needed. regulations concerning the nature. 
extent. level. applicability. and potential effectiveness of 
these planning efforts need to be developed. The purpose of 
this study is to (1) provide NRC wi th a base of technical 
information for identifying and ranking those fuel cycle and 
by-product material facilities for which the need for addi­
tional emergency planning and preparedness should be further 
considered. and (2) perform an initial screening of the 
licenses issued by NRC. The general approach is first to 
screen the facilities by estimating the possible offsite 
radiological dose that might result from postulated releases 
of a fraction of the licensed inventory quantity and to 
compare this hypothetical dose estimate to dose levels that 
have been determined to warrant the consideration of emer­
gency protective actions. It is expected that most licenses 
allow an insufficient quantity of radioactive material to 
warrant the need for emergency planning beyond that now 
required. Licenses which exceed the dose criterion in the 
initial screening should then be further evaluated using 
realistic assumptions and site-specific characteristics. 

1.1 Background 

There are over 20.000 licensed fuel cycle and by-product 
material facilities in the United States. Approximately 
half are licensed directly by the NRC Office of Nuclear 
Materials Safety and Safeguards (NMSS). For the other half. 
an agreement between NRC and a state provides for licensing 
directly by the "agreement state." using licensing standards 
and criteria at least as stringent as those used by the 
NRC. There are currently 26 agreement states. Reactors of 
all kinds (power. research. critical assemblies. etc.) are 
licensed separately by the NRC Office of Nuclear Reactor 
Regulation and are not considered in this study. 

Fuel cycle and by-product material licenses are issued 
pursuant to Parts 30. 40. and 70 of Title 10 of the Code of 
Federal Regulations (CFR). Part 40 licenses cover source 
materials (i.e .• uranium and thorium that have not been 
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enriched). and include uranium and thorium mills. UF6 
conversion plants. fabricators of products containing 
thorium. or natural or depleted uranium. Part 70 licenses 
cover special nuclear materials. principally plutonium and 
enriched uranium. Facilities and activities under Part 70 
include fuel fabrication plants. fuel research and develop­
ment laboratories. and possession of sealed sources. Other 
isotopes [or anci llary or secondary purposes may a Iso be 
covered under a Part 70 license. Part 30 licenses cover the 
very broad category of by-product materials and generally 
encompass any activity not under a Part 40 or 70 license. 
Facilities and activities for Part 30 licenses include 
sealed source possession. radiography. administration of 
medical isotopes. radiopharmacies. radiopharmaceutical man­
ufacturi.ng. sea led source manufacturing. waste warehous ing. 
and university and industrial research and development with 
radioisotopes. Some government facilities are licensed 
under Part 30 and Part 70. 

The NRC has had for a number of years a Licensing Manage­
ment System using a computer data base of basic licensee 
information (name. address. license and docket numbers. 
expiration date. etc). However. the radionuclide possession 
limit information is not part of this data base. One o[ the 
tasks in this program is to collect and assemble this data 
into a possession limit data base for use in the initial 
screenings of all licenses. 

The quantities and forms of the radionuclides covered 
under licenses vary over an extremely wide range. At the 
small end of the scale are single sealed sources containing 
a small quantity of an isotope in a chemically inert form. 
At the other end are very broad licenses for large quantities 
of many isotopes in any form. As wi 11 be seen later. the 
two largest categories of licenses are for possession of 
sealed sources. and for possession and administration of 
radioisotopes for medical purposes. 

onsite radiological contingency plans are currently 
required of those licensees with sufficiently large licensed 
possession limits that potential accidents at these facili­
ties may result in: (1) significant offsite doses. (2) seri­
ous radiation exposures of workers. or (3) dangerous chemical 
exposures. The criteria for select ion of 1 icensees needing 
radiological contingency plans are discussed in NUREG-0767 
(Fisher. 1981). The format and content of such plans are 
covered in NUREG-0762 (USNRC. 1981a) and the standard review 
plan in NUREG-0810 (USNRC. 1981b). Plans may also be 
required of licensees with SUfficient fissile material 
(U-233. U-235. PU-239) to require criticality monitors and 
alarms in accordance with 10 CFR 70.24. and of licensees 
with large quantities of UF6-
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NUHEG- 0767 (l"isher. 1981) succinctly summarizes the 
purposes for having onsite radiological contingency plans: 

Radiological contingency planning is that 
part of emergency response preparedness 
contributed by plant operators to assure 
(1) tha t plants are properly conf igured to 
limit releases of radioactive materials and 
radiation exposures in the event of an 
accident. (2) that a capability exists for 
measuring and assessing the significance of 
accidental releases of radioactive mate­
rials. (3) that appropriate emergency equip­
ment and procedures are provided ons i te to 
protect the workers against radiation 
hazards that might be encountered following 
an accident. (4) tha t not i fica t ions are 
prompt ly made to F'edera 1. Sta te. and loca I 
government agencies. and (5) that necessary 
recovery actions are taken in a timely 
fashion to return a plant to a safe condi­
tion following an accident. 

In determining the need for onsite radiological contin-­
gency plans. the evaluation methodology for assessing the 
possible effects of accidental releases of radioactive mate­
rials is based on a consideration of the estimated dose at a 
selected distance from the release poi.nt. The source term 
used to represent that which might be released following a 
postulated accident is derived from the quantity of material 
exposed to the accident environment and a release fraction. 
For licensing evaluations. the quantity used is the licensed 
possession limit. The assigned release fraction is from 
those published in the F'ederal Register Notice (these Fed-­
eral Register release fractions are discussed in Sec­
tion 2.3). A simple reduction (dilution) factor is used to 
convert the source term quantity to the quantity that would 
actually expose an individual. A dose estimate is then used 
to define a "limiting possession limit." which is that 
quantity of material whose accidental release could lead to 
exposures above those specified in the Protective Action 
Guides. The use of limiting possession limits can be 
ambiguous when considering mul tiple radionucl ides. as there 
are several assumptions implicit in their derivation; hence 
they will not be used in this work. 

The Environmental Protection Agency has proposed guide­
lines for protecting the health and safety of the public in 
their "Manual of Protective Action Guides and Protective 
Actions for Nuclear Incidents" (EPA. 1980: see also EPA. 
1975). The draft guidelines recommend radiation dose levels 
for determining whether emergency protective actions should 
be considered following an accidental release of radioactive 
materials in areas which could be occupied by the general 
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public. These Protective Action Guides (PAGs) are defined 
for whole body and thyroid exposures. For the whole body. a 
projected 1 rem dose for an individual is the threshold for 
considering the implementation of emerg~ncy protective 
ac t ions. A pro j ected 5 rem who le body dose is the leve 1 at 
which emergency act ions are cons idered necessary. l"or thy­
ro id exposures. a pro j ected 5 rem dose (to the thyro id) is 
the threshold level. and a 25 rem thyroid dose is the level 
at which protective actions become necessary. 

Offsite emergency planning and preparedness is now a 
formal requirement for all commercial nuclear power plants. 
Written plans detailing the actions to be taken and the 
involvement of Federal. State. and local governments and 
agencies are prepared and formally approved by the Nuclear 
Regula tory Commiss ion and the l"edera 1 Emergency Management 
Agency (l"~MA). A joint NRC-l"EMA document (USNRC/!t'l:!:MA. 1980) 
describes the criteria for preparation and evaluation of the 
plans. Part of the evaluation is an f~mergency drill at the 
site which exercises and tests the effectiveness of the plan. 

Emergency planning zones for reactor accidents extend 
out to approximately 10 miles for the plume exposure pathway 
and to 50 mi les for the inges t ion exposure pa thway. These 
zones are much larger than those that migh~ be required for 
by-product and fuel cycle facilities. due to the very large 
source quantities of radionuclides involved in reactor 
accidents. 

The overall evaluation methodology for considering the 
need for emergency response plans is an extension and 
refinement of the general approach used to determine the 
need for onsite radiological contingency plans. The basic 
evaluation measure is the estimated dose to a hypothetical 
individual located at a selected distance from the release 
point. The dose for a postulated accident is then compared 
to dose level above which it has been decided that emergency 
protective actions and/or emergency planning is warranted. 
Due to the la rge numbe r of 1 icenses. the br oad va r iabi 1 i ty 
in the type. quantity. and form of the radionuclides which 
could be possessed. and the broad range of accidents which 
could occur. a comprehensive and systematic iterative evalu­
ation process should be used. First. an initial screening 
analysis. using bounding or conservative assumptions. should 
be per formed; thi s wou ld e 1 imina te f rom fur ther cons ider­
ation the very large fraction of the licenses for which 
emergency planning is not warranted. Succeeding steps 
should focus on the relatively small remaining subset of 
facilities. utilizing more detailed and site-specific 
informa t ion. The f ina 1 determina t ion as to the need for an 
emergency response plan should be made on the basis of a 
realistic and site-specific evaluation for each license. The 
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overall goal of the entire evaluation process would be to 
arrive at a balanced and cost--effective determination as to 
the need. benef its. cos ts. and potent ia 1 ef f ec t i veness of 
requiring an emergency response plan. 

The basis for performing an evaluation as to th(~ need 
for emergency planning is contained in guidance from the 
Commission (USNRC. 1984a). "Emergency planning should be 
based on realistic assumptions for severe accidents. 10 This 
contrasts with licensing and design calculations for reac­
tors. which are performed in an intentionally conservative 
manner. The latter includes dose estimates for routine 
releases and calculations to insure that safety systems 
provide a high confidence in meeting 10 CFR Part 100 
requirements. The potential hazards from accidents at fuel 
cycle and by-product material facilities are orders of 
magnitude smaller than the hazards from reactor accidents; 
thus emergency response planning for severe accidents at 
material facilities should also use realistic and best 
estimate analyses. 

This report deals with the initial screening analysis 
phase of the above evaluation process. Due to the large 
number of sites and facilities in the initial screening. a 
number of (arbitrary) assumptions had to be made to insure a 
margin of assurance that those facilities identified as not 
exceeding the dose criterion and hence not needing an emer­
gency response plan would indeed be so identified had site­
specific information been used. These assumptions are: 

1. A severe but not wo rs t--case acc ident is pos tu la ted 
to have occur red. The probabi 1 i ty of occur rence of 
major accidents is not considered. Hence the source 
term is a combination of the entire licensed posses­
sion limit of all radionuclides and a set of screen­
ing release fractions. 

2. The estimated dose is for a hypothetical individual 
located at a relatively close distance from the 
release point and on the plume centerline. To 
accommodate variability or uncertainty in weather 
conditions (except for wind direction. which is 
assumed to be constant). the peak dose (99th per­
centile) from a full distribution was used. at the 
direction of NRC. 

3. The estimated dose for each radionuclide is compared 
to the dose levels from the ranges given in the EPA 
protective action guides (1 to 5 rem total body. 5 to 
25 rem thyroid). 

Each of these is meant to be a bound; each may also be con­
serva t i ve. depend ing on the part iculars of the 1 icense or 
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facility under consideration. Taken in combination, they 
provide a reasonable level of assurance that the initial 
screening ana lys is results are conserva t i ve: tha t is, the 
initial screening analysis identified all licenses that 
should be further considered, and the use of detailed and 
site-specific information would not identify any others. 
Also, the use of these assumptions in the screening process 
is direct and clear, and hence the effect of varying them is 
relatively easy to understand. 

Beyond this set of conservative or bounding assumptions, 
the remainder of the analysis provides estimates that are as 
realistic as possible. This principally involves the models 
and assumptions used in calculating the dose estimates 
(atmospheric transport and dispersion, and dosimetry). The 
succeeding steps in the overall evaluation process would 
then replace the bound ing assumpt ions wi th more rea list ic 
and site-specific information. 

A point should be made concerning the use of the guide­
line dose levels in the proposed protective action guides. 
They are dose levels for determining whether emergency pro­
tect i ve act ions shou ld be imp lemented given tha t an acc i-­
dental release has occurred. They were not intended to be 
used for establishing a priori the need for emergency 
response planning and preparedness. There are currently no 
standards or guidelines for the latter. In that absence, 
this study uses the dose leve 1 s in the protec t i ve act ion 
guides for the screening, and this choice is expected to 
provide a margin of conservatism to the screening resul ts. 
This study did not address the subject of dose levels for 
establishing the need for planning: and hence the (arbi­
trary) selection of the PAG level should not be viewed as a 
justification or endorsement for that purpose. 

1.3 Task Description and Technical Approach 

The principal goal of this program is to develop and 
perform an initial screening analysis of the some 9400+ 
licenses issued directly by the NRC. Secondary goals 
include development of information and data for use in suc­
ceeding stages of the evaluation process for specific 
licenses and facilities, and development of methods and data 
for use in the preparation and evaluation of additional 
emergency response planning and preparedness efforts. 

Pursuant to these goa ls, the pr inc ipa 1 eff or ts in this 
project were divided into the following tasks: 

1. Development of a comprehensive library of dose esti­
mates (dose at selected distances, expressed as rem 
per curie released) for radionuclides appearing in 
the possession limit data base. 
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2. Compi la t ion, f rom the NRC 1 icense docket file, of 
the radionuclide possession limit data for each 
license for input into a computer data base 
containing this information. 

3. Development and application of a computer program 
for screening of the rad ionucl ide possess ion 1 imi t 
data to identify those licenses which might exceed 
the dose criteria and for which emergency planning 
and preparedness should be further considered. 

4. Development of procedures for estimating the size of 
potential emergency planning zones for the immediate 
plume exposure pathways. For long-term ground expo­
sures, a method is presented for estimating the 
extent of contaminated land areas. 

A brief description of each of these efforts follows; more 
detailed discussions will be found in subsequent chapters. 

Chapter 2 of this report summarizes the categories of 
facilities considered and describes in general the range of 
accidents that might occur. Release fractions are discussed 
and a set for use in the screening analysis is presented. 

The library of dose estimates for each radionuclide was 
developed from calculations using a slightly modified ver­
sion of the CRAC2 computer code (Ritchie et al., 1983a; 
1983b). CRAC2 was selected because it calculates distribu­
tions of doses over a full range of meteorological condi-­
tions and allows flexibility in the description of the 
atmospheric transport and dispersion. The calculations 
considered (1) the atmospheric transport and dispersion of a 
1 curie release of each radionuclide; (2) the exposure of a 
hypothetical individual at selected distances from the 
release point via three exposure pathways: external expo­
sure to the plume (cloudshine), inhalation of material from 
the plume, and exposure to contaminated ground (ground­
shine); and (3) the resulting dose equivalent (dose commit­
ment) at each selected distance. Some of the models in 
CRAC2 were modified to meet the conditions and assumptions 
appropriate for this study. 

In prior work concerning human exposures to radio­
nuclides, dose estimates were usually expressed in terms of 
whole body and critical organ doses, based on the dosimetry 
and modeling concepts described in the International Commis­
sion on Radiation Protection (ICRP) Publication-2 (ICRP, 
1959). Recently, improved methods for dose estimation were 
published by the ICRP in Publications-26, -28, and -30 
(lCRP, 1977; 1978; 1979a; 1979b, 1980). The principal 
change is the use of the effective dose equivalent, which is 
based on the stochastic risk for each organ or tissue. 
Since the screening analysis and subsequent licensee 
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evaluations are concerned with exposures to single (or a 
few) radionuclides. dosimetry for these individual radio­
nuclides is relatively more important than in the case of 
reactor accidents involving a very large number of nuclides. 
Hence. it was felt that dose conversion factors based on the 
most recent work in the field should be used. For these 
reasons. the new ICRP dosimetry concepts and models were 
implemented as part of this study. 

A complete discussion of the atmospheric transport and 
dispersion models and the assumptions used in the calcula­
tions are given in Chapter 3. The dosimetry models are 
described in Chapter 4 and the results of the dose estimate 
calculations are given in Chapter 5. 

The second task was the development of a data base con­
taining the radionuclide possession limit information for 
all active NRC licenses. Prior to this project. NRC had 
compiled only identifying and bookkeeping information for 
each active license in the docket file into a Master File 
for use with their Material Licensing System (MLS). With 
the assistance of a subcontractor. International Energy 
Associates. Limited. a new data base was developed contain­
ing the licensed radionuclide possession limit information 
as available and specified on each license. Most of the 
data collection and data base development part of the 
project was funded under a separate contract from NRC/NMSS. 
These data were then one part of the input for the screening 
analysis. 

Using the dose estimates developed in task one and the 
radionucl ide possess ion I imi t information f rom task two. a 
screening analysis was performed. which compared the esti­
ma ted dose aris ing f rom a pos tulated release of a fraction 
of the licensed inventory to the dose thresholds in the EPA 
Protective Action Guides. Included are algorithms for hand­
I ing group med ica I licenses. broad 1 icenses. combined 
sources. etc. Results of the screening analysis are the 
number of licenses for which the threshold level is exceeded. 
and a ranking of these by the magni tude by which the level 
is exceeded. I n add it ion. the number of I icenses for which 
these potential doses are dominated by one sealed source are 
given. A description of the possession limit data base and 
the results of the screening analysis are presented in 
Chapter 6. 

Finally. in Chapter 7. methods are described for esti­
mating the size of possible emergency planning zones for 
plume exposures and the potential extent of contaminated 
land areas. Dose avoidance and mitigation measures for the 
various exposure pathways are discussed. A summary of the 
program results and conclusions is provided in the Executive 
Summary. 
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CHAPTER 2 

Fuel Cycle and By-Product Material Facilities 

Faci li ty descriptions. accident analyses. and environ­
mental assessments have been part of the nuclear safety 
literature for fuel cycle facilities for a number of years. 
Since this extensive literature is readily available. sum­
mary descriptions of fuel cycle facilities will not be 
included in this report: only the general categories of 
facility types and a bibliography are presented. 

More recent work has begun to examine by-product mate­
rial facilities. including facility descriptions. accident 
phenomenologies. and assessments of potential accidents. 
The latter category of accident evaluations is the least 
developed. in terms of published safety analysis reports or 
other studies for a number of facilities. which estimate the 
size of potential source terms (curies released to the atmos­
phere) or release f ract ions (f ract ion of the inventory tha t 
might be re leased) . A recent report (Sutter. 1984) es t ima t­
ing potential source terms for various by-product material 
facilities is the first attempt to quantify these accidental 
releases. Since accident source terms or release fractions 
for the wide variety of facility types found among the 9400+ 
licenses are not well defined. the screening results are 
expressed in a way that easily shows the sensitivity to 
changes in the release fractions. In all fairness to the 
licensees affected. the final determination as to the need 
for further emergency planning and preparedness should be 
based on site-specific information and conditions. 

2.1 Facility Descriptions 

The large number and variety of facilities licensed by 
NRC can be categorized in a general way by the type of 
1 icense (10 CFR Part 30. 40. or 70) and typica 1 faci 1 it ies 
usually licensed under each part. This breakdown is shown 
in Table 2.1. 

The Part 30 licenses cover not only the multitude of 
facilities and activities using relatively small quantities 
of radioactive material. but also the large quantities asso­
ciated with manufacturing. R&D and broad scope licenses. 

The physical quantities of materials under Part 40 
licenses can be very large. as is typical with any mineral 
extraction and processing industry. However. the correspond­
ing activity of these materials is not that great, as the 
specific activities of the radioisotopes involved are quite 
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Table 2.1 

Types of Licensed Facilities and Activities 

Part 30 By-product Material 
Sealed Source Possession 

testing. measurement. calibration 
Sealed Source Manufacturing 
Radiopharmacy 
Radiopharmaceutical Manufacturing 
Radiography 
Administration of Medical Isotopes 

Groups I - VI 
Waste Warehousing 
Research and Development 

Academic - Universities 
Industrial 

Broad Scope Licenses 

Part 40 Source Material 
Uranium and Thorium Mills 
UF6 Conversion Plants 
Manufacturing of Products Containing Significant 

Quantities of Uranium and Thorium 

Part 70 Special Nuclear Material 
Research and Development 

Reactor Fuel 
Heat and Power Sources 

Reactor Fuel Manufacturing 
Sealed Source Manufacturing 
Sealed Source Possession 
Scrap Recovery 
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small. For natural uranium and thorium metals. 1 curie of 
each would weigh 1.5 and 9 metric tons. respectively. 

The Part 70 1 icenses cover a broad range of faci 1 i ties 
involving special nuclear material. That part of the com­
mercial light water reactor fuel cycle dealing with research. 
development. and manufacture of LWR fuel is one of the prin­
cipal activities licensed under Part 70. As will be seen 
later in Chapter 6. the largest number of Part 70 licenses 
are for sealed sources containing significant amounts of 
plutonium. 

A number of facility descriptions have been written and 
published. Formal environmental statements are written for 
the major fuel cycle facilities (mills. etc.). Safety anal­
ys is reports are required for the larger fac iIi ties wi th 
s igni f icant quant i ties of rad ioact i ve ma teria Is (spent fuel 
reprocessing plants. mixed oxide fuel fabrication plants. 
etc.). Battelle Pacific Northwest Laboratories has pub­
lished summary descriptions of all of the active types of 
fuel cycle facilities (Schneider. 1982). These include 
discussions of physical layout and construction. material 
processes and containment. ventilation systems. safety 
features. and systems. etc. A simi lar report covers some 
of the types of facilities licensed under Pa·rt 30 (Sutter. 
1984). 

Because of the literature describing fuel cycle and by­
product material facilities. summary descriptions are not 
included in this report. Table 2.2 is a I ist of example 
references cover ing a variety of f aci lit ies and opera t ions: 
no attempt was made to prepare an exhaustive compilation. 

2.2 Accident Environments 

Potential accidents and their initiating events can gen­
erally be divided into two classes: natural causes. and all 
other causes. The former class includes tornadoes. earth­
quakes. and floods. The latter includes fires. mechanica I 
ini t ia t ing events. breakages. etc.. genera lly re la ted to or 
a consequence of the activities of man. 

Of the natural events leading to radiological accidents. 
tornadoes create the largest forces and have the largest 
potential for destruction. Design basis tornado wind speeds 
range from 240 to 360 mph for the three tornado intens i ty 
regions in the United States (USNRC. 1974). Unless a 
facility's structures were designed to be tornado resistant. 
the wind forces could both rupture the containment of any 
radioactive material and forcefully loft the material into 
the atmosphere. Given the low probability of the occurrence 
of tornadoes. and since the atmospheric volume into which 
the material would be dispersed and diluted would be very 
large. as compared to releases during stable atmospheric 
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'l'able 2.2 

Example Facility Descriptions and Evaluations 

"Environmental Assessment." Combustion Engineering. 
Nuclear Fuel Fabrication Plant. Hamatite. 
NUREG. November 1982 

Inc .• 
Mo .• 

"Envi ronmental Impact Appra ieal of the All ied Chemica I 
Corporation Nuclear Services Division." Uranium 
Hexafluoride Conversion Facility. Metropolis. IL. 
Docket No. 40-3392. USNRC. August 1977. 

"Environmental Impact Appraisal of the Babcock & Wilcox 
Nuclear Materials Division Commercial Nuclear 14'uel 
Fabrication Plant." Borough of Apollo. PA .• USNRC. 
October 1978. 

"Environment Impact Appraisal." Exxon Nuclear Company. 
Nuclear Fuel 14'abrication Plant. Richland. WA .• 
Docket No. 70-1257. USNRC. August 1981. 

"Environmental Impact Appraisal of the Nuclear Fuel 
Services. Inc .• Erwin Plant." I';rwin. TN .• USNRC. 
January 1978 

"Environmental Impact Appraisal of the Westinghouse 
Nuclear Fuel Columbia Site (NFCS) Commercial Nuclear 
Fuel Fabrication Plant," Columbia. SC .• USNRC. 
April 1977 

"Environmental Survey of the Reprocessing and Waste Man­
agement Portions of the LWR Fuel Cycle. 1I NUREG-0116. 
USNRC. October 1976 

"Environmental Statement Related to the Operation of 
Highland Uranium Solution Mining Project, II Exxon 
Minerals Co .• USA. Docket No. 40-8102. NUREG-0489. 
USNRC. November 1978 

Related 
Project 

40-8681. 

"Environmental Statement 
Whi te Mesa Uranium 
Inc .• II Docket No. 
1979. 

to the Operation of 
Energy Fuels Nuclear. 

NUREG-0556. USNRC. May 

IIGeneric Environmenta 1 Impact Statement on Handl ing and 
Storage of Spent Light Water Power Reactor Fuel." 
Project No. M-4. NUREG-0575. Vol. 2. USNRC. August 
1979. 
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generally expected to have greater damage potential. The 
probability of a tornado striking any individual facility is 
expected to be very low. and as discussed previously. the 
resulting doses would be low due to dilution. The expected 
chances of fires in general are much higher. The growth of 
a fire into a major one is strongly dependent on individual 
facility characteristics (type of construction. operating 
procedures. fire prevention programs. etc.). 

The part of any safety or hazards analysis for fuel 
cycle and by-product material facilities that has the larg-­
est degree of uncerta inty is def ini t ion of the source term 
(quantity of material that might be released given that an 
accident occurs). This release quantity is derived from two 
parts. the fraction of the inventory that could be exposed 
to accident environments. and the fraction of that suscepti­
ble quantity that is estimated to be released to the atmos-­
phere in a dispersible and respirable form (release 
fraction). 

The quantity of a material that is exposed or "at risk." 
and upon which a facility evaluation should ideally be 
based. could. for any specific facility. be considerably 
smaller than the licensed possession limit for that radio­
nucl ide (or group of isotop'9s). This could ar ise because 
the amount on hand is less than the licensed possession 
limit. is distributed among many buildings and locations. 
etc. Without a detailed investigation of each licensed 
facility. the possession limit information listed on the 
license is the only information that is reasonably available 
for an initial screening. Results of the screening analysis 
then allow the available resources and effort to be focused 
on those facilities identified as needing further evalua­
tion. A realistic estimate of the "quantity at risk" is 
what should be used as part of a final determination of need 
for additional planning efforts. The Part 40 licenses which 
allow very large quantities of low activity material are a 
good example of this: there are probably a number of Part 30 
and 70 licenses for which a quantity at risk is much smaller 
than the limit stated on the license. 

For the Part 40 source material licenses with large 
licensed possession limits. the application of one release 
fraction to that limit is not reasonable. as the quantity 
permitted by the license must allow for potentially wide 
variations in the rates that material is acquired (e.g .• 
mined). processed. packaged. and shipped. For example. a 
considerable fraction of the licensed amount could be pack­
aged material awaiting shipment. In many cases. a release 
fraction for storage would be expected to be much smaller 
than for processing operations. Screening analysis results 
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would simply identify facilities with large but not neces­
sarily hazardous inventories: the next step would be to 
identify those for which safety analyses or environmental 
statements have not already been prepared. 

In 1981. a set of r~lease fractions for 55 radionuclides 
was proposed for use in establishing the need for onsite 
radiological contingency plans. and was published in an 
Advance Notice of Proposed Rulemaking in the Federal Regis­
ter (r'isher. 1981; USNRC. 1981c). The assigned values for 
release f.ractions were 0.0 for nondispersible encapsulated 
materials (sealed sources). 0.001 for stable monolithic 
solids. 0.01 for other liquids and solids. 0.03 for semi­
volatile materials. and 1.0 for volatile and/or combustible 
materials. These release fractions were derived from an 
eva 1 ua t ion of the cOIq!!tOrl. forms of each rad ionuc 1 ide as it 
would y'sual!y be encountered at fuel cycle and by-product 
material facilities. These nuclides and their release frac­
tions (for nonsealed source forms) are listed in Table 2.4. 
Henceforth they will be referred to as the Federal Register 
release fractions. 

The uncertainties in establishing or defining release 
f ract ions. or even ranges of re lease f r act ions. for use in 
preaccident planning. arise for two reasons: first. from 
the types of possible accidents that could occur and from 
these. the selection of those to be used as the basis for 
emergency planning. and second. from the range of possible 
release fractions that would be applicable to the selected 
accidents. The combination of uncertainties does not allow 
prec ise. (bu t not over ly conserva t i ve) es t imates of re lease 
fractions to be made for each facility (or category of 
facilities) for use in an initial screening of ~l licenses. 
In performing the screening analysis. it is desired to have 
the resul ts be a bound: that is. there is reasonable con­
fidence that each facility identified as having passed the 
screening test (projected offsite dose below a selected 
level) would indeed pass if verified site-specific informa­
tion were used. 

For the initial screening. a simple set was chosen that 
is an extension of the Federal Register set. The nucl ides 
are organized into six groups. based on general estimates of 
potential volatility: 

1. Volatile gases 
2. Volatile. combustible 
3. Semivolatile 
4. Inert metals 
5. Neutron source mat'ls 
6. All Others 

H3. AR. KR. XE 
C. p. S. I 
BR. RU. TE. HG. PO 
C060. TA. W. OS. RE. IR 
PU23B. PU239. AM241 
All other nuclides 

Separate release fractions for nonsealed source forms and 
sealed sources were assigned as follows: 
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Table 2.4 

Federal Register Release Fractions 

Release Release 
NU9l_t~t~ f r a ~.ti.9_11 N!:L~ idJl Frac_~iotl 

H-3 1.0 Sn-123 0.01 
C-14 1.0 Sb-124 0.01 
P-32 1.0 1-125 1.0 
S-35 1.0 1-129 1.0 
Ca-45 0.01 1-131+D 1.0 
Sc-46 0.01 Xe-133 1.0 
Cr--51 0.01 Cs-134 0.03 
Mn-54 0.01 Cs-137+D 0.03 
Mn-56 0.01 Ba-140+D 0.01 
f'e-55 0.01 Pm-147 0.01 
f'e-59 0.01 Tm-170 0.01 
Co-60 0.001 Ta-182 0.001 
Ni-63 0.01 W--187 0.03 
Cu-64 0.01 lr-192 0.001 
Zn-65 0.01 Au-198 0.01 
Se-7S 1.0 Tl-204 0.01 
Kr-85 1.0 Po-210 0.03 
Sr-90+D 0.01 Th-228+D 0.01 
Zr-93+D 0.01 U-233+D 0.01 
Zr-95+D 0.01 Np-237+D 0.01 
Nb-95 0.01 Pu-238 0.01 
Mo-99+D 0.03 Pu-239 0.01 
Tc--99m 0.03 Am-241 0.01* 
Ru-l03+D 0.03 Am-243 0.01 
Ru--l0S+D 0.03 Cm--242 0.01 
Ag-II0m+D 0.01 Cm-244 0.01 
Cd-113m 0.01 Cf -. 252 0.01 
Sn-113 0.01 

* corrected from 0.001 

Taken from (USNRC. 1981c) 
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Group 

1. H3. AR. KR. XE 
2. C. P. S. I 
3. BR. RU. TE. HG. PO 
4. C060. TA. W. OS. RE. IR 
5 . PU238. PU239. AM241 
6. All other nuclides 

F'o r the reasons s ta ted above. 
these release fractions are 
screening analysis. 

Release Fractions 
Non-SS SS 

1.0 1.0 
0.5 0.5 
0.1 0.01 
0.01 0.0001 
0.01 0.0005 
0.01 0.001 

it should be recognized that 
assigned parameters in the 

Rather than perform only one screening of the possession 
limit data base with a single set of release fractions. a 
number of screenings were done to identify the most impor­
tant types of licenses. groups of nuclides. and material 
forms (principally sealed sources). In each case. the 
results are expressed as th~ number of licenses exceeding 
the screening criterion. For some. the sensitivity of these 
members to the selected release fractions is estimated. The 
overa 11 resul ts of the screenings are intended to provide 
general (but conservative) estimates of the number of 
faci 1 i ty 1 icenses which might need to be examined further. 
The relatively large uncertainties in the individual release 
fractions do not allow the screening results to be inter­
preted as a final or exact determination. The numerical 
values for the release fractions used are discussed and 
presented in Section 6.3. 

In assigning release fractions for screening purposes. 
care should be taken to keep separate the concepts of 
(1) probability of a major accident. and (2) the applicable 
release fraction given that the major accident has occurred. 
To give credit for a low expected probability by using a 
lower release fraction could be misleading. with the poten­
tial for incomplete or inappropriate response planning. The 
formal planning and preparations for emergency response 
could be different for scenarios involving minor accidents 
and small releases that might occur infrequently or a few 
times in a facility lifetime. as compared to measures 
appropriate for large. relatively rare. accidental releases. 

As part of an evaluation of a facility which is being 
considered for additional planning efforts. more detailed 
informa tion about potential accidents. inventory quant i ties 
which might reasonably be expected to be exposed in an acci­
dent. and applicable release fractions. can and should be 
used. Some information is available on airborne release 
fractions where the form of the material and the dispersive 
force are relatively well defined. A review report was 
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recently published by Battelle Pacific Northwest Laboratory 
on accident-generated particulate materials (Sutter. 1982). 
Other useful references include fragmentation of liquid 
drops (Pilch. et al.. 1982) and decontamination factors for 
evaporation or boiling of solutions (Godbee and Kibbey. 
1975). The difficult part of a site-specific analysis will 
be inferring a release fraction for a large accidenL with 
many complicating factors and conditions from data or models 
for comparatively small. localized and idealized 
phenomenology. 
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CHAP'rER 3 

Atmospheric Dispersion and Transport Model 

Beginning with the postulated release o[ each radio­
nuclide, the atmospheric transport and dispersion model 
estimates the resulting integrated air concentration and 
level of ground contamination as a function of downwind 
distance. From these air and ground concentrations, the 
potential radiation dose to a hypothetical individual can be 
estimated. The atmospheric transport calculations [or thi.s 
study were performed using a slightly modified version of 
the CRAC2 (Calculation of Reactor Accident Consequences) 
computer code (Ritchie, et aI., 1983a, 1983b). A new set of 
dose conversion factors was used for the dosimetry portion 
of the calculations; this is discussed in Chapter 4. CRAC2 
is an improved version of CRAC, the model originally 
developed as part of the Reactor Safety Study (WASH-l400, 
USNRC, 1975) for estimating the public health risk from 
nuclear reactor accidents. CRAC2 was developed at Sand ia 
National Laboratories under an NRC-sponsored research 
program, and is widely used by utilities and National Labo­
ratories (both in the United States and overseas) and at the 
NRC. The models and assumptions used in CRAC2 are "best 
estimates, II that is, they are not intentionally conserva­
tive: the calculations are performed as best as the data or 
understanding of the processes involved will allow. 

Because of the very large number of licensees and the 
variety of radionuclides, configurations, possession limits, 
applications, building types, and so forth, a detailed anal­
ysis of the conditions particular to each license is not 
possible for the ini tial screening. Consequently, so as to 
provide guidance that may be applied to the broad range of 
licenses, a general and simple (i.e., "generic") atmospheric 
transport and dispersion model has been used. CRAC2 uses 
the standard Gaussian-plume dispersion model and a simple 
building-wake effect model. The use of more detailed models 
is not justified by the nature of the application of these 
resul ts and by the lack of detai led information needed for 
such models. Thus, for this initial screening analysis, it 
is appropriate to use generic assumptions for parameters. 
such as building size, release duration. etc. The final 
determination as to the need for additional emergency 
response planning efforts should be made only on the basis 
of an analysis which includes the important characteristics 
and features of each licensed facility. 
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Some of the more important characteristics of a licen­
see's site which could impact the potentia 1 exposure of an 
individual and thus the projected dose include: 

Inventory of radionuclides 

Fraction of the inventory released 

Chemical and physical form of the released material 

Duration of the release 

Building size and configuration 

Release height 

Heat content of the plume (i.e .• plume buoyancy) 

possible weather conditions during and following 
the release 

Distance from the release point. 

Complete specifications of each of these parameters for the 
broad range of hypothetical accidents at all licensed facil­
ities is not possible; the number of calculations required 
would make the pro ject intractable. Three of the factors. 
release duration. plume buoyancy, and building size. are 
treated by assuming values which are reasonably representa­
tive of the types of facilities under consideration. The 
values which have been assumed for all licensees are dis­
cussed in Sect ion 3.2. In add i t ion. four factors have been 
retained as explicit parameters for use in the screening 
analysis: the individual radionuclides. the quantity 
released. the distance from the release point. and the 
weather conditions. 

The weather conditions during and following the release 
are treated as a stochastic variable in CRAC2. Dose esti­
mates are made for a broad range of possible weather condi­
tions. including precipitation. all stability categories. 
various wind speeds. etc. The frequency of occurrence of 
each weather condition was determined from 1 year of hourly 
meteorologica I observat ions at a particular si te. Weather 
sequences are sampled from the 1 year of data using an 
importance-sampling procedure which is more fully described 
in Section 3.1. The dose estimates. with their associated 
probabilities. are then used to construct frequency distri­
butions of dose at selected distances. An example of a 
frequency distribution is given in Figure 3.1. which pre­
sents a Complementary Cumulative Distribution Function (CCDF) 
showing the probabi I i ty of equa I ing or exceed ing a dose to 
an individual at a selected distance (n.b., the probability 
is conditional on the occurrence of the release). From these 
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Figure 3.1. An Example of a Complementary Cumulative Dis­
tribution Function (CCDF) of Individual Dose at 
One Selected Distance. In this example. the 95 
percent i le dose (the dose which would be 
exceeded 5 percent of the time) is approxi­
mately 500 mrem. 
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distributions. the 
each rad ionucl ide. 
be expected to be 
estimated. 

95th (for example) percenti Ie doses for 
representing the dose level which would 
exceeded 5 percent of the time. can be 

CRAC2 was used in these calculations because it includes 
a number of useful features for performing this study. For 
example. factors which can affect the initial plume dimen­
sions and subsequent transport of the material (e.g .• build­
ing wak.es. plume meander. release height. and plume 
buoyancy) are incorporated in the model and are easily 
varied. The code contains an extensive radionuclide and 
dose conversion factor data base. and can construct a 
frequency distribution of doses at any selected distance. 
Other features of the code not needed for this analysis. 
such as estimation of public health and economic 
consequences. were not used. 

CRAC2 has been used in a number of recent risk and 
safety studies (see for example. Aldrich. et al .• 1978: 
Aldrich and Blond. 1980: Aldrich. et al .• 1982) and has 
recent ly been compared wi th simi la r mode Is used throughout 
the world (OECD. 1984). The remalning sections of this 
chapter describe the meteorological sequence sampling method 
and atmospheric transport and dispersion models used in 
CRAC2 and the important assumptions and conditions used in 
the calculations for this analysis. 

3.1 Meteorological_Sequence Sampl~Method 

CRAC2 uses a meteorological sequence sampling method to 
insure that the broad range of possible weather conditions 
are represented in the calculations. The sampling scheme is 
designed so that all types of weather conditions. especially 
those which could result in the highest doses (e.g .• precip­
itation. category F stability. etc.). along with the 
observed frequencies of these wea ther cond i t ions. are 
incorporated in the resulting frequency distributions of 
dose at selected distances. 

The CRAC2 sampling scheme uses 1 year of hourly observa­
tions of wind speed. atmospheric stability. and precipita­
tion intensity. The 8760 hours of meteorological data are 
sorted into 29 categories or "bins. II First. each hour is 
examined to determine if rain occurs anywhere within 
50 k.ilometers (30 miles) of the accident site. If not. a 
similar examination is made for wind speed slowdowns. If 
neither of these conditions occurs. the sequence is cate­
gorized by the stability and wind speed at the start of a 
release. A probability for each meteorological bin is esti­
mated from the number of sequences placed in the bin. In 
the current analysis. four sequences were selected from each 
bin for use in the calculations. Each selected sequence is 
used to account for changing weather conditions (i.e .• 
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hourly changes in wind speed. atmospheric stability. or 
precipitation intensity) during and following the release. 
In the present study. the selected distances of interest 
were generally less than 5 kilometers; thus. in most cases. 
only the first hour of each sequence was used. Sampl ing 
with this method assures that the full range of possible 
weather conditions. especially low-probability. adverse 
wea ther cond i t ions. are properly represented. Comp lete 
details on the weather sequence sampling scheme may be found 
in the CRAC2 Model Description (Ritchie. et al .• 1983). 

The meteorological data used in this study were derived 
from National Weather Service data from Moline. Illinois. 
The Moline weather data are fairly typical of data found 
throughout the United States. A summary of the Moline 
meteorological data is presented in Table 3.1. For these 
da ta. prec i pi ta t ion was observed to occur in 512 hours or 
6.0 percent of the time; category F stability with wind 
speed between 1 and 2 m/sec was observed 8.0 percent of the 
time. For a 11 the nucl ides cons idered in this study. the 
95th percentile and above dose level at 100 m results from 
weather conditions of category r' stability. and aIm/sec 
windspeed. At 1 km. the 95th percent i Ie dose for nucl ides 
which are in the form of particulate matter (i.e .• are 
assumed to dry deposit--see Section 3.2.4). generally result 
from less stable weather conditions. For noble gases (and 
tritium). the 95th percentile and above doses always result 
from category F stability and 1 m/sec wind. Frequency dis­
tributions of dose estimates have been found to be rela­
tively insensitive to the source of the meteorological data 
(Aldrich et al.. 1982). This insensitivity is demonstrated 
in Figure 3.2 which presents 29 CCDFs of dose at a selected 
distance calculated with 29 different meteorological data 
files. These files represent the broad .range of climatic 
cond i t ions found in the Uni ted States. ranging f rom arid 
cl imates such as Phoenix. Arizona to wet climates such as 
Apalachicola. Florida. At the 95th percentile. for example. 
the variation in the predicted dose is less than a factor of 
three; the value calculated with the Moline data file is 
approximately in the middle. 

The variation in doses between the 29 files becomes 
substantial only at the very low-probability high-dose end 
of the distributions (below the 99th percentile). This 
variation results from differences in the frequency of the 
most adverse weather conditions. 

3.2 Description of the Atmospheric Dispersion Model 

CRAC2 calculates integrated air concentrations 
(Ci-sec/m3) and levels of ground contamination (Ci/m2) for 
each of the selected weather sequences. The transport and 
dispersion model in CRAC2 is based on a standard Gaussian­
plume formulation (Turner. 1970). Assuming the material is 
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Table 3.1 

One Year of Moline. IL Meteorological Data 
Summarized Using the Weather Bin Categories 

~eather Bin Definitions 

R--Rain star~ing within indicated interval (miles). 
S--Slowdown occurring within indicated interval (miles). 
A-C D E F--Stability categories. 

1(0-1). 2(1-2). 3(2-3). 4(3-5). 5(GT 5)--Wind Speed 
intervals (m/s). 

Weather Bin 

1 R (0) 
2 R (0-5) 
3 R (5-10) 
4 R (10-15) 
5 R (15-20) 
6 R (20-25) 
7 R (25-·30) 
8 S (0-10) 
9 S (10-15) 

10 S (15-20) 
11 S (20-25) 
12 S (25-30) 
13 C 3 
14 C 4 
15 D 1 
16 D 2 
17 D 3 
18 D 4 
19 D 5 
20 E 1 
21 E 2 
22 E 3 
23 E 4 
24 E 5 
25 F 1 
26 F 2 
27 F 3 
28 F 4 
29 F 5 

Number of 
Sequences 

697 
12 
62 

102 
75 
67 
61 
24 
16 
18 
14 
18 

168 
892 

o 
61 

226 
948 

3325 
o 

27 
167 
682 
270 

o 
116 
310 
402 

o 
8760 
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5.8 
0.1 
0.8 
1.0 
0.8 
0.7 
0.8 
0.5 
0.3 
0.4 
0.4 
0.4 
3.5 

10.7 
0.0 
1.7 
4.1 

10.8 
29.4 
0.0 
1.0 
2.6 
5.7 
1.5 
0.0 
8.2 
5.3 
3.5 
0.00 

100.00 
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Figure 3.2. Twenty-nine CCDFs of Individual Dose for a 
Hypothetical Release at a Selected Distance. 
Each of the twenty-nine CCDFs was calculated 
with a different meteorological file. The var­
iation in the doses at the 95th percentile is 
less than a factor of two. 
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B 

dy{T) :; dy {3 min)(3;in) 
B = 0.2 for 
B ;.: 0.25 for 

3 < T < 60 min 
60 < T < 600 min 

Releases of duration greater than 600 minutes (10 hours) 
would be treated as 10-hour releases. Within 10 buildings 
heights. building wake effects are assumed to dominate; the 
correction for plume meander is made only beyond 10 building 
heights. 

1"or the ini t ia 1 screening ana lys is. a generic release 
duration of 30 minutes has been assumed. For this release 
duration. d y would be increased by about a factor of 
1.6. In CRAC2. the release rate is assumed to be uniform 
over the full duration of release and the wind direction is 
assumed to be constant. 

3.2.4 Dry and Wet Removal Processes 

The CRAC2 atmospheric dispersion model accounts for 
particulate depletion due to dry and wet removal processes 
during downwind transport using the source depletion method 
(Slade. 1968). Dry removal occurs by gravitational set­
tl ing. turbulent diffusion. and impact ion wi th the ground; 
these processes are modeled by means of a deposition velo­
city. Wet removal occurs by scavenging of material during 
precipitation. 

For dry deposition. the level of ground contamination is 
given by the equation: 

where 

GC = x vd 

GC - Ground contamination (Ci/m2 ). 

x :; Integrated air concentration at ground level 
(Ci-sec/m3 ). and 

vd :; Deposition velocity (m/sec). 

The dependence on particle size of the deposition rate 
from a plume is shown in Figure 3.3. For small particles. 
high diffusion rates lead to contact with and absorption by 
the ground. Above about 2 microns. gravi tat ional set tl ing 
dominates. 

For wet removal. the fraction fw of each isotope 
removed from the plume by precipitation is given in terms of 
the washout coefficient A: 
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Theoretical Predictions and Expurimental Deter­
minations of the Dry Deposition Velocity as a 
Function of Particle Size (Slinn. 1978) 
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fw = 1 - exp (-A t) 

where t is the duration of precipitation (sec) and A is 
given by: 

A CR 

R is the observed rain rate (mm/hr) and C is 10-3 
(hr/mm sec) for unstable and neutral atmospheric condi­
tions and 10-4 for stable atmospheric conditions. 

For the calculations. a deposition velocity of 1 em/sec 
is assumed for all materials except the noble gases and 
tritium. for which vd and A are both assumed to be zero: 
that is. no deposition or depletion occurs. Discussion of 
the effect of deposition velocity on predicted ground con­
tamination levels is presented in Chapter 7. 

3.2.5 PI ume_._~~.se 

Some accidents could generate a considerable amount of 
heat. which. if released along with the radionuclides. would 
result in buoyant plume rise. Inclusion of plume rise would 
generally decrease the air and ground concentrations. espe­
cially at close-in distances. 

In CRAC2. all buoyant plumes are subject to plume rise. 
Buoyant plume rise is calculated using the methods summa­
rized by Briggs (1975). However. due to the large uncer­
tainty in the models used to predict buoyant plume rise as 
well as in the parameters used in these models (e.g .• energy 
release rate. source location. etc.). no plume buoyancy has 
been assumed in these ini t ia I screening ca leu la t ions. How­
ever. if an initial plume height of SO meters were to be 
assumed (resulting from either a so m stack or plume bUoy·­
ancy) and no building wake effects are considered. the 
inhalation dose at 100 m would generally be about a factor 
of 10 lower than the values calculated in this study. 

3.3 Building Ventilation Correction.Factor 

For atmospheric releases of radionuclides with rela-· 
tively short half-lives. as compared to the building venti­
lation rate. a correction factor has been developed to 
account for the radioactive decay which occurs wi thin the 
bui lding prior to release to the atmosphere. This correc­
tion factor is in addition to the radioactive decay model 
within CRAC2. which considers decay only after the material 
has been released to the atmosphere. Correction for short­
lived isotopes would be important for cri U ca I i ty accidents 
located wi thin a bui lding or other enclosure such that the 
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time for each air change is on the order of or longer than 
the half-life. It could also be used for accident scenarios 
at the types of facilities which manufacture or handle such 
short-lived isotopes. For criticality releases. the appli­
cable release fractions for the noble gases and radioiodines 
are specified in Regulatory Guide 3.34 (USNRC. 1979). 

Consider the time rate of change of the quantity of 
material outside. due to exhaust from the building. but not 
including radioactive decay which occurs outside: 

where NO is the quantity of material outside. R is the 
ventilation rate. V is the building or room volume. CI is 
the concentration of material inside. and NI is the quan­
tity of material inside. The amount of material inside 
decreases with time due to exhaust from the building and due 
to radioactive decay. and can be expressed as: 

where k is the radioactive decay constant. Combining 
these equations and integrating gives an expression for the 
quantity of material that is ultimately released: 

where NIo is the total amount of the nuclide released to 
the room or building atmosphere from the accident source. 
Complete and instantaneous mixing is assumed to occur in ~he 
room. 

For four short-lived nuclides that are specified for 
cr i t ica I i ty re leases (USNRC. 1979). correct ion factors are 
given in the following table for three different ventilation 
rates. The units of R/V are volumes per hour. 
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4.1 Exposur~ Pathways 

Three exposure pathways are considered for airborne 
releases of radionuclides and are modeled in CRAC2. The 
inhalation pathway considers exposure from internally depos­
ited radionuclides which are inhaled from the passing 
plume. A standard breathing r.ate of 2.66 x 10-4 m3/sec 
was assumed. This breathing rate corresponds to the average 
breathing rate for a Reference Man assuming 16 hours of 
I ight act i vi ty and 8 hours of rest (ICRP. 1975). The dose 
conversion factors for inhaled radionuclides are for esti­
mating a 50-year integrated dose equivalent following a 
1 curie intake. The term "dose equivalent" in ICRP-·30 is 
similar to the "dose commitment" in ICRP-2. 

The external exposure pathways include exposure from the 
passing plume and exposure to radionuclides deposited on the 
ground. The external exposure (cloudshine) from the plume 
assumed no shielding (thus a shielding factor of 1.0) and an 
exposure time equivalent to the duration of the passing 
contaminated cloud. Rather than the usual semi-infinite 
cloud assumption for calculating cloudshine doses. CRAC2 
includes a finite cloud correction factor to account for the 
finite size of the plume (e.g .• relatively small under 
stable atmospheric conditions) and the actual range of gamma 
rays in air. In the atmospheric transport model. a deposi-· 
tion velocity of 0.01 m/sec was assumed for particulate 
matter. This deposi tion veloci ty corresponds in general to 
particles in the 1-5 micron range. For ground exposures. a 
shielding factor of 0.7. accounting for average ground 
roughness. was assumed and is representative of exposure 
received 1 meter above ordinary ground. A shielding factor 
of 1.0 would represent an infinite smooth plane. The dose 
conversion factors for ground exposures estimate the dose to 
an individual 1 meter above the ground surface. For this 
work. an 8 -hour ground exposure time was assumed and would 
account for the lack of an emergency plan and the resulting 
delay in implementing timely protective actions. For this 
exposure time. contributions to the dose from ingestion and 
inhalation of resuspended material would be minimal and have 
not been considered. 

4.2 Dose Conversion Factors 

The dose conversion factors for converting the intake of 
internally deposited radionuclides via inhalation to dose 
equivalents to the body organs were taken from ICRP 
Publication-30. The selection of these dose factors is 
described in Section 4.2.1. Dose conversion factors for 
external exposures from air submersion and ground deposition 
are discussed in Section 4.2.2. 
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4.2.1 Internally Deposited Radionuclides 

ICRP Publication-30 presents a set of dose conversion 
factors for 22 body organs for the inhalation and the inges­
tion pathways. The calculated dose equivalents are for a 
unit (curie or becquerel) intake of the radionuclide and 
represent a 50-year dose equivalent. The dose factors in 
Publication-30 are expressed as sievert/becquere1 inhaled 
(Sv/Bq) and were converted to rem/curie inhaled (rem/Ci) for 
use in CRAC2. 

The inhalation dose factors in Publication-30 incorporate 
the Task Group on Lung Dynamics Model (ICRP. 1966) for pre­
dicting the movement of particulates within the respiratory 
tract. In PUblication-30. deposition fractions for several 
particle size distributions « 1 micron to 10 microns AMAD) 
are included. Activity Median Aerodynamic Diameter (AMAD) 
is defined as the diameter of a unit density sphere with the 
same aerodynamic properties as a particle corresponding to 
the median activity of the aerosol. For this work. a 
1 micron AMAD particle size was assumed for the inhaled 
radionuclides and the appropriate dose conversion factors 
are incorporated in the CRAC2 dose factor library. 

IeRP Publication-30 considers three clearance classes 
based on the biological half-·life of the radionuclide in the 
pulmonary region (D:= a retent ion time of days; W := reten­
tion time of weeks; Y:= retention time of years). The 
retention of a given radionuclide is determined by the chem­
ical form of the inhaled material. A class D compound is 
rapidly absorbed from the pulmonary region and distributed 
to other organs or excreted from the body. The class Y 
compounds are retained in the lung for long periods and 
result in increased dose equivalents to the pulmonary tis­
sues. 

The IeRP has defined the Annual Limit of Intake (ALI) 
f or each rad ionuc 1 ide and its assoc ia ted clear ance c las ses . 
The ALI is a hazard index for protecting the worker in the 
workplace. and is intended to limit the annual worker expo­
sure to radionuclides. However. the ALI can also be used to 
rank the radionuclides according to potential hazard to an 
accidentally exposed individual. In some cases, several 
clearance classes are defined in Publication-30 for an 
inha led rad ionuc 1 ide. Since the chemica I form of a rad io­
nuclide from a by-product material facility could be a 
highly uncertain parameter. the clearance class with the 
lowes t AL I (ind ica t ing the larges t potent ia 1 dose equi va­
lent) was assigned so as to give a conservative estimate of 
dose. If the ALI was the same for all clearance classes. 
then the longest retention class was chosen. For example. 
if the Wand Y classes had the same ALI. the class Y clear­
ance class was selected. These clearance class assignments 
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For this work. the organs included in the remainder 
category for the effective dose equivalent were separately 
ranked for each pathway to avoid the dependence upon the 
pathway assumptions and air and ground concentrations. The 
remainder category for the effective dose equivalent for 
inhalation may contain a different organ array than for 
either of the external exposure pathways. As is seen from 
Table 4.1. the remainder category has a weight of 30 percent 
and has a significant contribution to the total dose. 

For external exposures. ICRP Publication-28 (ICRP. 1978) 
recommended a weighting factor of 0.01 for the skin. Inclu­
sion of this stochastic risk fraction for skin makes the sum 
of the weighting factors 1.01 rather than 1.00. Use of the 
1.01 weighting sum is consistent with the approach used by 
Kocher. (1983) in calculating the effective dose equivalent 
for the external dose conversion factors. and has been used 
in calculating the effective dose equivalents for external 
exposure from air and ground contamination. As recommended 
in ICRP Publication-26 the skin was excluded from the 
remainder category for the internally deposited radio­
nuclides. 

The dose conversion factors for approximately 200 radio­
nucl ides and each of the three exposure pathways are pre­
sented in Appendix A. The effective dose equivalent is 
expressed as rem per curie inhaled for the inhalation path­
ways. as rem/sec per Ci/m3 for externa I cloud exposure and 
as rem/Ci/m2 for an 8-hour integrated exposure to contam­
inated ground. In addition. the thyroid dose conversion 
factors for each radionuclide are included in Appendix A. 
and have the same uni ts as the factors for the effect i ve 
dose equivalent. 

4.4 Implementation of _ the Effective Dose Eguivalent and 
Protective Action Guides 

The dosimetric modeling approaches of ICRP Publications-
26 and -30 have replaced the total body concept (from ICRP-2) 
with the effective dose equivalent. The effective dose 
equivalent is. however. numerically similar to the dose 
estimates for the total body. Therefore the total body dose 
limits from the Protective Action Guides may be used to 
evaluate estimates of the effective dose equivalent. If a 
1 rem I imi tis imposed upon the effect i ve dose equ iva lent 
and a radionuclide is not uniformly distributed in the body 
organs. high dose commitments to individual organs and 
tissues could occur. For example. if radioiodine is taken 
into the body. it is predominately deposi ted in the thyroid 
and could resul t in an extremely high dose to the thyroid. 
The potential upper dose limits for organs are presented in 
Table 4.2 for an effective dose equivalent of 1 rem. To 
obtain the upper dose limits it is necessary for all of the 
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Table 4.1 

Weighting Factor (WT) for 
Effective Dose Equivalent 

Organ WT 

Gonads 0.25 

Breast 0.15 

Red Bone Marrow 0.12 

Lung 0.12 

Thyroid 0.03 

Bone Surface 0.03 

Remainder* 0.30 

Total 1.00 

*WT of 0.06 for each of the 5 Organs of the remainder 
category with the highest dose equivalents (includes GI 
tract) 

Taken from ICRP PUblication-26 (ICRP. 1977) 
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Table 4.2 

Weighted Dose Equivalent 
and 

Protective Action Guides 
Assuming a 1 rem Limit for the Effective Dose Equivalent 

Tissue WT Potential Upper Dose 

Gonads 0.25 4 rem 

Breast 0.15 7 rem 

Red Bone Marrow u.12 8 rem 

Lung 0.12 8 rem 

Thyroid 0.03 33 rem 

Bone Surface 0.03 33 rem 

Remainder 0.30/5 Organs 17 rem Per Organ 

Total 1.0 
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radionuclide to be deposited exclusively in the respective 
organ. 

ICRP Publication-26 recommended a 5 rem limit to pre­
vent stochastic effects in workers and a 50 rem limit for 
the prevention of nonstochastic effects. The nonstochastic 
effects are those observed after a given dose level is 
achieved (e.g., cataracts). The nonstochastic limit is 
imposed to constrain any exposure that fulfills the limita­
tion of the stochastic effects. For the general public, 
ICRP Publication-26 recommended a reduction of 1/10 for the 
stochast ic and nonstochast ic 1 imi ts. These recommenda t ions 
are for routine releases in a working environment and do not 
address accidental (nonroutine) releases. For accidental 
releases exposing the general public, the range of 1 to 
5 rem from the Protective Action Guides for limits on the 
total body dose (and the effective dose equivalent) is within 
the exposure recommendations of ICRP Publication-26. This 
approach appears to be a consistent application of the EPA 
Protective Action Guides and the new dosimetric approaches 
of ICRP Publications-26 and -30 {Runkle and Johnsor., 1983: 
Eckerman, 1983}. 

At higher dose levels {e.g., 5 rem EDE}, limits must be 
placed on exposures to specific organs other than the thy­
roid. In particular, for a few isotopes the kidney is the 
limiting organ and for many alpha emitters {and a few others} 
the bone surface dose is 1 imi ting. Tables of organ dose 
estimates for these are provided in Chapter 5. In Chapter 6, 
screenings at the 5 rem EDE level are modified to include 
these organ limits. 

For thyroid exposures, the limits in the Protective 
Action Guides are 5 to 25 rem. The principal nuclides are 
the rad ioiod ines and tellurium that decays to rad ioiod ine. 
The definition of the thyroid was not modified in ICRP 
Publ ication-30, as compared to Publ icat ion--2, and therefore 
the limits in the Protection Action Guides proposed in 1975 
(and revised in 1980) are directly applicable. 
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CHAPTER 5 

Dose Calculation Results 

Estimates of the expected dose at several selected dis­
tances from 100 m to 1500 m were calculated for nearly all 
of the radionuclides appearing in the possession limit data 
base. These ca lcula t ions were performed us ing a slight ly 
modified version of the CRAC2 computer code; the atmospheric 
transport and dispersion models were described in Chapter 3 
and the dosimetry models were described in Chapter 4. 
Except for a very few. very uncommon isotopes. the list of 
approximately 214 radionuclides covers virtually all of the 
radionuclides in the possession limit data base and for 
which dose conversion factors are available. In addition. 
dose estimates are provided for the different solubility 
classes of two of the more important elements (uranium and 
plutonium). 

By virtue of the structure of the atmospheric transport 
and dispersion models and the dosimetric models. the esti­
mated dose scales linearly with the source strength (quan­
tity of radioactive material released). Thus only one basic 
set of calculations need be performed; the results can then 
be scaled for various applications according to the size of 
the release. The dose estimates in the following tables are 
for a unit release of one (1) curie of each radionuclide. 
and have units of rem per curie released. 

In summary. the basic assumptions used in the atmos­
pheric transport and dispersion calculations include a 
ground-level release. neutrally buoyant Gaussian plume. con­
stant wind direction. and ground-level exposure point. The 
released material is assumed to be entrained in the wake of 
the building. which is 25-m wide by 10-m high. Within the 
constant direction wind field. the plume is assumed to mean­
der. such that the integrated dose is somewhat lower. For 
the ground exposure pathway. an 8 hour exposure time is 
assumed. after which the individual is assumed to be removed 
to an uncontaminated location. These effects are intended 
to be representative of the conditions that may be encoun­
tered at a typical facility. While one single condition or 
assumption may be nonconservative at an individual facility 
(in which case the dose estimated here would be too low). 
the combination of these assumptions are expected to provide 
realistic or slightly conservative dose estimates. 

Variability and uncertainty in local weather conditions 
can have a large effect on estimated doses and the proba­
bilities of occurrence of such doses. To provide a framework 
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for bounding the effects of varying meteorology. dose 
estimates were calculated for a full range of meteorological 
conditions and a frequency distribution was constructed for 
each radionuclide and for each distance. From these dis­
tributions. dose estimates were selected at the desired level 
of conservatism; in our case. the 99th percentile. as 
reques ted by NRC. For randomly dis t r i buted accidents. the 
actual dose would be expected to be lower 99 percent of the 
time. wi th a 1 percent chance of being higher. To use an 
even higher percentile level would lower the confidence 
level due to an insufficient number of meteorological 
samples contributing to the high dose/low probability por­
tion of the frequency distribution. 

Using the assumptions and methods described above and in 
the previous chapters. estimates of the effective dose 
equivalent at the 99th percentile are presented in Table 5.1 
for the full set of radionuclides and for several selected 
distances from 100 m to 1500 m. For the important uranium 
and plutonium isotopes. dose estimates are provided for the 
different clearance classes. 

radioiodines and 132Te 
of 132Te (78 hour half­

Thyroid dose estimates for the 
are listed in Table 5.2. The decay 
life) to 132 1 (2.3 hour half-life) 
isotope's thyroid dose. With respect 
in the 8PA Protective Action Guides. 
be the limiting dose (rather than the 
lent) for each of the nuclides in 
and 134 1. which have relatively small 

is the source of that 
to the exposure limits 
the thyroid dose wi 11 
effective dose equiva­
Table 5.2 except 132 1 

thyroid doses. 

As discussed in Section 4.4. the effective dose equiva­
lent is appropriate for protecting the public from exposures 
tha tare on the order of 1 rem or less. For s igni ficant ly 
higher doses. two other organs become important (kidneys and 
bone surface) and 1 imi ts should be placed on these expo-­
sures. Table 5.3 1 i s ts the kidney dose est ima tes for the 
two cadmium nuclides. These should be used with the appro­
priate limit when the effective dose equivalent exceeds 
about 5 rem. Simi larly. Table 5.4 1 ists the bone surface 
dose estimates for those nuclides for which this organ is 
more sensitive (again above about 5 rem EDE). 

In accident scenario evaluations. it is often helpful to 
know the relative contributions to the total dose from each 
of the exposure pa thways (external cloud. externa I ground. 
and inhalation). This information is especially useful in 
assessing the potential effectiveness of possible emergency 
response act ions. In Table 5.5. these re lat i ve contr ibu­
tions are listed for each radionuclide for the effective 
dose equivalent. These percentages are relatively insensi­
tive to distance for the range of distances considered in 
Table 5.1. The thyroid dose is essentially dependent only 
on the inhalation pathway. 
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Table 5.1 

Total Effective Dose Equivalent (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

Iso­
.!-o~ 

H3 
C14 
FIB 
NA22 
NA24 
MG2B 
S131 
P32 
P33 
S3S 
CL36 
AR37 
AR41 
K40 
K42 
CA4S 
CA47 
SC46 
SC47 
T144 
V4B 
CRSI 
MNS4 
MNS6 
FESS 
FES9 
COS7 
COSB 
C060 
NIS9 
NI63 
CU64 
CU67 
ZN6S 
GA67 
GA70 
GA72 
GE6B 
GE77 
AS72 
AS73 
AS74 
AS76 
AS77 
SE7S 
SE79 

lOO.M 

1. 3E-4 
1. 9E-3 
7.7E-·4 
1. 1E-2 
7.6E-3 
1.OE-2 
2.6E-4 
1.4E-2 
2.0E-3 
2.2E-3 
1. 9E--2 
4.4E-ll 
3.9E-S 
1.lE--2 
1. 9E-3 
S.BE-3 
7.BE-3 
3.0E--2 
1. 9E- 3 
9.0E-·l 
1. SE-2 
3.7E-4 
7.7E-3 
1. BE-3 
2.4E-3 
1. SE-2 
B.3E-3 
1. 2E-2 
2.0E-l 
2.4E-3 
S.6E-3 
S.9E-4 
1.4E-3 
1.9E-2 
B.3E-4 
2.6E-S 
6.3E-3 
4.BE-2 
2.9E-3 
7.3E-3 
3.1E-3 
B.7E-3 
4.4E-3 
9.6E-4 
B.4E-3 
B.7E-3 

6.BE-S 
B.9E-4 
3.6E-4 
S.4E-3 
3.6E-3 
4.7E-3 
1. 2E-4 
6.7E-3 
9.BE-4 
1. OE-3 
9.3E-3 
3.1E-ll 
2.7E-S 
S.SE-3 
9.0E-·4 
2.BE-3 
3.7E-3 
1. SE-2 
9.0E-4 
4.3E-l 
7.1E-3 
1. BE-4 
3.7E-3 
B.7E-4 
1.lE--3 
7.4E-3 
4.0E-3 
S.6E-3 
9.SE-2 
1. 2E-3 
2.7E-3 
2.BE-4 
6.SE-4 
9.2E-3 
3.9E-·4 
1. 2E-S 
2.9E-3 
2.3E-2 
1. 4E-3 
3.SE-3 
1. SE-3 
4.2E-3 
2.1E-3 
4.6E-4 
4.0E-3 
4.2E-3 

4.3E-S 
S.2E--4 
2.2E-4 
3.2E-3 
2.1E-3 
2.BE-3 
7.2E-S 
3.9E-3 
S.7E-4 
6.1E-4 
S.4E--3 
2.3E-ll 
2.0E--S 
3.2E-3 
S.3E-4 
1. 6E-3 
2.2E-3 
B.4E-3 
S.2E--4 
2.SE-l 
4.2E-3 
1. OE-4 
2.2E-3 
S.lE-4 
6.6E--4 
4.3E-3 
2.3E-3 
3.3E-3 
S.SE-2 
6.7E-4 
1. 6E-·3 
1.6E-4 
3. BE--4 
S.3E-·3 
2.3E-4 
6.6E-6 
1. BE--3 
1. 3E-2 
B.IE--4 
2.0E-3 
B.SE-4 
2.4E-3 
1. 2E-3 
2.7E-4 
2.3E-3 
2.4E-3 

400.M 

3.1E-S 
3~4E-4 

1.4E--4 
2.1E-·3 
1.4E-3 
1. BE-- 3 
4.7E-S 
2.SE-3 
3.7E-4 
4.0E-4 
3.SE-3 
1.9E-ll 
1. 6E-S 
2.1E-3 
3.4E-4 
1.lE--3 
1. 4E-·3 
S.SE-3 
3.4E--4 
1.7E-l 
2.7E-3 
6.7E--S 
1. 4E-3 
3.3E-4 
4.4E-4 
2.BE-3 
1. SE-3 
2.1E-3 
3.6E-2 
4.4E-4 
1. OE-3 
1.1E-·4 
2.SE-4 
3.SE-3 
1.SE-4 
4.1E-6 
1.1E-3 
B.BE-3 
S.2E-4 
1.3E-3 
S.6E-4 
1. 6E-3 
B.OE-4 
1. BE--4 
1. SE-3 
1. 6E-3 
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2.3E-S 
2.4E-4 
1.OE-·4 
1. SE-3 
1. OE- 3 
1. 3E-3 
3.3E-S 
1. BE--3 
2.6E-4 
2.BE-4 
2.SE-3 
1.6E-ll 
1.3E-S 
1. SE-3 
2.4E-4 
7.6E-·4 
1. OE-3 
3.9E-3 
2.4E-4 
1. 2E-l 
1.9E-3 
4.BE-S 
1. OE--3 
2.4E-4 
3.1E-4 
2.0E-3 
1. lE-3 
1. SE-3 
2.6E-2 
3.1E-4 
7.3E-4 
7.6E--S 
1.BE-4 
2.SE-3 
1.1E-4 
2.7E--6 
B.2E-4 
6.2E-3 
3.BE-4 
9.SE-4 
4.0E-4 
1.1E-3 
S.7E-4 
1.2E-4 
1.lE-3 
1.1E-3 

9.SE-6 
7.SE-S 
3.0E-S 
4.6E-4 
3.1E-4 
4.1E--4 
9.9E-6 
S.6E-4 
B.3E--S 
B.BE-S 
7.BE-4 
9.1E--12 
7.3E-6 
4.6E-4 
7.6E-S 
2.4E-4 
3.2E-4 
1. 2E-3 
7.6E-S 
3.7E-2 
6.1E-4 
1.SE-S 
3.1E-4 
7.3E-S 
9.7E-S 
6.3E-4 
3.4E-4 
4.BE-4 
B.OE-3 
9.BE-S 
2.3E-4 
2.4E-S 
S.SE-S 
7.BE-4 
3.4E-S 
6.BE-7 
2.SE-4 
2.0E--3 
1.2E-4 
3.0E-4 
1.2E-4 
3.5E-4 
1.BE-4 
3.9E-S 
3.4E-4 
3.SE-4 

S.6E-6 
3.6E-S 
1. 3E- 5 
2.2E--4 
1.4E-4 
1.9E-4 
4.SE-6 
2.7E--4 
4.0E-5 
4.2E-·S 
3.7E-4 
6.4E-12 
4.9E-6 
2.2E-4 
3.SE-S 
1.lE-4 
1. SE-4 
S.BE-4 
3.6E-S 
1. 7E-·2 
2.BE-4 
7.0E-6 
1. SE-4 
3.3E-S 
4.6E-S 
3.0E-4 
1. 6E--4 
2.2E-4 
3.BE-3 
4.7E-S 
1.lE-4 
1.lE-5 
2.6E-S 
3.7E-4 
1.6E-S 
2.9E-7 
1. 2E-4 
9.3E-4 
5.4E-S 
1. 4E--4 
S.9E-S 
1. 7E-4 
B.3E-5 
1. BE-S 
1.6E-4 
1.7E-4 



Table 5.1 (Continued) 

Total Effective Dose Equivalent (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

Iso­
to~ 

BR76 
BR77 
BRB2 
KRB3M 
KRBS 
KRBSM 
KRB7 
KRBB 
KRB9 
RBB4 
RBB6 
SRBS 
SRB9 
SR90 
Y90 
Y9l 
ZR93 
ZR9S 
NB94 
NB9S 
M099 
TC99 
TC99M 
RUI03 
RUIOS 
RUl06 
RHl06 
PDI07 
PDl09 
AGllOM 
AGlll 
CDI09 
CDll3M 
CDI1S 
INlil 
INlI3M 
INl14M 
SNI13 
SNl19M 
SNI21 
SN12IM 
SNI23 
SNI26 
SB122 
SB124 
SB12S 

100.M 

1.4E-3 
9.2E-4 
6. SE-·3 
3.0E-·9 
1. 6E-7 
4.9E-6 
2.7E-S 
B.9E-S 
B.9E-S 
7.7E-3 
6.2E-3 
S.6E--3 
3.7E-2 
1.1E+0 
7. 7F~--3 
4.3E-2 
2.BE-l 
2.2E-2 
3.7E-l 
6.BE-3 
3.9E-3 
7.3E-3 
2.4E-4 
9.0E-3 
1.SE-3 
4.2E-l 
1. 2E--6 
1. lE-2 
1. OE-3 
7.7E--2 
6.2E--3 
1. OE-l 
1.3E+0 
4.2E-3 
2.3E-3 
2.1E-4 
7.9E-2 
1. OE--2 
S.SE-3 
4.SE-4 
l.OE-2 
2.9E-2 
B.lE-2 
S.6E-3 
2.6E-2 
1. 2E-2 

6.BE-4 
4.3E-4 
3.1E-3 
2.0E-9 
1. lE-- 7 
3.4E-6 
1. BE-S 
6.1E-S 
4.3E-S 
3.7E-3 
3.0E-3 
2.7E--3 
1.BI'~-2 

S.SE-l 
3.7E--3 
2.lE--2 
1. 4E-l 
1.lE-2 
1. BE--l 
3.2E-3 
1.9E-3 
3. SE--3 
1.lE-4 
4.3E-3 
7.0E-4 
2.0E-l 
3.9E-7 
S.4E-3 
S.OE--4 
3.7E-2 
3. OE-- 3 
4.BE--2 
6.SE-l 
2.0E-3 
1.lE-3 
9.7E--S 
3.BE-2 
4.BE-3 
2.7E-3 
2.2E-4 
4.9E-3 
1. 4E-2 
3.9E-2 
2.7E-3 
1. 2E-2 
S.6E--3 

300.M 400.M 

3.9E-4 2.6E-4 
2.6E-4 1.7E-4 
1.BE-3 1.2E-3 
1.SE-9 1.2E-9 
B.21<~-B 6.6E-B 
2.6E-6 2.1E--6 
1.4E-S 1.1E-S 
4.6E-S 3.7E-S 
2.3E--S 1.4E-·S 
2.2E-3 1.4E-3 
1.7E-31.1E-3 
1. 6J:c> 3 1. OE-· 3 
1. OE-·2 6. 7E-·3 
3.21<.>1 2.lE-l 
2.1E-3 1. 4E- 3 
1.2E--27.9E-3 
7.BE-2 S.2E-2 
6.3E-·34.1E-3 
1. OE-l 6. 7E·· 2 
1. 9E-3 1. 2E-·3 
1.lE-3 7.1E-4 
2.0E--3 1. 3E- 3 
6.6E-S 4.2E-S 
2. SE-3 1. 6E-3 
4.1E-4 2.7E-4 
1.2E-l 7. 7E--2 
1.6E-77.9E-B 
3.1E-3 2.lE-3 
2.9E-4 1.9E-4 
2.1E-2 1. 4E-2 
1.7E-3 1.lE-3 
2. BE-·2 1. BE-2 
3.7E--12.SE-l 
1.2E-3 7.6E-4 
6.4E-4 4.2E-4 
S.7E-·S 3. 7E-S 
2.2E-2 1.4E-2 
2.BE-3 1.BE-3 
1. SE-·3 1. OE-3 
1.2E-4 B.2E-S 
2.BE-3 1.9E-3 
B .OE--3 S. 3E-3 
2.3E-2 1.SE-2 
1. 6E-3 1. OE-3 
7.2E-3 4.BE-3 
3.3E--3 2.1E-3 

-S3-

SOO_~M 

1. BE-4 
1. 2E-4 
B.SE-4 
1. OE-9 
S.6E-B 
1. 7E-6 
9.0E-6 
3.1E-S 
9.2E--6 
1. OE·· 3 
B.lE-4 
7.2E-4 
4.BE-3 
1. SE-·l 
9.9E-4 
S.6E-3 
3.7E-2 
2.9E-3 
4.BE-2 
B.BE-4 
S.lE-4 
9.SE-4 
3.1E-S 
1. 2E-3 
1. 9E-- 4 
S.SE-2 
4.9E-B 
1. SE-3 
1. 3E-4 
1.0E-2 
B.OE-4 
1. 3E-2 
1. 7E-l 
S.4E-4 
3.0E-4 
2.7E-S 
1. OE-2 
1.3E-3 
7.1E-4 
S.BE-S 
1. 3E-3 
3.7E-3 
1. OE-2 
7.3E-4 
3.4E-3 
1.SE-3 

1000.M 

S.6E--5 
3. BE-5 
2.7E-4 
S.5E-IO 
3.2E-B 
9.7E--7 
4. BE-6 
1. 7E-S 
2.6E-6 
3.2E-4 
2.5 E- 4 
2.3E-4 
1.5E-3 
4.6E-2 
3. lE- 4 
1.7E--3 
1. lE-2 
9.1E-4 
1. 5E-2 
2.BE-4 
1.6E-4 
3.0E-·4 
9.4 E- 6 
3.6 E-4 
S.9E-5 
1.7E-2 
7.6E--9 
4.6E-4 
4.1E-5 
3.1.E-3 
2.SE-4 
4.1E-3 
S.5E-2 
1. 7E-4 
9.3E-5 
7.9E-6 
3. 2E- 3 
4.1E-4 
2.2E-4 
1. SE-5 
4.1E-4 
1. 2E- 3 
3.3E-3 
2.3E-4 
1. lE-3 
4. 7E- 4 

2.7E-S 
1. 7E-S 
1. 2E- 4 
3.7E-IO 
2.2E--B 
6.7E-7 
3.1E-6 
1. 2E-S 
1. lEo. 6 
1. SE-4 
1.2E-4 
1.lE-4 
7.1E--4 
2.2E-2 
1. SE-4 
B.3E-4 
S.SE-3 
4.3E-4 
7.IE-3 
1.3E-4 
7.SE-S 
1. 4E-4 
4.3E-6 
1.7E-4 
2.7E-S 
B.2E-3 
1. SE-9 
2.2E-4 
2.0E-S 
1. SE- 3 
1. 2E-4 
1. 9E-3 
2.6E-2 
B.OE-S 
4.3E-S 
3. SE-·6 
1. SE-3 
1. 9E-4 
1.lE-4 
B.6E-6 
2.0E-4 
S.6E-4 
1. 6E-3 
1.lE-4 
S.OE-4 
2.3E-4 



Table 5.1 (Continued) 

Total Effective Dose Equivalent (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

Iso­
~op~ 

SB126 
SB126M 
TE125M 
TE127 
TF;t27M 
Tf'';129 
TE129M 
TE132 
1125 
1126 
1129 
1131 
1132 
1133 
1134 
1135 
XE133 
XE133M 
XE135 
XE135M 
XE137 
XE138 
CS134 
CS135 
CS136 
CS137 
BA131 
BA133 
BA137M 
BA140 
LA140 
CE137 
CE139 
CE141 
CE143 
CE144 
PR143 
PR144 
PR144M 
ND147 
PM145 
PM147 
SM145 
SM151 
EU152 
EU154 

1. 6E--2 
2.6E--4 
5.0E-3 
3.0E-4 
1. 9I<> 2 
1.3E--4 
2.1E--2 
1. 4E-- 2 
2.1E-2 
4.0E-2 
1. 5E-l 
3.0E-2 
2.3E-3 
6.4E--3 
1. lE- 3 
3.9E-3 
1. lE- 6 
9.4E-7 
7.5E-6 
1. 2E-- 5 
4.8E-6 
1. OE-4 
4.4E-2 
4.OE-3 
1.lE-2 
3.0E--2 
1. 6E-3 
7.8E-3 
1.6E-5 
3.8E-3 
B.7E-3 
3.7E-5 
B.3E-3 
B.IE-3 
3.6E-3 
3.3E-1 
7.2E-3 
5.5E-5 
B.6E-6 
6.3E-3 
2.2E-2 
2.3E-2 
9.7E-3 
2.6E-2 
2.0E-1 
2.SE-1 

200_~_M 

7.BE--3 
1. 2E-4 
2.4E-3 
1.4E-4 
9.1E-3 
6.2E-5 
1. OE- 2 
6.5E-3 
1. OE-2 
1. 9E-2 
7.4E-2 
1. 4E- 2 
1. lE- 3 
3.1E-3 
4.9E--4 
1. BE- 3 
7.3E--7 
6.5E-7 
S.2E-6 
7.6E-6 
2.SE--6 
6.6E-S 
2.1E-2 
1. 9E--3 
S.3E-3 
1. 4E-2 
7.BE-4 
3.7E--3 
6.0E--6 
1. BE-3 
4.1E-3 
1. BE-S 
4.OE-3 
3.9E-3 
1. 7E-3 
1. 6E-1 
3.SE-3 
2.5E-S 
3.6E-6 
3.1E-3 
1.1E-2 
1. 1E-2 
4.7E-3 
1.3E-2 
9.SE-2 
1. 2E-l 

3QQ_~M 

4.6E-3 
7.0E-S 
1.4E-3 
B.2E-S 
S.3E--3 
3.6E--5 
6.0E-3 
3.BE-3 
S.9E-3 
1. 1E- 2 
4.3E-2 
B.3E--3 
6.3E-4 
1. BE-3 
2.9E-4 
1. lE-3 
S.6E-7 
4.9E-7 
3.9E-6 
S.4E-6 
1.4E--6 
4.7E-5 
1.2F>2 
1.1E-3 
3.1E-3 
B.3E--3 
4.6E-4 
2.2E-3 
2.9E-6 
1. OE-3 
2.4E--3 
1. OE-S 
2.3E-3 
2.2E-3 
1. OE-3 
9.2E-2 
2.0E-3 
1. 4E-5 
1. 9E-6 
1. BE-3 
6.2E-3 
6.3E-3 
2.7E-3 
7.3E-3 
5.SE-2 
7.1E-2 

3.0E-3 
4.4E-5 
9.2E-4 
5.4E-S 
3.SE-3 
2.3E-S 
3.9E-3 
2.5E--3 
3.9E-3 
7.3E-3 
2.BE-2 
5.5E-3 
4.0E-4 
1. 2E-- 3 
1.9E-4 
7.1E-4 
4.SE-7 
4.0E-7 
3.2E-6 
4.0E-6 
B.5E--7 
3.SE--S 
B.2E--3 
7.4E-4 
2.0E-3 
S.4E-3 
3.0E--4 
1. 4E-3 
1. 7E-6 
6.9E--4 
1. 6E-- 3 
6.7E-6 
1. 5E- 3 
1. SE-3 
6.6E-4 
6.0E-2 
1. 3E-3 
B.4E-6 
1.lE-6 
1. 2E-3 
4.1E-3 
4.2E-3 
1.BE-3 
4.BE-3 
3.6E-2 
4.7E-2 

-54 --

SOQ_~.M 

2.1E-3 
3.0E-5 
6.5E-4 
3.BE--S 
2.SE-3 
1. 6E-S 
2.BE-3 
1. BE- 3 
2.BB-3 
S.2E-3 
2.0E-2 
3.9E-3 
2.9E-4 
B.3E--4 
1. 3E--4 
5.1E-4 
3.8E-7 
3.4E--7 
2.7E-6 
3. 2E-- 6 
S.7E-7 
2.7E--S 
S.BE-3 
S.2E--4 
1. 4E- 3 
3.BE-3 
2.2E-4 
1. OE-3 
1. 2E--6 
4.9E-4 
1.1E-3 
4.7E-6 
1.1E-3 
1. OE- 3 
4.7E--4 
4.3E-2 
9.3E-4 
5.6E--6 
7.0E-7 
B.2E-4 
2.9E-3 
2.9E-3 
1. 3E-3 
3.4E-3 
2.6E-2 
3.3E-2 

1000· __ M 

6.7E-4 
B.1E--6 
2.0E-4 
1. 2E- 5 
7.7E-4 
4.7E-6 
B.7E-4 
S.6E·-4 
B. 6E-- 4 
1.6E--3 
6.2E--3 
1. 2E- 3 
B.BE-S 
2.6E-4 
3.9E-5 
1.6E-4 
2.2E-7 
1.9E-7 
1.SE--6 
1. 2E--6 
1. 6E--7 
1. OE-5 
1. BE--3 
1.6E-4 
4.SE--4 
1.2E--3 
6.7E-S 
3.2E--4 
3.1E-7 
1. SE-4 
3.SE-4 
1.5E--6 
3.4E-4 
3.3E--4 
1.SE-4 
1.3E-2 
2.9E--4 
1.4E-6 
1. 7E-7 
2.6E-4 
9.1E--4 
9.2E-4 
3.9E-4 
1.1E-3 
lL OE-3 
1. OE-2 

3.1E-4 
3.6E-6 
9.7E-S 
S.6E--6 
3.7E-4 
2.1E-6 
4.2E--4 
2.6E-4 
4.1E-4 
7.7E-4 
3.0E-3 
S.BE-4 
3.9E-S 
1. 2E-4 
1. 7E-- 5 
7.1E-S 
1. 5E-7 
1. 3E-7 
1.1E-6 
6.0E--7 
7.4E-B 
4.9E-6 
B.6E-4 
7.BE-S 
2.1E-4 
S.7E-4 
3.1E-5 
1.SE-4 
1. 2E- 7 
7.2E--S 
1. 6E-- 4 
6.9E-7 
1. 6E-- 4 
1.6E--4 
6.9E--S 
6.4E-3 
1.4E--4 
S.BE-7 
7.BE-B 
1. 2E-4 
4.3E-4 
4.4E--4 
1. 9E-4 
5.1E-4 
3.BE-3 
4.9E-3 



Table 5.1 (Continued) 

Total Effective Dose Equivalent (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

Iso­
tope 

EU155 
GD151 
GD153 
TB160 
DY1S9 
DY16S 
H0166M 
ER169 
TM170 
YB169 
YB177 
LU172 
LU177 
HF172 
HF181 
TA182 
TA183 
W181 
W18S 
W187 
RE188 
05191 
1R192 
IR194 
PT193 
PT197 
AU198 
AU199 
HG203 
TL201 
TL204 
TL208 
PB210 
B1207 
B1210 
P0210 
RA226 
AC227 
AC228 
TH227 
TH228 
TH230 
TH232 
TH234 
PA231 
PA233 

100.M 

3.7E--2 
7.8E-3 
2.1E-·2 
2.4E-2 
2.1E-3 
1. 8E-4 
6.9E-l 
1. 8E--3 
2.3E-2 
7.8E--3 
1.3E-·4 
4.4E--3 
2.2E-3 
2.8E-·l 
1.SE-2 
4.2E-2 
4.6E-3 
2.3E-4 
6.6E--4 
1.SE-3 
2.1E-3 
3.8E-3 
2.7E-2 
2.9E-3 
2.0E-4 
S.SE-4 
3.8E-·3 
1. SE-3 
7.0E-3 
4.3E-4 
2.2E-3 
1.lE-4 
1.2E+l 
2.1E-2 
1.7E-l 
7.6E+0 
7.SE+0 
S.9E .. -3 
2.7E-l 
1. 4E+l 
2.2E+2 
2.9E+2 
1.4E+3 
3.1E-2 
1.1E+3 
8.9E-3 

200.M 

1. 8E-2 
3.8E-3 
1. OE-2 
1.2E-2 
1. OE-·3 
8.SE-S 
3.3E-l 
8.8E-4 
1.1E-·2 
3.8E-3 
6.0E-S 
2.1E-3 
1.1E-·3 
1. 4E-l 
7.1E-3 
2.0E-2 
2.2E-3 
1.lE-4 
3.2E-4 
7.2E-4 
9.9E-4 
1. 8E-3 
1.3E-2 
1. 4E-3 
9.7E-S 
2.7E-4 
1. 8E-3 
7.3E-4 
3.4E-·3 
2.0E-4 
1. OE-3 
4.3E-S 
S.8E+0 
1.0E-2 
8.3E-2 
3.6E+0 
3.6E+0 
2.8E+3 
1.3E-l 
6.8E+0 
1.lE+2 
1. 4E+2 
6.9E+2 
1.SE-2 
S.4E+2 
4.3E-3 

300.M 

1.OE--2 
2.2E-3 
S.9E-3 
6.8E-3 
S.9E-·4 
4.9E-S 
1.9E-l 
S.lE-4 
6.SE-3 
2.2E-3 
3.4E-S 
1.2E-3 
6.2E-4 
7.8E-2 
4.1E-3 
1.2E--2 
1.3E-3 
6.SE-S 
1.8E-4 
4.3E-4 
S.7E-4 
1.lE-3 
7.4E--3 
8.1E-4 
S.6E-S 
I.SE-4 
1.1E-3 
4.3E-4 
1.9E-3 
1. 2E-4 
6.0E-4 
2.1E-S 
3.3E+0 
S.8E-3 
4.8E-2 
2.1E+O 
2.1E+0 
1. 6E+3 
7.SE-2 
4.0E+O 
6.1E+l 
8.0E+l 
4.0E+2 
8.6E-3 
3.1E+2 
2.SE--3 

400.M 

6.7E-3 
1. 4E-3 
3.9E-3 
4.4E-3 
3.9E-4 
3.2E-S 
1. 3E-l 
3.4E-4 
4.3E-3 
1. 4E-3 
2.3E-S 
8.1E-4 
4.1E--4 
S.IE--2 
2.7E-3 
7.7E-,3 
8.4E-4 
4.3E-S 
1.2E-4 
2.8E-4 
3.8E-4 
7.0E-4 
4.9E-3 
S.3E-4 
3.7E-S 
1.0E-4 
7.0E-4 
2.8E-4 
1.3E-3 
7.8E-S 
4.0E-4 
1.3E-S 
2.2E+0 
3.8E-3 
3.2E-2 
1. 4E+0 
1.4E+0 
1.1E+3 
4.9E-2 
2.6E+0 
4.0E+l 
S.3E+l 
2.6E+2 
S.7E-3 
2.1E+2 
1.6E-3 

-SS-

SOO.M 

4.8E-3 
1. OE-3 
2.8E-3 
3.2E-3 
2.8E-4 
2.3E-S 
8.9E-2 
2.4E--4 
3.0E-3 
1. OE-·3 
1.6E-S 
S.7E·-4 
2.9E-4 
3.6E-2 
1.9E--3 
S.4E-3 
S.9E-4 
3.0E-S 
8.6E-·S 
2.0E-·4 
2.7E-4 
S.OE-4 
3.SE-3 
3.8E-4 
2.6E-·S 
7.2E-S 
S.OE-4 
2.0E--4 
9.1E-4 
S.6E-S 
2.8E-4 
8.SE-6 
1.6E+0 
2.7E-3 
2.2E-2 
9.8E-l 
9.8E-l 
7.6E+2 
3.SE-2 
1.8E+O 
2.9E+l 
3.7E+l 
1.9E+2 
4.0E-3 
I.SE+2 
1. 2E-3 

1000~ 

1. SE--3 
3.2E-4 
8.6E-4 
9.9E-4 
8 .. 7E-S 
6.8E-6 
2.8E-2 
7.4E-S 
9.4E-4 
3.2E·-4 
4.7E-·6 
1.8E-4 
9.1E-S 
1. lE-2 
6.0E-4 
1.7E-3 
1. 8E-4 
9.SE-6 
2.7E-S 
6.2E-S 
8.3E-S 
1.6E-4 
1.1E-3 
1.2E-4 
8.2E-6 
2.2E-S 
I.SE-4 
6.2E-S 
2.8E-4 
1. 7E-S 
8.8E-S 
2.4E-6 
4.9E-l 
8.SE-4 
7.0E-3 
3.1E-l 
3.1E-l 
2.4E+2 
1.1E-2 
S.8E-l 
8.9E+0 
1.2E+l 
S.9E+l 
1.3E-3 
4.6E+l 
3.6E-4 

IS00.M 

7.1E-4 
1. SE-4 
4.1E-4 
4.7E-4 
4.1E-S 
3.1E-6 
1.3E-2 
3.SE-·S 
4.SE-4 
1. SE·-4 
2.1E-6 
8.SE-S 
4.3E-S 
S.4E·-3 
2.9E-4 
8.1E-4 
8.8E-S 
4.4E-6 
1.3E-S 
2.8E-S 
3.9E-S 
7.4E-S 
S.IE-4 
5.SE-S 
3.9E-6 
1. lE-S 
7.3E-S 
2.9E-S 
1.4E-4 
8.1E-6 
4.2E-S 
9.9E-7 
2.3E-l 
4.0E-4 
3.3E-3 
1. SE-l 
1. SE-l 
1.IE+2 
S.OE-3 
2.8E-l 
4.3E+0 
S.SE+O 
2.8E+l 
6.0E-4 
2.2E+l 
1.7E-4 



Table S.l (Continued) 

Total Effective Dose Equivalent (99th percentile) vs Distance 
Dose in rem for a I Curie Release 

PA234 
U232D 
U232W 
U232Y 
U233D 
U233W 
U233Y 
U234D 
U234W 
U234Y 
U23SD 
U23SW 
U23SY 
U236D 
U236W 
U236Y 
U23BD 
U23BW 
U23BY 
NP237 
NP239 
PU236W 
PU236Y 
PU23BW 
PU23BY 
PU239W 
PU239Y 
PU240W 
PU240Y 
PU241W 
PU241Y 
PU242W 
PU242Y 
AM241 
AM242 
AM242M 
AM243 
CM242 
CM243 
CM244 
CM24S 
CM246 
CM24B 
BK247 
BK249 

3.6E-3 
1.IE+I 
1.3E+I 
S.BE+2 
2.4E+O 
7.0E+O 
1.2E+2 
2 . 4fo~+O 
6.9E+O 
1.2E+2 
2.2E+O 
6.4E+O 
l.lE+2 
2.3E+O 
6.SE+O 
1.IE+2 
2.2E+O 
6.2E+O 
1.0l'~+2 

4.4E+2 
2.6E-3 
1.4E+2 
1.2E+2 
4.IE+2 
2.BE+2 
4.SE+2 
3.0E+2 
4.SE+2 
3.0E+2 
9.1E+O 
S.IE+O 
4.3E+2 
2.BE+2 
4.7E+2 
S.3E-2 
4.SE+2 
4.7E+2 
1.6E+l 
3.lE+2 
2.SE+2 
4.BE+2 
4.BE+2 
1. 7E+3 
4.9E+2 
1. 2E+O 

1.7E-3 
S.4E+O 
6.3E+O 
2.BE+2 
1.2E+O 
3.4E+O 
S.7E+l 
1.2E+O 
3.3E+O 
S.6E+l 
I.IE+O 
3.IE+O 
S.21'.:+1 
1.IE+O 
3.2E+O 
S.3E+I 
1. OE+O 
3.0E+O 
S.OE+I 
2.IE+2 
1.2E-3 
7.0E+I 
S.BE+I 
2.0E+2 
1.3E+2 
2.2E+2 
1.4E+2 
2.2E+2 
1.4E+2 
4.4E+O 
2.4E+O 
2.IE+2 
1.4E+2 
2.2E+2 
2.SE-2 
2.2E+2 
2.2E+2 
7.SE+O 
I.SE+2 
1.2E+2 
2.3E+2 
2.3E+2 
B.4E+2 
2.4E+2 
S.7E-I 

300.M ----

I.OE-3 
3.1E+O 
3.6E+O 
1.6E+2 
6.8E-I 
2.0E+O 
3.3E+I 
6.7E-I 
1.9E+O 
3.2E+I 
6.2E-I 
I.BE+O 
3.0E+I 
6.3E-I 
I.BE+O 
3.IE+I 
6.0E-I 
1.7E+O 
2.9E+I 
1.2E+2 
7.IE-4 
4.0E+I 
3.3E+I 
l.lE+2 
7.7E+I 
1.3E+2 
B.3E+I 
1.3E+2 
B.3E+I 
2.SE+O 
1.4E+O 
1.2E+2 
7.9E+I 
1.3E+2 
1. SE-2 
1.3E+2 
1.3E+2 
4.3E+O 
8.7E+l 
6.9E+I 
1.3E+2 
1. 3E+2 
4.9E+2 
l.4E+2 
3.3E-l 

6.SE-4 
2.0E+O 
2.4E+O 
l.lE+2 
4.SE-I 
1.3E+O 
2.2E+I 
4.4E-l 
1.3E+O 
2.IE+I 
4.1E-I 
1.2E+O 
2.0F~+1 

4.2E-I 
1.2E+O 
2.0E+I 
4.0E-I 
1.1E+O 
I . 9F~+ I 
B.lE+I 
4.7E--4 
2.7E+I 
2.2E+I 
7.SE+I 
S.IE+l 
B.3E+I 
S.SE+I 
B.3E+I 
S.SE+I 
1.7E+O 
9.3E-I 
7.9E+I 
S.2E+I 
B.6E+I 
9.6E-3 
B.3E+I 
B.6E+I 
2.9E+O 
S.7E+I 
4.SE+I 
B.BE+I 
B.BE+I 
3.2E+2 
9.0E+I 
2.2E-I 

-S6-

4.7E--4 
1.4E+O 
1.7E+O 
7.SE+I 
3.2E-I 
9.1E-I 
I.SE+I 
3.IE-I 
9.0E-I 
I.SE+l 
2.9E-I 
B.3E-I 
1.4E+I 
3.0E--I 
B.SE-I 
1.4E+I 
2. BE--I 
B.OE-I 
1.4E+I 
S.7E+I 
3.3E-4 
1.9E+I 
1. 6E+ I 
S.3E+I 
3.6E+I 
S.9E+I 
3.9E+I 
S.9E+I 
3.9E+I 
1.2E+O 
6.6E-I 
S.6E+I 
3.7E+l 
6.IE+l 
6.BE-3 
S.BE+I 
6.0E+I 
2.0E+O 
4.IE+I 
3.2E+I 
6.2E+I 
6.2E+I 
2.3E+2 
6.4E+I 
1. SE-l 

1.4E-4 
4. SE--I 
S.3E--I 
2.4E+I 
1. OE-I 
2.9E-I 
4.SE+O 
9.7E-2 
2.SE-I 
4.7E+O 
9.1E--2 
2.6E-I 
4.4E+-O 
9.3E-2 
2.7E-l 
4.SE+O 
8.SE--2 
2.SE-I 
4.2E+O 
I.SE+I 
1. OE-4 
S.9E+O 
4.9E+O 
1.7E+I 
1.IE+I 
1. SE+l 
1.2E+I 
1.BE+I 
1.2E+l 
3.7E-I 
2.1E--I 
I.BE+I 
1.2E+I 
1.9E+I 
2.IE-3 
1.SE+l 
1.9E+l 
6.3E-I 
1.3E+I 
1. OE+l 
2.0E+l 
1. 9E+l 
7.lE+l 
2.0E+I 
4.8E-2 

6.6E-S 
2.2E-l 
2.SE-l 
1. lE+1 
4.7E-2 
1.4E--I 
2.3E+O 
4.6E--2 
1. 3E-l 
2.3E+O 
4.3E-2 
1.2E--l 
2.lE+O 
4.4E-2 
1. 3E-l 
2.lE+O 
4.2E-2 
1. 2E-l 
2.0E+O 
B.SE+O 
4.9E-S 
2.BE+O 
2.3E+O 
7.9E+O 
S.4E+O 
8.BE+O 
S.BE+O 
8.BE+O 
S.BE+O 
1. BE-l 
9.8E-2 
8.4E+O 
S.SE+O 
9.0E+O 
1. OE-3 
S.7E+O 
9.0E+O 
3.0E-l 
6.lE+O 
4.BE+O 
9.3E+O 
9.3E+O 
3.4E+l 
9.SE+O 
2.3E-2 



Table 5.1 (continued) 

Total Effective Dose Equivalent (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

Iso-
tope 

BK250 
CF252 
CF253 

1so-
top~ 

I 125 
I 126 
I 129 
I 131 
I 132 
I 133 
I 134 
I 135 
TE132 

Iso­
tope 

100.M 200_.M 300~M 400.M 500·M 1000.M 

7.0E-3 3.3E-3 1.9E-3 1.3E--3 B.9E-4 2.7E-·4 
1.1E .. -2 5.1E+l 3.0E+l 2.0E+l 1. 4E+l 4.3E+O 
2.7E+O 1. 3E+O 7.6E-l 5.0E-l 3.5E--l 1. lE--l 

Table 5.2 

Thyroid Dose (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

lOQ.!M 200.~ 300.M 400_ .. M 500.!M 10Q~~M 

7.0E-l 3.4E-l 2.0E-·l 1.3E--l 9.1E-2 2.9E-2 
1. 3E+O 6.2E-l 3.6E-l 2.4E-·l 1. 7E-l 5.2E-2 
5.1E+O 2.4E+O 1.4E+O 9.3E-l 6.6E-l 2.1E-··l 
9.5E--l 4.6E-l 2.6E--l 1.7E-l 1. 2E-l 3.9E-·2 
7.7E-3 3.6E-3 2.1E-3 1. 4E-3 9.7E-·4 2.9E-4 
1. 6E-l 7.7E-·2 4.4E-2 2.9E-2 2.1E-2 6.4E-3 
1. 9E- 3 9.0E-4 5.2E-4 3.4E-4 2.4E-4 6.BE-5 
3.0E-2 1. 5E-2 B.4E-·3 5.5E-·3 3.9E-3 1.2E-3 
2.1E-l 1.0E-l 5. BE-·2 3. BE-·2 2.7E-2 B.5E-3 

Table 5.3 

Kidney Dose (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

1500.M 

1. 2E-4 
2.1E+O 
5.3E-2 

1500~M 

1. 4E-2 
2.5E-2 
9. BE-·2 
1. BE-2 
1. 3E-4 
3.0E-3 
3.0E--5 
5.6E-4 
4.0E-3 

200.M 300.M 400.M 500.M 1000.M 1500.M 

CDI09 1.3E+O 6.2E-l 3.6E-l 2.4E-l 1.7E~1 5.2E-2 2.5E-2 
CDl13M 1.BE+l B.6E+O 4.9E+O 3.3E+O 2.3E+O 7.2E-l 3.4E-l 
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1so­
!.ope 

ZR93 
ZR9S 
TE12SM 
PM14S 
PM147 
SMISI 
EUISS 
GOISI 
GOIS3 
HF172 
HF18I 
PB2I0 
AC227 
AC228 
TH228 
TH230 
TH232 
PA23I 
U2320 
U233D 
U234D 
U23SD 
U236D 
U238D 
NP237 
PU236W 
PU238W 
PU239W 
PU239Y 
PU240W 
PU240Y 
PU24IW 
PU24IY 
PU242W 
AM24I 
AM242 
AM242M 
AM243 
CM242 
CM243 
CM244 
CM24S 
CM246 
CM248 
BK247 
BK249 
BK2S0 
CF2S2 

Table S.4 

Bone Surface Dose (99th percentile) vs Distance 
Dose in rem for a 1 Curie Release 

7.lE+0 
3.4E-l 
1. OE-l 
2.SE-l 
3.3E-l 
4.SE-l 
4.9E-l 
1. 2E-l 
3.0E-l 
4.7E+0 
2.6E-l 
1. 8E+ 2 
1. OE+ 5 
4.6E .. 0 
4.SE+3 
7.0E+3 
3.6E+4 
2.8E+4 
2.IE+2 
3.6E+l 
3.SE+l 
3.3E+l 
3.4E+l 
3.2E+l 
7.8E+3 
2.4E+3 
7.2E+3 
8.0E+3 
3.IE+3 
8.0E+3 
3.IE+3 
1. 7E+2 
6.9E+l 
7.6E+3 
8.2E+3 
S.6E-l 
8.lE+3 
8.2E+3 
1. 6E+2 
S.4E+3 
4.3E+3 
8.SE+3 
8.SE+3 
3.IE+4 
8.7E+3 
2.lE+1 
1.0E-l 
1. 6E+3 

200.M 

3.4E+0 
1. 6E-l 
S.OE-2 
1. 2E-l 
1. 6E-l 
2.2E-l 
2.4E-l 
S.6E-2 
1. 4E-l 
2.3E+0 
1. 3E-l 
8.6E .. l 
S.OE .. 4 
2.2E .. 0 
2.lE+3 
3.4E+3 
1.7E+4 
1. 4E .. 4 
1.OE+2 
1. 8E+ 1 
1.7E+l 
1.6E+l 
1.6E+l 
1. SE+l 
3.7E+3 
1. 2E+3 
3.4E+3 
3.9E+3 
1. SE+3 
3.9E .. 3 
1. SE+3 
8.0E+l 
3.3E+l 
3.7E+3 
4.0E+3 
2.7E-l 
3.9E+3 
4.0E+3 
7.9E+l 
2.6E+3 
2.lE+3 
4.lE+3 
4.lE+3 
I.SE+4 
4.2E+3 
1.0E+l 
S.OE-2 
7.6E+2 

2.0E+0 
9.4E-2 
2.9E-2 
6.9E-2 
9.2E-2 
1. 2E--I 
1. 4E-I 
3.2E-2 
8.4E-2 
1.3E+0 
7.3E-2 
S.OE+l 
2.9E+4 
1.3E+0 
1. 2E+3 
2.0E+3 
1.OE+4 
7.9E .. 3 
S.8E+l 
1. OE+l 
9.9E+0 
9.IE+0 
9.4E+0 
8.9E+0 
2.2E+3 
6.8E+2 
2.0E+3 
2.2E+3 
8.6E+2 
2.2E+3 
8.6E+2 
4.6E+l 
1.9E+l 
2.IE+3 
2.3E+3 
1. SE-l 
2.2E+3 
2.3E+3 
4.6E+I 
1.SE+3 
1.2E+3 
2.4E+3 
2.4E+3 
8.6E+3 
2.4E+3 
S.9E+0 
2.9E-2 
4.4E+2 

400.M 

1. 3E+0 
6.2E--2 
1.9E-2 
4.SE-2 
6.IE-2 
8.2E-2 
9.lE-2 
2.lE-2 
S.SE-2 
8.7E-I 
4.8E-2 
3.3E+I 
1.9E+4 
8.4E-I 
8.2E+2 
1. 3E+3 
6.6E+3 
S.2E+3 
3.8E+l 
6.7E+0 
6.SE+0 
6.0E+0 
6.2E+0 
S.8E+0 
1. 4E+3 
4.SE+2 
1.3E+3 
1.SE+3 
S.7E+2 
1. SE+3 
S.7E+2 
3.0E+l 
1. 3E+ 1 
1. 4E+3 
1. SE+3 
1. OE-l 
1.SE+3 
1. SE+3 
3.0E+l 
I.OE+3 
7.8E+2 
1. 6E+3 
1. 6E+3 
S.7E+3 
1. 6E+3 
3.9E+0 
1.9E-2 
2.9E+2 

-S8-

SOO.M 

9.2E--I 
4.4E-2 
1. 4E- 2 
3.2E-2 
4.3E-2 
S.8E-2 
6.4E-2 
1. SE-2 
3.9E-2 
6.lE-1 
3.4E-2 
2.3E+l 
1. 4E+4 
6.0E-I 
S.8E+2 
9.lE+2 
4.7J!:+3 
3.7E+3 
2.7E+l 
4.7E+0 
4.6E+0 
4.3E+0 
4.4E+0 
4.lE+0 
1.OE+3 
3.2E+2 
9.3E+2 
1. OE+3 
4.0E+2 
1.OE+3 
4.0E+2 
2.2E+l 
8.9E+0 
9.9E+2 
1.lE+3 
7.2E-2 
1. OE+ 3 
1. IE ... 3 
2.lE+l 
7.0E+2 
S.SE+2 
1. lE+3 
1.lE+3 
4.0E+3 
1.lE+3 
2.8E+0 
1.3E-2 
2.lE+l 

1000.M 

2.9E-I 
1. 4E-2 
4.2E-3 
1. OE-2 
1.3E-2 
1. 8E-2 
2.0E-2 
4.7E-3 
1. 2E-2 
1. 9E-l 
1. lE-2 
7.2E+0 
4.2E+3 
1.8E-l 
1.8E+2 
2.9E+2 
1. SE+3 
1. IE+ 3 
8.SE+0 
1. SE+O 
1.4E+0 
1.3E+0 
1.4E+0 
1.3E+0 
3.2E .. 2 
9.9E+l 
2.9E+2 
3.3E+2 
1.3E+2 
3.3E+2 
1.3E+2 
6.7E+0 
2.8E+0 
3.lE+2 
3.3E+2 
2.2E-2 
3.3E+2 
3.3E+2 
6.6E+0 
2.2E+2 
1.7E+2 
3.SE+2 
3.4E+2 
1.3E+3 
3.SE+2 
8.6E-l 
4.0E-3 
6.4E+l 

lSOO.M 

1. 4E-l 
6.SE-3 
2.0E-3 
4.8E-3 
6.4E-3 
8.7E-3 
9.6E-3 
2.3E-3 
S.8E-3 
9.lE-2 
S.lE-3 
3.4E+0 
2.0E+3 
8.6E-2 
8.6E+l 
1. 4E+2 
7.0E+2 
S.SE+2 
4.0E+0 
7.lE-l 
6.9E-l 
6.4E-l 
6.6E-l 
6.2E-l 
1. SE+2 
4.7E+l 
1.4E+2 
1.6E+2 
6.0E+l 
1. 6E+2 
6.0E+l 
3.2E+0 
1.3E+0 
1. SE+2 
1. 6E+2 
1.lE-2 
1.6E+2 
1. 6E+2 
3.2E+0 
1.lE+2 
8.3E+l 
1. 7E+2 
1. 6E+2 
6.0E+2 
1. 7E+2 
4.lE-l 
1. 8E-3 
3.lE+l 



Table 5.5 

Pathway Contributions (as percent) 
to the Total Effective Dose Equivalent 

(C=Cloud. G,o:Ground. 1=lnhalation) 

Nuclide C g !. Nuclide C g !. 

H 3 0 0 100 SE 75 0 11 89 
C 14 0 0 100 SE 79 0 0 100 
F 18 3 87 9 BR 76 0 0 100 
NA 22 1 39 60 BR 77 1 73 26 
NA 24 2 84 14 BR 82 1 78 21 
MG 28 1 56 43 KR 83M 100 0 0 
SI 31 0 27 73 KR 85 100 0 0 
P 32 0 1 99 KR 85M 100 0 0 
P 33 0 0 100 KR 87 100 0 0 
S 35 0 0 100 KR 88 100 0 0 
CL 36 0 0 100 KR 89 100 0 0 
AR 37 100 0 0 RB 84 0 25 74 
AR 41 100 0 0 RB 86 0 6 94 
K 40 0 4 96 SR 85 0 20 80 
K 42 0 36 63 SR 89 0 0 100 
CA 45 0 0 100 SR 90 0 0 100 
CA 47 0 26 73 Y 90 0 3 97 
SC 46 0 14 86 Y 91 0 0 100 
SC 47 0 14 86 ZR 93 0 0 100 
TI 44 0 1 99 ZR 95 0 7 93 
V 48 1 39 60 NB 94 0 1 99 
CR 51 0 20 80 NB 95 0 24 75 
MN 54 0 23 77 MO 99 0 10 89 
MN 56 3 80 18 TC 99 0 0 100 
FE 55 0 0 100 TC 99M 1 86 12 
FE 59 0 15 85 RUI03 0 12 88 
CO 57 0 4 96 RUI05 1 72 27 
CO 58 0 18 82 RUI06 0 0 100 
CO 60 0 2 98 RHI06 84 16 0 
Nl 59 0 0 100 PDI07 0 0 100 
Nl 63 0 0 100 PD109 0 7 93 
CU 64 1 58 42 AG110M 0 7 92 
CU 67 0 20 79 AG111 0 13 87 
ZN 65 0 6 94 CDI09 0 0 100 
GA 67 0 40 59 CD113M 0 0 100 
GA 70 0 0 100 CD115 0 11 89 
GA 72 1 73 26 INll1 1 67 32 
GE 68 0 5 95 INl13M 3 80 17 
GE 77 1 67 32 IN114M 0 1 99 
AS 72 1 50 49 SNl13 0 6 94 
AS 73 0 1 99 SNl19M 0 0 100 
AS 74 0 20 80 SN121 0 0 100 
AS 76 0 24 75 SN121M 0 0 100 
AS 77 0 3 97 SN123 0 1 99 
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Table 5.5 (Continued) 

Pathway Contributions (as percent) 
to the Total Effective Dose Equivalent 

(C:Cloud. G=Ground. I~Inhalation) 

Nucli~ ~ G .1 Nuclid~ C G .1 

SN126 0 5 95 PM145 0 0 100 
SB122 0 19 81 PM147 0 0 100 
SB124 0 15 85 SM145 0 0 100 
SB12S 0 8 92 SM151 0 0 100 
SB126 0 36 63 EU152 0 1 99 
SB126M 1S 74 11 EU154 0 1 99 
TE12SM 0 1 99 EU155 0 0 100 
TE127 0 6 94 GD151 0 0 100 
TE127M 0 0 100 GD153 0 1 99 
TE129 1 40 59 TB160 0 9 91 
TE129M 0 2 98 DY159 0 0 100 
TE132 0 39 61 DY165 0 35 65 
I 125 0 0 100 H0166M 0 1 99 
I 126 0 3 97 ER169 0 0 100 
I 129 0 0 100 TM170 0 0 100 
I 131 0 3 97 YB169 0 10 90 
I 132 3 83 15 YB177 0 0 100 
I 133 0 19 81 LU172 0 0 100 
I 134 7 83 11 LU177 0 4 96 
I 135 1 71 28 HF172 0 0 100 
XE133 100 0 0 HF181 0 8 92 
XE133M 100 0 0 TA182 0 6 94 
XE135 100 0 0 TA183 0 0 100 
XE135M 100 0 0 W 181 0 43 57 
XE137 100 0 0 W 185 0 0 100 
XE138 100 0 0 W 187 1 63 36 
CS134 0 8 92 RE188 0 14 86 
CS135 0 0 100 OS191 0 5 95 
CS136 1 41 59 IR192 0 7 93 
CS137 0 4 95 IR194 0 13 87 
BA131 1 63 36 PT193 0 1 99 
BA133 0 11 88 PT197 0 10 90 
BA137M 61 39 0 AU198 0 24 76 
BA140 0 12 88 AU199 0 14 86 
LA140 1 50 49 HG203 0 8 92 
CE137 0 0 100 TL201 1 51 48 
CE139 0 4 95 TL204 0 1 99 
CE141 0 2 98 TL208 63 37 0 
CE143 0 18 82 PB210 0 0 100 
CE144 0 0 100 BI207 0 16 84 
PR143 0 1 99 BI210 0 0 100 
PR144 2 33 65 P0210 0 0 100 
PR144M 15 85 0 RA226 0 0 100 
ND147 0 5 95 AC227 0 0 100 
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Table 5.5 (Continued) 

Pathway Contributions (as percent) 
to the Total Effective 00se Equivalent 

(C==Cloud. G",Ground. I=lnhalation) 

Nt!~ljde C ~ I Nuclid~ Q ~ I 

AC228 0 0 100 AM243 0 0 100 
TH227 0 0 100 CM242 0 0 100 
TH228 0 0 100 CM243 0 0 100 
TH230 0 0 100 CM244 0 0 100 
TH232 0 0 100 CM245 0 0 100 
TH234 0 1 99 CM246 0 0 100 
PA231 0 0 100 CM248 0 0 100 
PA233 0 6 94 BK247 0 0 100 
PA234 1 79 20 BK249 0 0 100 
U 2320 0 0 100 BK250 0 13 87 
U 232W 0 0 100 CJ:c'252 0 0 100 
U 232Y 0 0 100 CF253 0 0 100 
U 2330 0 0 100 
U 233W 0 0 100 
U 233Y 0 0 100 
U 2340 0 0 100 
U 234W 0 0 100 
U 234Y 0 0 100 
U 235D 0 0 100 
U 235W 0 0 100 
U 235Y 0 0 100 
U 2360 0 0 100 
U 236W 0 0 100 
U 236Y 0 0 100 
U 2380 0 0 100 
U 238W 0 0 100 
U 238Y 0 0 100 
NP237 0 0 100 
NP239 0 15 85 
PU236W 0 0 100 
PU236Y 0 0 100 
PU238W 0 0 100 
PU238Y 0 0 100 
PU239W 0 0 100 
PU239Y 0 0 100 
PU240W 0 0 100 
PU240Y 0 0 100 
PU241W 0 0 100 
PU241Y 0 0 100 
PU242W 0 0 100 
PU242Y 0 0 100 
AM241 0 0 100 
AM242 0 0 100 
AM242M 0 0 100 
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F'or facilities in the front end of the fuel cycle. a 
number of uranium releases are cons idered. These involve 
different enrichments of the three naturally occur.ring iso­
topes. and compounds with different solubility (clearance) 
classes. In addition. many of the release scenarios are 
specified in terms of mass (kg) of material released. rather 
than a complete specification of the number of curies of 
each isotope. To make the later analyses somewhat simpler. 
a table of dose estimates was constructed for four composi­
tions (depleted. natura 1. LWR enriched. and high enriched) 
and three clearance classes (0, clearance time of days; 
W. weeks; and Y. years). These estimates are summarized in 
Table 5.6; the results are expressed in terms of rem per kg 
of uranium released. 

For many accident scenarios. the chemica 1 toxici ty of 
the ma ter ia 1 is of concern. For these eva 1 ua t ions. it is 
useful to know the fraction of the released material that is 
inhaled. For example. for accidental UF6 releases the 
quantity of uranium inhaled is needed to evaluate the poten­
t ia 1 ha zard of heavy meta 1 poisoning. These f ract ions are 
tabulated below and have units of (Ci inhaled/Ci released) 
or (g inhaledlg released): 

INTERCEPT FRACTIONS 

Distance lOO.M 300.M 400.M SOO.M lOOO~M lSOO.M 

8.9E-7 4.3E-7 2.SE-7 1.6E-7 1.2E-7 3.6E-8 1.7E-8 

200.M 

with 
Depo-­
sition 

Without 1.OE-6 S.5E-7 3.SE-7 2.SE-7 1.9E-7 7.7E-8 4.SE-8 
Depo-
sition 

The intercept f ract ions wi th depos i t ion are for use wi th 
particulate material. Those without would be for use with 
tritium. In the case of UF6 releases. in which HF is 
formed as the UF6 is mixed and reacts with moisture in the 
atmosphere. appropriate values would be in between these two 
cases. A separate correction factor would have to be 
supplied if some of the inhaled particulate material were 
immediately exhaled from the lungs. 

For other chemicals. the air concentration at the expo­
sure point is the relevant parameter for evaluating chemical 
toxici ty. In particular. this appl ies to HF. hydrofluoric 
acid. which is generated from the hydrolysis of UF6. The 
concentrat ion in air (C. g/m3 ) can be est imated f rom the 
material release rate (MR. g/s) and the amount of atmos­
pheric dilution. given by CHI/Q (s/m 3 ). as follows: 
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Table 5.6 

Uranium Release Dose Estimates 

Composition 

Type 

Depleted 
Natural 
LWR enriched 
High enriched 

Specific activity 

% 234U 

0.005 
0.03 
1.1 

234U 
23SU 
238U 

6.27 Ci/kg 
2.17E-3 
3.37E-4 

% 235U 

0.2 
0.72 
3.2 

93.0 

% 238U 

99.8 
99.275 
96.77 
5.9 

Dose Conversion Factors (rem/Ci released) Distance ; 100 m 

Nuclide Class D Class W Class Y 

234U 2.4 6.9 1.2E2 
23SU 2.2 6.4 1.lE2 
238U 2.2 6.2 1.0E2 

Dose Estimates (rem/kg U released) Distance = 100 m 

Type Class D Class W Class Y 

Depleted 7.5E-4 2.1E-3 3.4E-2 
Natural 1.SE-3 4.3E-3 7.3E-2 
LWR enriched S.4E-3 1. SE-2 2.7E-l 
High enriched 1.7E-1 4.9E-1 8.SE-0 

Dose Conversion Factors (rem/Ci released) Distance :: 200 m 

Nuclide Class D Class W Class Y 

234U 1.2 3.3 S.6El 
23SU 1.1 3.1 S.2E1 
238U 1.0 3.0 S.OEl 

Dose Estimates (rem/kg U released) Distance = 200 m 

Type Class D Class W Class Y 

Depleted 3.4E-4 1. OE-3 1. 7E-2 
Natural 7.3E-4 2.1E-3 3.SE-2 
LWR enriched 2.7E-3 7.4E-3 1.3E-1 
High enriched 8.SE-2 2.4E-l 4.0E-0 
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Table 5.6 (Continued) 

Uranium Release Dose Estimates 

Dose Conversion Factors (rem/Ci released) Distance ::; 300 m 

Nuclide Class D Class W Class Y 

234U 0.67 1.9 3.2El 
23SU 0.62 1.8 3.0El 
238U 0.60 1.7 2.9El 

Dose Estimates (rem/kg U released) Distance == 300_.I!t 

Type Class D Class W Class Y 

Depleted 2.0E-4 s.8E-4 9.9E-3 
Natural 4.2E-4 1. 2E--3 2.0E-2 
LWR enriched 1. sE-3 4.3E-3 7.2E--2 
High enriched 4.7E-2 1. 3E-1 2.3E-0 

Dose Conversion Factors (rem/Ci released) Distance ::; 400 m 

Nuclide Class D Class W Class Y 

234U 0.44 1.3 2.1El 
23SU 0.41 1.2 2.0El 
238U 0.40 1.1 1. 9El 

Dose Estimates (rem/kg U released) Distance ::; 400 m 

Type Class D Class W Class Y 

Depleted 1. 4E-4 3.8E-4 6.sE-3 
Natural 2.8E-4 7.9E-4 1.3E-2 
LWR enriched 9.9E-4 2.9E-3 4.7E-2 
High enriched 3.1E-2 9.2E-2 1.sE-0 

Dose Conversion Factors (rem/Ci released) Distance ::; 500 m 

Nuclide Class D Class W Class Y 

234U 0.31 0.90 1. sEl 
23SU 0.29 0.83 1. 4El 
238U 0.28 0.80 1. 4El 
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Table 5.6 (Continued) 

Uranium Release Dose Estimates 

Dose Estimates (rem/kg U released) Distance .- 50.Q __ .m. 

Type Class D Class W Class Y 

Depleted 9.SE-5 2.7E-4 4.SE-3 
Natural 2.0E-4 5.6E-4 9. 6E- 3 
LWR enriched 6.9E-4 2.0E-3 3.4E-2 
High enriched 2.2E-·2 6.4E-2 1.1E-0 

Dose Conversion Factors (rem/Ci released) Distance - 10Q!Lm 

Nuclide Class D Class W Class Y 

234U 9.7E-2 2.SE-1 4.7E+0 
235U 9.lE-2 2.6E-1 4.4E+0 
23SU S.SE-2 2.5E-1 4.2E-t·0 

Dose Estimates (rem/kg U released) Distance = 100CL,m 

Type Class D Class W Class Y 

Depleted 3.0E-5 S.5E-5 1. 4E-3 
Natural 6.1E-5 1. SE-·4 2. 9E- 3 
LWR enriched 2.2E-4 6.3E-4 1.1E-·2 
High enriched 6.9E-3 2.0E-2 3.3E-1 

Dose Conversion Factors (rem/Ci released) Distance = 1500 m 

Nuclide Class D Class W Class Y 

234U 4.6E-2 1. 3E-1 2.3E+0 
235U 4.3E-2 1. 2E-1 2.1E+0 
23SU 4.2E-2 1. 2E-1 2.0E+0 

Dose Estimates (rem/kg U released) Distance - 1500 m 

Type Class D Class W Class Y 

Depleted 1. 4E-5 4.1E-5 6. SE-4 
Natural 2.9E-5 S.3E-5 1. 4E-3 
LWR enriched 1. OE-4 2.9E-4 5.1E-3 
High enriched 3.3E-3 9.2E-3 1. 6E-1C 
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C MR x (CHI/Q) 

The values for CHI/Q are summarized below for the various 
distances: 

Distance 100.M 

With 
Depo­
sition 

3.4E-3 1.5E-3 9.4E-4 6.1E-4 4.3E-4 1.4E-4 6.5E-5 

Without 3.9E-3 2.1E-3 1.3E-3 9.3E-4 7.1E-4 2.9E-4 1.7E-4 
Depo-
sition 

These were obtained from the intercept fractions above by 
dividing out the breathing rate of 2.66E-4 m3 /s. 

The hydrolysis of UF6 by moisture in the atmosphere 
proceeds according to the reaction: 

UF6 + 2 H20 ; U02F2 + 4 HF 

If the starting quantity of UF6 is 1.48 kg. which contains 
1.0 kg of uranium. then 0.34 kg of HF is produced. 

The resul ts presented in this chapter are based on the 
99th percentile of the distribution for a full range of 
meteorological conditions. This corresponds. for the 
meteorological file used. to the f stability. 1 mls wind­
speed weather sequence. As will be seen in Chapter 6 in the 
screening resu I ts. doses based on the I icensed possess ion 
limit are several orders of magnitude over the selected dose 
limit for a number of facilities. For these larger 
licenses. accidents which occurred during average weather 
conditions would still lead to relatively large estimated 
doses even at the longer distances. Under these conditions. 
the wind- speed is higher. on the order of 5 mls or greater. 
versus the 1 mls used above. The implications for emergency 
response is that up to an ord~~ of magnitude less time could 
be available for the initiation and implementation of dose 
avoidance measures (e. g.. she Iter ing) . For reference. the 
median dose (50th percentile) from the distribution is 
smaller by the following factors for a particulate form. 
inhalation dominated nuclide (eg. PU238Y. PU239Y. etc): 
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Distance SOO~M 1000.M lS00.M 

Dose Ratio 0.14 0.11 0.11 0.10 0.10 0.11 0.12 

It should also be noted that stable atmospheric conditions 
generally occur at night. with neutral and unstable condi­
tions generally during the daytime. Thus time of day can 
lead to shifts in the estimated dose by about an order of 
magnitude. 
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CHAP1'ER 6 

Data Base and Screening Results 

NRC has had for a number of years a Material Licensing 
System. part of which is a computer file (called the master 
file) of license information covering license and docket 
numbers. identity and address of the licensee. type of 
license. dates. and other bookkeeping information. The 
other part is a system to help track the paperwork asso­
ciated with various licensing actions (applications. renew­
a Is. amendments. etc.). One of the firs t parts of this 
study was to collect. for use in a computer data base. the 
radionuclide possession limit information that is specified 
as part of each license issued by NRC. 

It is planned that this possession limit data base will 
be combined with the (previous) master file into a new 
License Management System at NRC. For this study. the pos­
session limit data will be used in an initial screening of 
all licenses to identify those with sUfficiently large 
inventories that accidents releasing radioactive material 
could lead to excessive radiological exposures. These 
licensees should then be further evaluated on a site­
specific basis as to the need for and potential effective-­
ness of additional emergency planning and preparedness. 

6.1 Data Base Description 

The possession I imi t data base has been developed over 
the last 2 years wi th the assistance of a subcontractor. 
International Energy Associates. Limited. of Washington. 
D.C. This development effort was part of a separate program 
funded by NMSS. Based on examina t ion of a sample of the 
I icenses in the docket fi Ie. the formats. and methods for 
the data collection were developed. A key part of this was 
assembling a dictionary of acronyms. abbreviations. defini­
tions. and rules to be used in copying all the information 
from the licenses to the computer input forms. 

The basic entry in each license for each nuclide or group 
of nuclides consists of three parts: material type. con­
figuration. and quantity (possession limit). The nomencla­
ture for material type includes single isotopes (H3. C060. 
CS137. PU239. etc.). combined sources (CS-AM). medical group 
1 icenses (Group 1 through Group 6). broad scope licenses 
(A-Any. A3-Atomic Numbers 3-83. AXI-Any except iodine. etc.). 
and others. The configuration is used to describe the 
physical form or containment of the material; for example: 
A-any. SS-sealed source. ENC-encapsulated. SOL-solid. 
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GEN-generator. etc. The quantity could be in terms of activ­
ity or mass. For some. a range is allowed. For some sealed 
sources. the maximum quanti ty per source and an aggregate 
limit are specified. For other sealed sources. the maximum 
quantity per source is given. but not a total, meaning that 
there is no 1 imi t on the tota 1 number of sea led sources 
(e.g .• noted as S-l mCi/O). This quantity notation will be 
referred to simply as "/0." 

A considerable amount of quality assurance work was per­
formed to assure that the computer data base reflected 
accurately the information on the licenses. A sample of the 
input forms were checked against the license and similarly 
against the data base. The configuration abbreviations were 
checked for conformi ty wi th the d ict ionary. The quant i ty 
expression has to meet certain rules; for example. left ele­
ment of a dual specification smaller than the right. The 
isotope names were checked for reasonableness (e.g .• the mass 
number corresponds to known isotopes of the element). At 
this point. there is a reasonable confidence that the data 
base accurately reflects the license information in the 
docket file. 

The data base used in the screening analysis in this 
study represents a snapshot of the docket file as of about 
May 1984. Changes. additions, deletions. etc .• to this file 
are being processed and accumulated as part of a separate 
NRC program; there are about 200-300 licensing actions proc­
essed each month. Eventually. the possession limit data 
base will be brought up to date and integrated into the on­
line. real-time Licensing Management System. 

The number of licenses and records in the data base can 
be summarized as follows: 

Number of Number of Material 
License Type Licenses Type Entries 

Part 30 8290 30019 
Part 40 252 361 
Part 70 443 945 
Part 00 460 1249 

Totals 9445 32574 

Part 00 is the collection of licenses for which docket num­
bers were not available. Licenses issued by agreement 
states are not included. 

using the data base sort routines, several simple anal­
yses were done on the frequency of occurrence of names in 
the data base. For the 32574 entries of material types, 608 
distinct names were used. The following table shows this by 
type of license. For each type. selection of a relative few 
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of these names shows that a large fraction of the total 
entries can be covered. 

Number of 
License Total in l"ile Names* Entries Percent 
_.!Y..ll. __ Na 1Il~.2.. __ .. __ En t ~ i e §. Sel~cte9.. Covered Coverage 

Part 30 524 30019 96 29329 97 
Part 40 20 361 5 338 93 
Part 70 129 945 10 731 77 
Part 00 114 _1~.49_ 25 _ 1031 82 

Totals 32574 31429 

*10 or more occurrences 

For all types of licenses combined. the most commonly occur­
ring names are listed in Table 6.1. Of the 609 material 
type names in the file. 336 occur 5 or fewer times. with 222 
occurring only once. 

Similarly. frequency distributions of configuration names 
show that a relatively small fraction of the complete set of 
names encompasses almost all of the file. The following 
table shows this information by license type: 

Number of 
License Total in File Names* Entries Percent 
_'!YIH~._ Names Ent~jes Selected _.Covered _ ~Qverage 

Part 30 253 29994 59 29487 98 
Part 40 100 361 5 160 44 
Part 70 104 945 10 746 79 
Part 00 60 1249 9 1111 89 -

Totals 32549 31516 

*10 or more occurrences 

For all types of licenses combined. Table 6.2 lists the most 
common 45 names (20 or more occurrences). Of the 388 con·· 
figuration names in the data base. 274 occur 5 or fewer 
times. with 155 of these occurring only once. 

Considerable simplification of the data base could be 
achieved by sharply reducing the size of the allowed diction­
aries. It would also help to eliminate or change duplica­
tive or confusing names (ENF-encapsulated foils. FPS-Foils. 
plated sources or sealed sources. FSS-foils or sealed 
sources. SPO-sealed. plated or sol id sources. SPS-sealed or 
plated sources. SS-sealed source; AEC-activated electronic 
component. IEL-irradiated electronic component; etc.). In a 
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Table 6.1 

l .... requency of Use of Material Type Names 

No. of 
Nam~ NO~o<...Q.! ___ .oc~l!r ~ences Nam~ pccY..f..f.enCe~ 

A 135 M099 125 
A1 171 MOTC 23 
A3 324 NA24 60 
AG110 20 N163 1406 
AMBE 219 NLS 36 
AM241 1967 NPA 274 
AU198 78 NP237 55 
BA133 129 PM147 114 
CA45 210 P0210 153 
CD109 197 PU238 296 
CE141 33 PU239 232 
CF252 130 PU. PUU. PUl 99 
CL36 104 PUBE 143 
CM244 85 P32 587 
C060 1464 P33 52 
CR5l 256 RB86 54 
CSAM 237 SB124 22 
CS137 3212 SC46 32 
CU64 28 SE75 53 
C14 839 SNIl3 38 
DU 357 SR85 42 
FE55 177 SR90 600 
FE59 157 S35 403 
GD153 37 'l"C99 85 
GRl 1970 TC99m 107 
GR2 1995 'l'H. THU. UTH 111 
GR3 1914 TH228 32 
GR4 1050 'l'H232 34 
GR5 796 TL204 53 
GR6 445 TYPB 20 
HG203 48 TYPC 19 
H3 1521 U233 49 
IR192 484 U235 168 
1125 827 U238 113 
1129 67 U. UUR. UND 70 
1131 953 VIT 1141 
KR85 291 XE133 1265 
K42 55 YB169 27 
MN54 40 ZN65 78 

Totals Names Entries 

This List 78 31293 
Total File 609 32574 

(greater than 96\ coverage) 
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Table 6.2 

Frequency of Use of Configuration Abbreviations 

A 
AOY 
ALY 
AXB 
Bl"P 
BNA 
CAL 
CAR 
COE 
CPM 
CSC 
1':NC 
FOC 
1"01 
!i'PO 
F'PS 
FSS 
GAS 
GEN 
HYP 
100 
lRM 
LIQ 

Totals 

This List 
Entire File 

7'-J72 
21 
21 
21 

1036 
26 
40 
31 
20 

207 
31 

138 
956 
358 

30 
35 
36 

148 
36 

301 
89 
27 
32 

45 
388 

(greater than 96% coverage) 
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MET 
MTG 
OXO 
PAS 
PLM 
PLS 
PPK 
PSO 
SOS 
SLO 
SLS 
SNS 
SOL 
SPS 

SS 
SSS 
ST1" 
TT[O' 
'l'T1' 
UOC 

29 
77 
31 
25 
29 
27 

200 
149 
181 

59 
24 
30 

442 
97 
21 

8877 
47 
29 

144 
21 

107 
957~. 

31432 
32549 



hazards assessment. the integri ty of a sea led source in an 
adverse environment is important. A distinction might be 
made between those with substantial containment (e.g .• 
double encapsulated) and those just sealed (e.g .• plated). 

In the Part 70 licenses. 
indicating different degrees 
differ by only 0.02 percent. 
as the following: 

there are currently 35 names 
of enrichment; some of these 
A few simple categories. such 

Depleted 
Natural 
Low Enriched 
Medium Enriched 
Medium-High Enriched 
High Enriched 

U235 Percentage 

< 0.2' 
< 0.7\ 
> 0.7'. < 5' 
> 5'. < 20' 
> 20'. < 50' 
> 50' 

could be used to make the data base easier to understand and 
less subject to misinterpretation. 

A number of inconsistencies. ambiguities. and errors 
were found in the initial screenings of the data base. 
These can generally be classified as follows: 

Stable. naturally-occurring nuclides (CL35. C059. 
CR52. IN113. IR193. SNlI9. SR87. TE125. S34. XEI31). 

Naturally-occurring nuclides with very long half­
lives (K40-109y. CDI13-10 ISy. TEI23-l0 l3y). 

Unrealistic nuclides (AR45. C065. TL170. RBI06). 

Very short-l i ved nucl ides. wi thout cor respond ing 
parents. (TC99M. PT183. P0218. AM246. FESl •... ). 

Single nuclide of mixture: The principal example 
is U235. without specifying the U234 fraction. which 
usually dominates the inhalation hazard. 

Possession limit specified with too many (eight or 
more) significant digits. 

Nuclides which the NRC does not have the statutory 
authority to regulate (isotopes of actinium. 
protactinium. etc.). 

Over time. license reviews and inspections should resolve 
and/or correct most of these cases. 
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A thorough review and simplification of the terminology 
used f or the possess ion I imi t desc r ipt ions. so as to iden­
tify a minimum set needed for the Licensing Management 
Sys tem and the licenses. would significant ly enhance user 
comprehension. and reduce learning time and data entry error 
rates. If a simpler and more concise dictionary were 
adopted. a descriptive field could be added to provide any 
supplemental information that might be appropriate or impor­
tant. Such a system would be easier to use and understand. 
This work is in progress under a separate NRC program. 

The central basis for the initial evaluation of a 
licensed facility is that the estimates of dose at a selected 
distance arising from postulated accidents do not exceed 
exposure guide lines. In s imp Ie terms. the dose to an ind i­
vidual is a product of (1) quantity of material involved. 
(2) release fraction. and (3) the unit dose estimate for the 
nuclide considered (Table 5.1). Since several dose criteria 
are used (effective dose equivalent. and thyroid. kidney and 
bone surface doses). the ratio of the estimated dose to the 
respect i ve cr iter ion is a measure of the potent ia I hazard. 
For licenses with multiple nuclides. the sum of the indi-­
vidual ratios is the corresponding measure. This can be 
expressed as: 

where 

~ 
all 

radionuclides 
i 

--------------
(Dc}i 

Qpl licensed possession limit 

RF = release fraction 

< 1 (6. 1) 

Ds = dose estimate for a specified unit release 

Dc = exposure dose criterion 

and wherein the sum is less than one for releases 
would not exceed the criteria. If the sum exceeds 
then. based on the assumptions used. the accidental 
sures might exceed one of the exposure criteria. 

which 
one. 

expo--

A computer program was written to implement this screen­
ing method. Algorithms for processing the isotopes in group 
medical licenses and broad licenses are included. The con­
tribution to the sum from each material type is listed in 
the output. The release fractions and unit dose estimates 
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are hand led as separate input files. so they may be eas i ly 
changed. 

For the group medica I licenses. isotopes and reasonable 
upper bounds f or possess ion I imi ts were ass igned for each 
group. These assignments are listed in Appendix B. The 
assigned possession limits are used in Equation (6.1) if no 
quantity is listed in the data base; otherwise. the quantity 
from the data base is used. 

Rules for hand I ing the broad scope (A-Any) I icenses get 
quite complex. The "any" designation can be followed by a 
number of exceptions. The quantities listed for the "excep­
t ion II isotopes may be higher or lower than tha t 1 is ted for 
the "any" material type. First. lists of isotopes were 
developed for the several types of lIanyll material types. In 
general. the nuclides selected were those with the highest 
effective dose equi va lent va lues (f rom Table 5.1). These 
ass ignments are I is ted in Table B. 6. I f the I icense has no 
exceptions associated with the "anyll material type. then the 
first 10 isotopes in the list are used in performing the 
sum. If there are exceptions. then the first 10 among those 
not so excepted are used. A few special lIanyll types have 
only one assigned nuclide; these are listed at the bottom of 
Table B. 6. These rules for the "anyll material types are 
more fully explained in Appendix B. 

As noted earlier. there are two different ways that 
quantities are listed for sealed sources. If a total pos­
session limit is given. it is simply used. If the entry is 
for an unlimited number of sources of a specified size (the 
/0 designation). then the activity for one source is used in 
performing the sum (Equation 6.1). 

The dose contribution for Iodine-129 was calculated in a 
special manner. Due to the limited capacity of the thyroid 
for the uptake of iodine and the low specific activity of 
Iodine-129. there is a practical limit on the dose that 
could be received from an arbitrarily large exposure to this 
nuclide. Based on data from an NRC memo (USNRC. 1984a). the 
Iodine-129 thyroid dose was not allowed to exceed 0.5 rem. 

In the output listing. the contribution to the sum for 
each entry (material type. configuration. quantity) is list­
ed. as is the total sum. If 90 percent or more of the total 
comes from one material type which has a sealed source con­
figuration. then that license is so identified (*). A sam­
ple of this output listing from the screening program for 
two licenses is shown in Figure 6.1. 

In performing the screening. the licenses are sorted 
into a number of general categories. depending on the con­
figuration. use of the /0 quanti ty designation for sealed 
sources. etc .• and are then ordered by the magnitude of the 
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030-04581 20-00320-13 24 PLDB5 83/08/04. 
A3 A 10CI/500 0.0000 .138E+Ol 10 USED, SET 2, QUAN .100E+02 
CA45 A 0/50CI .0100 .580E-03 
C14 A 0/500CI .5000 .950E-Ol 
CE141 A 0/50CI .0100 .810E-03 
CS134 A 0!25CI .0100 .220E-02 
CS137 A 0/500CI .0100 .300E-Ol 
CR51 A 0/100CI .0100 .740E-04 
AU198 A 0/200CI .0100 • 152E-02 
1125 A 0/100CI .5000 • 140E+Ol 
1131 A 0/25CI .5000 .475E+00 
FE55 A 0/200CI .0100 .960E-03 
KR85 A 0/10000C 1.0000 .320E-03 
NI63 A 0/1000CI .0100 • 112E-0 1 
P32 A 0/500CI .5000 .700E+00 
RB86 A 0/50CI .0100 • 620E-03 
RU103 A 0/25CI .1000 .450E-02 
SE75 A 0/100CI .0100 .168E-02 
SR90 A 0/500CI .0100 .110E+Ol 
S35 A 0/1000CI .5000 .220E+00 
TM170 A 0/25CI .0100 .115E-02 
SN 113 A 0/100CI .0100 .200E-02 
YB169 A 0/50CI .0100 .780E-03 
A83X A 0/10MCI 0.0000 .720E-Ol 1 USED, SET 1, QUAN • 100E-0 1 
AM241 X SS 0/350CI .0005 .287E+02 

LICENSE TOTAL = .342E+02 

070-00572 SNM-567 17 ORIGINAL 83/02/10. 
PU236 A 0/199G .0100 .508E+05 
A3X A 2CI/0 0.0000 .199E+00 10 USED, SET 2, QUAN .200E+Ol 
CS137X A 0/200CI .0100 • 120E-Ol 
TM170X A 0/10CI .0100 .460E-03 
CM243 A 0/10CI .0100 .108E+02 
C060X A 0/50CI .0100 .200E-Ol 
SR90X A 0/50CI .0100 .110E+00 
TL204X A 0/50CI .0100 .220E-03 
SB124X A 0/50CI .0100 .260E-02 
BI210X A 0/50CI .0100 .170E-Ol 
PM147X A OnOCI .0100 .462E-02 
P0210 A 0/3000CI .1000 .456E+03 
NP237 A 0/100MCI .0100 .156E+00 
AM241 A 0/6000CI .0100 .984E+04 
CM242 A 0/600CI .0100 .192E+02 
CM244 A 0/600CI .0100 .516E+03 
CF252 A 0/10MG .0100 .173E+Ol 

LICENSE TOTAL = .617E+05 

Figure 6.1. Sample Output of Screening Program 
(Major columns showing material type. 
configuration. possession limit. release 
fraction and contribution to the total). 
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sum. With these categories. the contributions from sealed 
source versus other configurations can be compared. Decade 
steps are used to rank those exceeding the base criterion 
(Sum2:.1). Thf~ magnitude by which the various numbers of 
licenses are over the limit can then be conveniently dis­
played. For the results. however. these categories are 
condensed to simply the total number of licenses in each 
decade and the number for which the sum is not dominated by 
one sealed source. (The latter is a subset of the former.) 

6.3 Preliminary ScreeninJLResults 

The screening analysis program used the computer data 
base of radionuclide license possession limits. assigned 
sets of release fractions. and the unit dose estimates for 
each radionuclide (from Chapter 5). The principal assump­
tions in this evaluation process are summarized as follows: 

1. The source term for each radionuclide is the product 
of the licensed possession limit and the correspond­
ing release fraction. 

2. The unit dose estimates (described in Chapter 5) are 
the 99th percentile results from a frequency 
distribution constructed from results for a full 
range of meteorological conditions. These doses are 
peak center line. ground-level estimates for a 
distance of 100 m from the release point. 

3. Two dose c r iter ia were used: 1 rem EDE and 5 rem 
EDE. These values represent the lower and upper 
ends of the range for considering the implementation 
of protective action. The corresponding thyroid 
dose limits are 5 rem and 25 rem. For the 5 rem EDE 
criterion. other organ doses (see Tables 5.3 and 
5.4) must be included. for which the limit is 50 rem. 

Two dose levels for the screening criterion were used to 
examine the sensitivity of the results to the criteria 
se lected. In combination. these provide cons iderable 
assurance that. for the assumption used. the screening 
results are a bound and would. in most cases. be quite 
conservative. 

The screening analysis program was run separately for 
the Part 30 and 70 licenses. There is also a group of 460 
I icenses for which the docket numbers are not known; these 
are designated Part 00. For each type. the licenses were 
ordered by the magnitude of the sum. as discussed in the 
previous section. The number of facilities whose sum is 
in each decade range (1-10. 10-100. etc.) can then be pre­
sented in a cumulative fashion in the tables of results by 
stating the number for which the sum exceeds 1. 10. 100. 
etc. The following results are for Parts 30. 70. and 00. 
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The results for Part 40. source material licenses. are dis­
cussed separately. 

For the screening analyses. the individual radionuclides 
were divided into six groups for the purposes of assigning 
release fractions. They are based on generally expected 
volatility in accident environments (especially fires). with 
three common neutron source materials in a separate group: 

1. Volatile gases H3. AR. KR. XE 
2. Volatile. combustible C. p. S. I 
3 . Semivolatile BR. RU. TE. HG. PO 
4. Inert metals C060. TA. W. OS. RE. IR 
5. Neutron source matI's PU238. PU239. AM241 
6. All Others All other nuclides 

Then for each group. two release fractions are assigned. one 
for nonsealed source forms and one for sealed sources. 

In the first series of screenings. the groups were exam­
ined one at a time. considering only nonsealed source forms. 
The following table lists the number of licenses which exceed 
the base criterion (sum=l). For each group considered. the 
release fractions for the other groups were set to zero. 
thereby excluding their contribution. 

Release Number of 
Group Fraction Facilities 

1 rem EDE 5 rem EDE 
1. H3. AR. KR. XE 1.0 14 2 
2. C. P. S. I 0.5 33 11 
3. BR. RU. TE. HG. PO 0.1 25 6 
4. C060. TA. W. OS. RE. IR 0.01 14 4 
5. PU238. PU239. AM241 0.01 84 64 
6. All other nuclides 0.01 108 79 

Since these screenings were all for nonsealed source forms. 
the release fractions for all nonvolatile nuclides (Group 6) 
were the same. 

In the "all other" group. about 60 percent of the 108 
licenses identified were "any" type licenses: that is. the 
license authorizes possession of any nuclide. depending on 
the specifications of the license. up to the amount allowed. 
There are two reasons that these licenses were identified. 
The first is the radionuclides that were assigned within the 
screening program for use in computing the sum Equa­
tion (6.1). In genera 1 these were the nucl ides wi th the 
highest specific dose estimates (from Tables 5.1 and 5.2). 
Since the licensee can possess any nuclide within the speci­
fication of his "any" category. without further approval by 
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NRC. it was felt that the nuclide assignments should be con­
servative for the initial screening. Further examination of 
specific licensees should use supplemental information 
ava i lable in the docket fi Ie. license appl ica t ion or from 
the licensee. but which is not available in the possession 
limit data base. 'I'he second reason is that a few licenses 
author i ze very la rge quant i ties of rna ter ia I; for example. 
22.000.000 Ci. 6803 kg. etc. 

The next set of screenings examined the nonsealed source 
forms of all six groups together. The release fractions 
were the same as above. The total number exceeding the 
indicated criterion are as follows: 

Sum > 1 
> 10 
> 100 
> 1000 
> 10000 

186 
99 
56 
32 
17 

134 
79 
45 
21 
14 

In each screening the entire set of nonsealed source release 
fractions was used. not each group separately. 

The sensitivity of the number of facilities to the PU/AM 
release fraction was examined by using the above set of 
release fractions and 1 rem EDE. but with release fractions 
for Group 5 of 0.005 and 0.02. The number of facilities 
identified was 178 and 200, respectively; not a significant 
change from 186. 

Another series of screening runs were made to identify 
the number of additional licenses that might exceed the 
criteria due to possession of sealed sources. For nonsealed 
source formb. the release fraction set above was used; this 
set remained constant for all runs. For each run. a nonzero 
release fract ion was assigned for sealed sources of each 
group in turn. as follows: 

Sealed Additional 
Source Facilities 
Release 1 rem 5 rem 

Group Fraction EDE EDE 

l. H3. AR. KR. XE 1.0 8 1 
2. C. P. S. I 0.5 combined 

with group 1 
3. BR. RU. TE. HG. PO 0.01 4 0 
4 . C060. TA. W. OS. RE. IR 0.0001 16 12 
5. PU238. PU239. AM241 0.001 447 323 
6. All other nuclides 0.005 17 14 
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For Groups 1 and 2. the sealed source release fractions were 
the same as for nonsealed source forms. For Groups 3 
through 6. they were set at a factor of 10 to 100 smaller 
than the corresponding nonsealed source release fraction. 

Fina lly. screenings were per formed us ing complete (non­
zero) sets of release fractions for both nonsealed source 
forms and sealed sources. The release fractions are as 
follows: 

Group 

1. H3. AR. KR. XE 
2. C. P. S. I 
3. BR. RU. TE. fIG. PO 
4. C060. TA. W. OS. RE. IR 
5. PU238. PU239. AM241 
6. All other nuclides 

Rele~se Eractions 
Non-SS SS 

1.0 
0.5 
0.1 
0.01 
0.01 
0.01 

1.0 
0.5 
0.01 
0.0001 
0.0005 
0.001 

The results are presented for the total number of facilities 
exceeding the criterion and also the number of facilities 
over the limit due to nonsealed source forms (or small sealed 
sources). For the two screening criteria. the results are: 

1 rem EDE 5 rem EDE --,---
Total Non=SS Total Non-SS 

Sum > 1 672 248 480 170 
> 10 342 114 277 92 
> 100 209 69 99 48 
> 1000 47 34 26 22 
> 10000 22 18 17 14 

In these runs each license was examined to see if more than 
90 percent of the sum was due to the possession of one 
materia 1 type in sea led source form. I f so. it was ca tego-­
rized as a "sealed source license." The number of nonsealed 
source licenses was then simply the total less the number of 
"sealed source licenses." Hence small sealed sources could 
contribute (but usually only to a small degree) to the sum 
for those categorized as nonsealed source. 

The distribution by docket category of the licenses 
ident i fied as exceed ing the I imi t for release f ract ion set 
above and for the 1 rem and 5 rem EDE limits is as follows: 

Docket Category 

Part 30 
Part 70 
Part 00 

1 rem EDE 

334 
311 

27 
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5 rem EDE 

210 
259 

11 



The majority of the large sealed sources are licensed under 
Part 70. 

The Part 40 Source Material licenses were not included 
in the above screenings because of the very low specific 
act i vi ty of these rna ter ia 1 s and the large uncer ta in ty in 
selecting an appropriate source term applicable for all 
Part 40 licenses. A number of site-specific factors and 
assumptions could strongly influence an initial screening of 
these facilities. To use the licensed possession limits 
(the only information available for all Part 40 licenses) 
for source materials seemed overly conservative. These 
caveats aside. two screenings of the Part 40 licenses were 
done. The relevant release fraction of the set is the 
1 percent for nonsealed source forms of uranium and 
thorium. The screening of the 252 licenses identified 58 of 
them as being over the limit using a 5 rem EDE criterion. 
and 93 licenses for a 1 rem EDE criterion. which reinforces 
the statements above concerning the importance of selecting 
an appropriate and realisitic source term. 

For the results of one screening. using the 1 rem limit. 
the program or license code category for each identified 
license was obtained from the December 1982 version of the 
master file. The number of licenses in each category were 
counted and the results are listed in Table 6.3. It is 
recognized that this version of the master fi le uses the 
"0 ld" program codes. and not the "new" codes. which provide 
for finer distinctions between licenses. It is felt that 
the old program codes are sufficient for this initial 
screening. 

The ordering of the licenses by the magnitude of the sum 
provides a way of allocating resources in later reviews and 
evaluations. Those with a very large hazard potential can 
be evaluated individually and in relative detail. At the 
low end (1 5. sum 5. 10). consideration of groups of licenses 
by generic characteristics (e.g .• chemical form. methods of 
storage. facility safety systems. distances greater than 
100 m. etc. ). could remove from further consideration 
significant numbers of these licenses. Additionally. fac­
tors not considered explicitly in this study could be iden­
tified and employed in optimizing the evaluation process. 

Further consideration of licenses with one or more large 
sealed sources involves the evaluation of accidents with 
potent ia lly large effects. but wi th historica lly very low 
occur rence rates. This ini t ia I screening shows there could 
be as many as 300 such licenses under Parts 30 and 70. The 
emergency response planning process. and even the cri teria 
which establ ish the need for such a process. could be dif­
ferent than for other licenses. Certa inly. sea led sources 
which meet rigid design. construction and quality assurance 
standards. for example as in 10 CFR 70.39. would seem to 
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Table 6.3 

Program Codes for the Set D Screening Results 

Part 30 
01-100 
01-200 
02-110 
02-120 
03-110 
03-120 
03-211 
03-212 
03-232 
03-400 
03-520 
03-610 
03-620 

Part 40 
11-200 
11-300 

Part 70 
21-230 
21-240 
22-120 
22-150 
22-160 
22-200 
23-100 

Part 00 

Code Title No. of Licenses 

Academic--Broad 24 
Academic--Other 48 
Institutional--Broad 17 
Institutional--Other 6 
Well Logging 49 
Other Measuring 40 
M. D & S--Broad 13 
M. D & S--Other 26 
Waste Disposal 8 
Power Sources 5 
Irradiator. < 104 Ci 13 
R&D. Broad 37 
R&D. Other 20 
Other categories or none listed 28 

Other. > 150 kg 15 
Other. < 150 kg 112 
Other categories or none listed 13 

Fuel Fabrication--Uranium 6 
Other uses inc. R + D (Uranium) 10 
Neutron Sources 132 
Other SNM (noncritical) 9 
Institutional Cardiac Pacemakers 87 
Uranium 11 
Fuel Storage 5 
Other categories or none listed 51 

Other categories or none listed 27 
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pose less of a risk of rupture and release of contents in 
severe accident environments than sources not meeting such 
standards. However. the proliferation of terminology for 
"sealed" in the possession limit data base and on the 
1 icenses themselves does not a llow a clear and unambiguous 
assessment of a 11 sea led sources in this ini t ia 1 screening 
analysis. 
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CHAPTER 7 

Emergency Planning and Response 

In considering emergency response to accidental releases 
of radioactive materials from fuel cycle or by-product 
material facilities. the principal hazards requiring immedi­
ate response are significant airborne radionuclide releases. 
Because of the suddenness of the releases and the relatively 
short distances involved. little time would be available to 
implement measures for dose avoidance. The entire sequence 
of events. (accident. release. atmospheric transport. and 
exposure) would often take less than a few tens of minutes 
for inhalation and external air exposures. For these 
releases. immediate sheltering is the only viable protective 
action. 

For those radionucl ides for which the ground exposure 
pa thway is a large contr ibutor or domina tes. timely emer-­
gency response is apt to be more effective. In the CRAC2 
ca lcu la t ions discussed in Sec t ion 4.1 and dose results pre­
sented in Chapter 5. an individual was assumed to be exposed 
to contaminated land for 8 hours. at which point evacuation 
to an uncontaminated area was assumed to have occurred. The 
dose from the ground exposure pathway is roughly propor­
tional to the exposure time. 

The radionuclides with significant ground exposure doses 
are generally different from those that are important in 
considering direct plume exposures.· Hence. the methods for 
predicting the size of planning zones and the potential 
protective actions could be different. 

At the slow end of the time scale. spills. potential 
ground water contamination and chronic. long-term releases 
cou ld requi re months to yea rs for s igni f icant rad io logica I 
dosages to be received by the exposed population. Due to 
the long times available for surveillance. monitoring. 
assessment. and response. these releases are not considered. 

An Emergency Planning Zone (EPZ) is an area around a 
licensed facility within which it is expected that emergency 
actions might be needed following an accidental release of 
radioactive material. so as to reduce or mitigate the radio­
logica I exposure of the publ ic. These zones could be of f­
site with respect to land owned or controlled by the 
licensee. and hence could be occupied or used by members of 
the general public on an unrestricted basis. 
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As discussed in the previous chapters, a number of fac­
tors, parameters, and variables can influence the dose 
received by an individual located at some distance from the 
plant. These can be summarized in three categories: 

1. Characterization of the Release 
Quantity 
Chemical and Physical Forms 
Duration 

2. Atmospheric Transport and Dispersion 
Variability due to Weather 
Distance 
Building Wake 
Release Height 
Buoyancy (Heat) 

3. Dosimetry 
Dose Contributions from Inhalation, External 
Ground Exposure, and External Cloud Exposure 
Biological Clearance Rates. 

A fourth category influencing the dose is dose avoidance and 
mitigation measures, which could be implemented in response 
to the accidental release. 

As part of the preaccident planning for a facility, 
estimates are made of the radiological effects of serious 
accidents. If significant doses could occur in areas occu­
pied by the general public, then the need for and potential 
effectiveness of emergency planning and preparedness should 
be further evaluated. An emergency planning zone could then 
be established for those areas in which the dose might be 
expected to exceed levels warranting the implementation of 
emergency protective actions. For a specified release, the 
distance at which the estimated dose would not exceed that 
specified in a protective action guide can be calculated; or 
inversely, if the distance is predetermined by other con­
siderations (i.e., site boundary distances, major topological 
features, etc.), the size of a maximum release can be esti­
mated, such that a guideline dose level is not exceeded. 
Other factors involving the specific si te under considera­
tion, such as adjacent land use, population distribution, 
predominant wind directions, plant processes, inventory 
quantities, etc., should be factored into the establishment 
of planning zones. 

This study concentrates on the effects of and responses 
to airborne plume releases and initial ground deposition. 
Methods are suggested for calculating the extent of areas 
within which the dose is estimated to be above selected 
levels for airborne releases (Section 7.1) and for long-term 
ground exposures (Section 7.2). Dose avoidance and mi t iga­
tion measures are discussed in Section 7.3. 
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7.1 Zones for Atmo~heric Plume Exposures 

A simple method has been developed for estimating the 
distance out to which a postulated release could lead to 
doses above selected guidel ine exposure levels. It is based 
on a simplification of the dose versus distance data in 
Table 5.1 for all of the radionuclides. The two principal 
factors in this data are first the specific dose conversion 
factors for each radionuclide. and second a dilution factor 
representing the decrease in concentration wi th distance. 
However. complicating factors. like the multiple exposure 
pathways and the varying weather sequences that contribute 
to the relevant part of the distribution. do not allow a 
simple. first principles derivation of the dilution factor. 

If one were to plot the dose versus distance data in 
Table 5.1. it would be seen that only three curve shapes 
would result. one for noble gases. one for tritium. and one 
for all other nuclides. The individual nuclide curves would 
of course be distributed along the vertical axis due to the 
differing dose conversion factors. This suggests that a 
distance factor can be defined that is normalized to one (1) 
at a distance of 100 m: 

Distance factor = 
Dose (distance > 100 "mL 
Dose (distance = 100 m) 

In Figure 7.1. the resulting distance factors. one for noble 
gases. one for tritium. and one for all other radionuclides. 
are plotted. The tritium curve is different from the one 
for noble gases because the dose for tritium is due to inha­
lation. while that for the noble gases is due to cloudshine. 

This distance factor could then be used to estimate a 
distance beyond which the estimated dose would not be 
expected to exceed a selected exposure level. using the 
upper end of the range from the Protective Actions Guides as 
an example. this can be expressed as: 

( Curies ) (unit dose) x (Distance)' 
Released x at 100 m Factor 

{ 
5 rem EDE or 

< 25 rem thyroid or 
50 rem other organ. 

Once the isotope and the release size are specified. then 
the Distance Factor that is needed to satisfy this relation­
ship can be calculated. A factor greater than one implies a 
distance of less than 100 m. Actions required within such a 
short distance can best be implemented directly and imme­
diately by the licensee. A factor that is less than 0.15 
for noble gases. or 0.04 for tritium. or 0.02 for the other 
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nucl ides. impl ies a planning zone of greater than 1500 m. 
the largest distance considered in the dose calculations. 
Accident and safety analyses that indicate such a large zone 
for a by-product material licensee should carefully consider 
all factors in the analysis and planning processes so as to 
find the best ways of assuring protection of public health 
and safety. Source control and augmented in-plant accident 
mitigation systems may be more effective than external 
emergency response planning. 

The time available for dose avoidance measures to be 
effective for the direct plume exposure pathway is quite 
short. As discussed in Section 3.1. the dose at the 95th 
percentile and above for an inhalation dominant radionuclide 
generally corresponds to a windspeed of about 1-2 m/s. At a 
distance of 500 m from the release point. the time available 
for the implementation of protective measures would be less 
than 10 minutes (or correspondingly longer for extended 
release durations). However. the average windspeed for non­
precipitation weather conditions is on the order of 5 m/s: 
this roughly corresponds to the 50th percentile dose. Thus. 
if an average dose (as compared to a 95th percentile dose) 
is to be avoided. only 1 to 2 minutes would be available if 
dose avoidance protective actions are to be effective. 

Once the plume from an accidental release has dissi­
pated. continued long-term exposure to the contaminated 
ground could. for some radionuclides. still result in a 
significant dose. In the short term (hours to days). sur­
veillance. monitoring. and assessment of the extent and 
magnitude of the contamination will be needed to identify 
appropriate responses. The chronic or longo-term ground 
exposure pathway includes direct external exposure from the 
contaminated ground. inhalation of resuspended radionuclides. 
ingestion of crops and foods grown on contaminated soil. and 
consumption of contaminated water sources. 

Considerable variability in local conditions will lead 
to wide variations in the estimated dose to an individual 
occupying the contaminated region. These factors include: 

Chemical and physical form of the released radio­
nuclides: 

Site meteorology and plume depletion: 

Local soil conditions: 

Weathering and environmental dilution: and 

Land uses. 
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While global or blanket assumptions could be made for plan­
ning purposes so as to roughly estimate a dose. the uncer­
tainty in these factors and conditions could affect the dose 
estimates by many orders of magnitude for any individual 
accident. 

If one were to base planning zones for ground contamina­
tion on such potential dose estimates. they would show about 
the same large var iabi I i ty due to the above factors and 
cond i tions. part icular ly size of the release. environmenta I 
weathering. extent of land use. and to a lesser extent. the 
plume depletion rate (which depends on particle sizes of the 
released radionuclides). Note that such a planning zone is 
based on dose estimates from a distribution covering a full 
range of meteoro logica I cond i t ions. The dis tance to which 
land becomes contaminated as a result of an actual. single 
accident could be quite different. due to the actual weather 
conditions at the time of the accident. Since the doses in 
Table S.l are for the 99th percentile. it is expected that 
an actual distance would be smaller 99 percent of the time. 
with a 1 percent chance of being larger. 

A simpler method for establishing the size of this plan­
ning zone would be to base it on estimates of the initial 
ground contamination level (Ci/m2) rather than on dose 
estimates. Such a zone depends principally on the size of 
the release and the plume depletion rate. and is independent 
of long-term environmental effects. 

The dependence on particle size of the deposition rate 
from a plume is shown in Figure 3.3. For small particles. 
high diffusion rates lead to contact with and absorption by 
the ground. Above about 2 microns. gravitational settling 
dominates. Ground contamination levels could vary by 
approximately a factor of 2 (and may be as high as a factor 
of 10) for a reasonable range of expected particle sizes. 
In the CRAC2 atmospheric dispersion calculations. a 1 micron 
aerosol was assumed. 

Many other factors influence the time dependence of the 
resulting ground contamination level. such as soil type. 
ground cover. past land use. soi I leaching. wea ther ing , and 
environmental dilution (wind and rain). etc. However. the 
initial level is independent of these and depends princi­
pally on the size of the release and the deposition rate. 

The screening results indicate that the largest numher 
of potentially affected licenses would be those authorizing 
possession of alpha emitters. principally plutonium and 
americium. These nuclides have little contribution to the 
external dose (groundshine); however. resuspension and 
subsequent inhalation could lead to significant chronic 
doses. especially for extended occupation of the land. For 
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plutonium. a criterion has been specified for ground contam­
ination levels above which decontamination efforts are rec­
ommended for unrestricted land use. This level is 0.2 ~ei/m2 
(EPA. 1977). Since the decay energy for most alpha emitters 
is roughly the same. it would not be inappropriate to use 
this level for most such radionuclides as a first approxima­
tion. Similar criteria for radionuclides QJher than alpha 
emitters (e.g .• 60eo. 137es). upon which to base the 
initiation of protective actions. have not been established. 

As an example. ground contamination levels for a 1-curie 
release of a (particulate) radionuclide are given in F'ig-­
ure 7.2 for deposition velocities of 0.1 and 1.0 cm/sec. 
Based on the data in Figure 3.3. the latter value corresponds 
to approximately five to ten micron particles. usually 
regarded as an upper limit for aerodynamically transportable 
and respirable particles. The smaller rate corresponds to 
particle diameters of a few microns or a few hundreths of a 
micron. as shown in F'igure 3.3. The ground contamination 
levels scale with the size of the release. These curves can 
be used. along with the size of the release. to provide a 
bounding estimate of the extent to which land might be 
contaminated above the 0.2 ~ei/m2 level and for which 
decontamination or interdiction efforts may be warranted. 

After an actual accident at a specific site. radio­
logical surveys of the surrounding areas would be the best 
way of assessing the extent of ground contamination. Model­
ing estimates would be highly dependent on exact knowledge 
of local meteorological conditions during the accidental 
release. Since such detailed knowledge would probably not 
be available or would have a large uncertainty. field 
surveys of actual ground contamination would be much more 
reliable. 

7.3 Dose Avoidance and Mitigation 

In the event of a significant airborne release. poten­
tial emergency responses can be subdivided into two general 
categories. dose avoidance and dose mitigation. Examples of 
the former include sheltering and evacuation. Mitigation 
measures include medical treatment to impede the uptake of 
radionuclides or hasten their removal from the body or 
organs therein. 

The critical factor in dose avoidance for most of the 
release scenarios and subsequent exposures considered in 
this study is the minimal time available for effective 
actions. Even assuming s low wind speeds (e. g.. 1 m/s). the 
cloud would expose an individual at 500 m in less than 
10 minutes (or the sum of 10 minutes plus the release dura­
tion for plume releases). Actions within this time period 
would have to include initial assessment of the release and 
wind direction, notification of the affected population. and 
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finally. implementation of protective measures. In general. 
sheltering (as compared to evacuation) may be the only 
viable action. especially when a significant number of 
people are involved. 

As discussed ea r 1 ier. emergency act ions cou 1 d be ef fec-­
tive for releases of isotopes for which the immediate ground 
exposure dominates. Sheltering or evacuation, or a combina­
tion of the two, could be effective in the short term. 
Evacuation would be the more effective of the two if ade­
quate planning is done and sUfficient transport resources 
are available. 

Given that the release is detected, a key part of the 
emergency response is notification of the potentially 
exposed populat ion. The effect i veness wi 11 depend on the 
land uses and population distribution within the EPZ. Plan­
ning for adequate notification is crucial for dose avoidance 
measures to be effective. 

In Table 7.1. the various measures or actions that could 
be ef fect i ve for the three dose pa thways are 1 is ted. In 
general, they are listed in order of effectiveness. 

The fractional contributions to the dose from each path­
way for each radioisotope are given in Table 5.3. In gen­
eral, one pathway dominates for each nuclide. 1"or the few 
radioisotopes with more than one significant pathway, a 
combination of actions may be warranted. This contribution 
information may be useful in the planning process for con­
sidering accidents involving individual radionuclides at 
specific individual facilities. 

A recent report. "Preparedness and Response in Radiation 
Accidents" (Shleien. 1983), from the National Center for 
Devices and Radiological Health, comprehensively summarizes 
the planning and response efforts needed to cope with radia­
t ion accidents. The emphas is is on reactor acc idents, but 
many of the subjects covered are applicable to accidents at 
by-product material facilities. Topics include organization 
and planning, rad ia t ion protect ion, contamina t ion, moni tor­
ing, protective actions, medical responses. training, etc. 

Decontaminat ion is a dose avoidance act ion for chronic 
ground exposures. Once immediate act ions have been taken 
(e.g., sheltering/evacuation). and area surveillance and 
moni toring has been done, an assessment can be made of the 
costs and benefits of decontamination. An alternative is 
land interdiction or withdrawal until such time that radio­
active decay, and environmental weathering and dilution have 
achieved the same level of decontamination. 
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Table 7.1 

Protective Actions 

External Air Sheltering None 
Evacuation 

Inhalation Sheltering Medical treatment 
for uptake blockage 
or isotope removal 

Ground 

Ground shine 
(y emitters) 

Resuspension/ 
Inhalation 

(a. emitters) 

Ingestion 
(chronic. 
long-term) 

Evacuation 
Breathing filter 

Initial sheltering None 
(for acute exposure) 
followed by evacuation 
(for chronic exposures) 

Evacuation Medical treatment 

Crop and drinking Medical treatment 
water interdiction 
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APPENDIX A 

Internal and External Dose Conversion Factors 

The effective dose equivalent values are presented in 
Table A.l for the inhalation. external ground. and external 
cloud exposure pathways. In constructing these. the dose 
equivalent values for 22 body organs from inhaled radio­
nuclides from ICRP Publication-30 (ICRP. 1979a: 1979b: 1980) 
were taken from a data tape provided by K. Eckerman. ORNL. 
The external dose factors from NUREG/CR-1918 (Kocher. 1981) 
were taken [rom a da ta tape provided by D. Kocher. ORNL. 
The organs used to define the remainder category are listed 
in Table A.l for each radionuclide and exposure pathway. 

The inhalation effective dose equivalents are expressed 
as rem per curie inhaled. The effective dose equivalents 
for the externa 1 cloud exposure are expressed as rem· m3 / 
Ci·sec and the effective dose equivalents for the external 
ground exposure are expressed as rem·m2 /Ci [or an 8-hour 
exposure interval. In addition. the thyroid dose equivalent 
values are presented for each radionuclide and exposure 
pathway. The uni ts for the thyroid dose are the same as 
those listed above. 
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Table A.I 

Effective Dose Equivalent (EOE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL::REM/CI INHALED. EXTGRO::REM*M**2/CI. 
EXTCLO:REM*M**3/CI) 

NUCLIDE CC EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

H 3 INHAL 1. 24E+02 SI+CONT HEART BRAIN BLAD WAL ADRENALS 1. 24E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

C 14 INHAL 2.08E+03 ULI WALL Sl+CONT BRAIN BLAD WAL ADRENALS 2.06E+03 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD 6.82E-06 NONE NONE NONE NONE ADRENALS O. 

F 18 D INHAL 8.26E+Ol THYMUS SPLEEN ADRENALS PANCREAS S WALL 1. 27E+Ol 
EXTGRD 2.94E+Ol ULI WALL ADRENALS THYMUS BRAIN MARROW 3.l3E+Ol 
EXTCLD 1.S8E-0l ULI WALL ADRENALS THYMUS BRAIN MARROW 1. 68E-Ol 

NA 22 D INHAL 7.62E+03 UTERUS KIDNEYS SI+CONT LLI WALL ADRENALS S.86E+03 
EXTGRD 1. 91E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.07E+02 
EXTCLD 3.SSE-Ol KIDNEYS ULI WALL THYMUS BRAIN MARROW 3.8SE-Ol 

NA 24 D INHAL 1.20E+03 LIVER ADRENALS THYMUS PANCREAS S WALL S.60E+02 
EXTGRD 2.76E+02 ULI WALL KIDNEYS THYMUS MARROW BRAIN 2.84E+02 
EXTCLD 7.60E-Ol ULI WALL KIDNEYS THYMUS MARROW BRAIN 7.96E-Ol 

MG 28 W INHAL 4.88E+03 THYMUS S WALL Sl+CONT ULI WALL LLI WALL 3.92E+02 
EXTGRD 2.42E+02 ULI WALL KIDNEYS THYMUS MARROW BRAIN 2.47E+02 
EXTCLD S.42E-Ol ULI WALL KIDNEYS THYMUS MARROW BRAIN S.79E-Ol 

SI 31 D INHAL 2.l7E+02 ADRENALS LLI WALL S WALL Sl+CONT ULI WALL 1.66E+Ol 
EXTGRD 3.00E+00 KIDNEYS ULI WALL THYMUS MARROW BRAIN 3.33E-02 
EXTCLD 1. SlE-03 KIDNEYS ULI WALL THYMUS MARROW BRAIN 1. S9E-04 

P 32 W INHAL 1.S4E+04 ADRENALS Sl+CONT S WALL ULI WALL LLI WALL 1. 23E+03 
EXTGRD 8.S3E+00 ADRENALS Sl+CONT S WALL ULI WALL ADRENALS O. 
EXTCLD 1.62E-03 ADRENALS Sl+CONT S WALL ULI WALL ADRENALS O. 

P 33 W INHAL 2.30E+03 ADRENALS Sl+CONT S WALL ULI WALL LLI WALL 1.8SE+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD 4.48E-OS NONE NONE NONE NONE ADRENALS O. 

S 3S INHAL 2.4SE+03 ADRENALS Sl+CONT S WALL ULI WALL LLI WALL 1.66E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD 8.7SE-06 NONE NONE NONE NONE ADRENALS O. 

CL 36 W INHAL 2.l7E+04 ULI WALL Sl+CONT BLAD WAL ADRENALS 5 WALL 1. 84E+03 
EXTGRD 7.43E-Ol SPLEEN LLI WALL MARROW PANCREAS ADRENALS 1. SlE-07 
EXTCLD 4.S7E-04 SPLEEN LLI WALL MARROW PANCREAS ADRENALS 4.78E-ll 

AR 37 INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 7.93E-04 SPLEEN LLI WALL MARROW PANCREAS ADRENALS 2.S4E-OS 
EXTCLD 2.37E-07 SPLEEN LLI WALL MARROW PANCREAS ADRENALS 7.62E-09 

AR 41 INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 3.4SE+Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 3.61E+Ol 
EXTCLD 2.l2E-Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 2.30E-Ol 

K 40 D INHAL 1.23E+04 S WALL LLI WALL Sl+CONT THYMUS ADRENALS 1.12E+04 
EXTGRD 1.76E+Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 1. 36E+Ol 
EXTCLD 2.68E-02 KIDNEYS ULI WALL THYMUS MARROW BRAIN 2.80E-02 

K 42 D INHAL 1.3SE+03 LIVER PANCREAS THYMUS ADRENALS 5 WALL 3.84E+02 
EXTGRD 2.9SE+Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 1.92E+Ol 
EXTCLD 4.96E-02 KIDNEYS ULI WALL THYMUS MARROW BRAIN 4.96E-02 

CA 4S W INHAL 6.SSE+03 ADRENALS S WALL Sl+CONT ULI WALL LLI WALL 1.64E+02 
EXTGRD 2.l2E-08 SPLEEN LLI WALL PANCREAS MARROW ADRENALS 1. 82E-09 
tXTCLD 4.69E-OS SPLEEN LLI WALL PANCREAS MARROW ADRENALS 2.41E-13 

CA 47 W INHAL 6.48E+03 THYMUS S WALL Sl+CONT ULI WALL LLI WALL S.38E+02 
EXTGRD 8.82E+Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 9.36E+Ol 
EXTCLD 1.7SE-Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 1.90E-Ol 

SC 46 Y INHAL 2.93E+04 PANCREAS LIVER SPLEEN LLI WALL THYMUS 7.39E+03 
EXTGRD 1.77E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1.94E+02 
EXTCLD 3.34E-Ol KIDNEYS ULI WALL THYMUS MARROW BRAIN 3.68E-Ol 

SC 47 Y INHAL 1. 82E+03 SPLEEN S WALL Sl+CONT ULI WALL LLI WALL 1.70E+Ol 
EXTGRD 1.llE+Ol ULI WALL BRAIN ADRENALS THYMUS MARROW 1. 21E+Ol 
EXTCLD 1. 83E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 1. 98E-02 

TI 44 Y INHAL 1.01E+06 SPLEEN LIVER ADRENALS PANCREAS THYMUS 1. 3SE+OS 
EXTGRD 2.l3E+02 ULI WALL KIDNEYS THYMUS BRAIN MARROW 2.24E+02 
EXTCLD 3.70E-Ol ULI WALL KIDNEYS THYMUS BRAIN MARROW 4.02E-Ol 

V 48 W INHAL 1. 01E+04 S WALL SI+CONT THYMUS ULI WALL LLI WALL 2.02E+03 
EXTGRD 2.S1E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.74E+02 
EXTCLD 4.81E-Ol KIDNEYS ULI WALL THYMUS BRAIN MARROW S.24E-Ol 

CR Sl Y INHAL 3.31E+02 ADRENALS PANCREAS THYMUS ULI WALL LLI WALL 3.9SE+Ol 
EXTGRD 3.l0E+00 ULI WALL ADRENALS BRAIN THYMUS MARROW 3.30E+00 
EXTCLD S.02E-03 ULI WALL ADRENALS BRAIN THYMUS MARROW S.36E-03 
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Table A.l (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL;REM/CI INHALED. EXTGRD=REM*M**2/CI. 
EXTCLD=REM*M**3/CI) 

NUCLIDE CC EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

MN 54 

MN 56 

FE 55 

FE 59 

CO 57 

CO 58 

CO 60 

NI 59 

NI 63 

CU 64 

CU 67 

ZN 65 

GA 67 

GA 70 

GA 72 

GE 68 

GE 77 

AS 72 

AS 73 

AS 74 

AS 76 

AS 77 

W INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

6.65E+03 
7.68E+Ol 
1. 39E-Ol 
3.73E+02 
6.38E+Ol 
2.98E-Ol 
2.67E+03 
2.23E-02 
4.03E-06 
1. 47E+04 
1.00E+02 
1. 96E-Ol 
8.99E+03 
1.31E+Ol 
2.02E-02 
1.08E+04 
9.00E+Ol 
1. 61E-Ol 
2.17E+05 
2.08E+02 
4.12E-Ol 
2.70E+03 
4.20E-02 
6.76E-06 
6.30E+03 
O. 
O. 
2.74E+02 
1. 45E+Ol 
3.04E-02 
1. 22E+03 
1.20E+Ol 
1.90E-02 
2.02E+04 
5.00E+Ol 
9.61E-02 
5.52E+02 
1.44E+Ol 
2.34E-02 
3.12E+Ol 
O. 
O. 
1. 84E+03 
1. 96E+02 
4.81E-Ol 
5.14E+04 
9.85E+Ol 
1. 53E-Ol 
1.04E+03 
B.3BE+Ol 
1. 76E-Ol 
4.04E+03 
1. 59E+02 
2.95E-Ol 
3.42E+03 
9.1BE-Ol 
7.31E-04 
7.86E+03 
7.39E+Ol 
1.24E-Ol 
3.70E+03 
4.59E+Ol 
7.29E-02 
1.04E+03 
1. 32E+OO 
1.79E-03 

LLI WALL 
KIDNEYS 
KIDNEYS 
LIVER 
ULI WALL 
KIDNEYS 
ULI WALL 
SPLEEN 
SPLEEN 
ULI WALL 
KIDNEYS 
KIDNEYS 
LLI WALL 
ULI WALL 
ULI WALL 
ADRENALS 
KIDNEYS 
ADRENALS 
S WALL 
KIDNEYS 
KIDNEYS 
ULI WALL 
SPLEEN 
SPLEEN 
ULI WALL 
NONE 
NONE 
PANCREAS 
ULI WALL 
ULI WALL 
PANCREAS 
ULI WALL 
ULI WALL 
SPLEEN 
KIDNEYS 
KIDNEYS 
LIVER 
ULI WALL 
ULI WALL 
SPLEEN 
NONE 
NONE 
LIVER 
ULI WALL 
ULI WALL 
LIVER 
ULI WALL 
ULI WALL 
ADRENALS 
ULI WALL 
ULI WALL 
LIVER 
KIDNEYS 
KIDNEYS 
SPLEEN 
LIVER 
LIVER 
SPLEEN 
ULI WALL 
ULI WALL 
KIDNEYS 
KIDNEYS 
KIDNEYS 
KIDNEYS 
ULI WALL 
ULI WALL 

PANCREAS 
ULI WALL 
ULI WALL 
LLI WALL 
KIDNEYS 
ULI WALL 
ADRENALS 
LLI WALL 
LLI WALL 
ADRENALS 
ULI WALL 
ULI WALL 
LIVER 
BRAIN 
BRAIN 
LIVER 
ULI WALL 
ULI WALL 
ADRENALS 
ULI WALL 
ULI WALL 
PANCREAS 
LLI WALL 
LLI WALL 
SI+CONT 
NONE 
NONE 
S WALL 
ADRENALS 
ADRENALS 
S WALL 
BRAIN 
BRAIN 
PANCREAS 
ULI WALL 
ULI WALL 
S WALL 
ADRENALS 
BRAIN 
LLI WALL 
NONE 
NONE 
S WALL 
KIDNEYS 
KIDNEYS 
ADRENALS 
ADRENALS 
ADRENALS 
PANCREAS 
ADRENALS 
ADRENALS 
S WALL 
ULI WALL 
ULI WALL 
LIVER 
BLAD WAL 
BLAD WAL 
KIDNEYS 
ADRENALS 
ADRENALS 
S WALL 
ULI WALL 
ULI WALL 
S WALL 
ADRENALS 
ADRENALS 
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ADRENALS 
THYMUS 
THYMUS 
S WALL 
THYMUS 
THYMUS 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
THYMUS 
THYMUS 
PANCREAS 
ADRENALS 
ADRENALS 
PANCREAS 
THYMUS 
THYMUS 
PANCREAS 
THYMUS 
THYMUS 
UTERUS 
MARROW 
MARROW 
BRAIN 
NONE 
NONE 
SI+CONT 
THYMUS 
THYMUS 
Sl+CONT 
ADRENALS 
ADRENALS 
LIVER 
THYMUS 
THYMUS 
SI+CONT 
BRAIN 
ADRENALS 
ULI WALL 
NONE 
NONE 
SI+CONT 
THYMUS 
THYMUS 
PANCREAS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
Sl+CONT 
THYMUS 
THYMUS 
KIDNEYS 
KIDNEYS 
KIDNEYS 
LIVER 
THYMUS 
THYMUS 
Sl+CONT 
THYMUS 
THYMUS 
SI+CONT 
BRAIN 
BRAIN 

THYMUS 
BRAIN 
BRAIN 
SI+CONT 
MARROW 
MARROW 
LIVER 
PANCREAS 
PANCREAS 
LIVER 
MARROW 
MARROW 
ADRENALS 
THYMUS 
THYMUS 
LLI WALL 
BRAIN 
BRAIN 
LIVER 
MARRON 
MARROW 
ADRENALS 
PANCREAS 
PANCREAS 
BLAD WAL 
NONE 
NONE 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
ADRENALS 
MARROW 
MARROW 
ULI WALL 
THYMUS 
THYMUS 
SI+CONT 
NONE 
NONE 
ULI WALL 
MARROW 
MARROW 
S WALL 
BRAIN 
BRAIN 
KIDNEYS 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 

LIVER 
MARROW 
MARROW 
ULI WALL 
BRAIN 
BRAIN 
SPLEEN 
ADRENALS 
ADRENALS 
SPLEEN 
BRAIN 
BRAIN 
THYMUS 
MARROW 
MARROW 
THYMUS 
MARROW 
MARROW 
THYMUS 
BRAIN 
BRAIN 
SPLEEN 
ADRENALS 
ADRENALS 
ADRENALS 
NONE 
NONE 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
THYMUS 
BRAIN 
BRAIN 
LLI WALL 
MARROW 
MARROW 
S WALL 
NONE 
NONE 
LLI WALL 
BRAIN 
BRAIN 
THYMUS 
MARROW 
MARROW 
S WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 

2.71E+03 
8.43E+Ol 
1. 52E-Ol 
4.39E+Ol 
6.49E+Ol 
3.1BE-Ol 
1.9BE+03 
7.17E-04 
1.30E-07 
1.0BE+04 
1.lOE+02 
2.15E-Ol 
9.92E+02 
1. 44E+Ol 
2.25E-02 
3.19E+03 
9.82E+Ol 
1. 75E-Ol 
5.93E+04 
2.27E+02 
4.50E-Ol 
2.85E+03 
1. 35E-03 
2.17E-07 
6.22E+03 
O. 
O. 
1. 82E+Ol 
1. 54E+Ol 
3.22E-02 
9.52E+Ol 
1. 31E+Ol 
2.06E-02 
1.llE+04 
5.50E+Ol 
1.06E-Ol 
3.45E+Ol 
1.56E+Ol 
2.55E-02 
1.37E+OO 
O. 
O. 
1. 46E+02 
2.06E+02 
5.13E-Ol 
2.53E+03 
9.53E+Ol 
1. 6&E-Ol 
1.16E+02 
B.43E+Ol 
1. 88E-Ol 
3.24E+02 
1.60E+02 
3.16E-Ol 
1.OOE+02 
6.99E-Ol 
7.93E-04 
9.33E+02 
7.68E+Ol 
1. 32E-Ol 
1.76E+02 
3.79E+Ol 
7.57E-02 
4.06E+Ol 
B.51E-Ol 
1.48E-03 



Table A.l (Continued) 

Effective Dose Equivalent (BDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL=:REM/CI INHALED. EXTGRD;REM*M**2/CI. 
EXTCLD~REM*M**3/CI) 

NUCLIDE CC EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

SE 75 W INHAL 8.39E+03 ADRENALS SPLEEN PANCREAS LIVER KIDNEYS 3.07E+03 
EXTGRD 3.94E+01 ULI WALL BRAIN ADRENALS THYMUS MARROW 4.23E+Ol 
EXTCLD 6.27E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 6.79E-02 

SE 79 W INHAL 9.74E+03 LLI WALL PANCREAS SPLEEN LIVER KIDNEYS 2.19E+03 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD 9.25E-06 NONE NONE NONE NONE ADRENALS O. 

BR 76 W INHAL 1. 58E+03 LIVER ADRENALS PANCREAS THYMUS S WALL 4.10E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

BR 77 W INHAL 2.74E+02 SPLEEN PANCREAS ADRENALS S WALL THYMUS 1.39E+02 
EXTGRD 2.89E+01 ULI WALL ADRENALS THYMUS BRAIN MARROW 3.09E+Ol 
EXTCLD 5.07E-02 ULI WALL ADRENALS THYMUS BRAIN MARROW 5.45E-02 

BR 82 W INHAL 1.52E+03 LIVER PANCREAS ADRENALS THYMUS S WALL 7.54E+02 
EXTGRD 2.20E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.39E+02 
EXTCLD 4.35E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 4.73E-01 

KR 83M INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 3.53E-02 S WALL LLI WALL PANCREAS MARROW ADRENALS 3.69E-03 
EXTCLD 1. 60E-05 S WALL LLI WALL PANCREAS ADRENALS MARROW 2.34E-06 

KR 85 INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 1.06E+OO ULI WALL ADRENALS THYMUS BRAIN MARROW 2.25E-01 
EXTCLD 8.33E-04 ULI WALL ADRENALS THYMUS BRAIN MARROW 3.79E-04 

KR 85M INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 1. OlE+01 ULI WALL BRAIN ADRENALS THYMUS MARROW 1. 03E+01 
EXTCLD 2.64E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 2.83E-02 

KR 87 INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 1. 83E+01 ULI WALL KIDNEYS THYMUS BRAIN MARROW 1. 62E+Ol 
EXTCLD 1. 45E-01 ULI WALL KIDNEYS THYMUS BRAIN MARROW 1. 50E-01 

KR 88 INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 1.03E+02 ULI WALL KIDNEYS THYMUS MARROW BRAIN 9.96E+01 
EXTCLD 4.80E-01 ULI WALL KIDNEYS THYMUS MARROW BRAIN 5.00E-01 

KR 89 INHAL O. NONE NONE NONE NONE NONE O. 
EXTGRD 3.32E+OO ULI WALL KIDNEYS THYMUS MARROW BRAIN 3.32E+OO 
EXTCLD 6.90E-01 ULI WALL KIDNEYS THYMUS MARROW BRAIN 7.32E-01 

RB 84 D INHAL 6.49E+03 ULI WALL Sl+CONT LLI WALL UTERUS ADRENALS 5.27E+03 
EXTGRD 8.40E+01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 8.94E+01 
EXTCLD 1. 48E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 61E-01 

RB 86 D INHAL 6.60E+03 SI+CONT BLAD WAL ADRENALS UTERUS S WALL 4.87E+03 
EXTGRD 1.62E+01 KIDNEYS ULI WALL THYMUS MARROW BRAIN 8.98E+00 
EXTCLD 1. 73E-02 KIDNEYS ULI WALL THYMUS MARROW BRAIN 1. 73E-02 

SR 85 Y INHAL 4.99E+03 LIVER ADRENALS PANCREAS LLI WALL THYMUS 1.41E+03 
EXTGRD 4.84E+01 ULI WALL ADRENALS THYMUS BRAIN MARROW 5.12E+01 
EXTCLD 8.14E-02 ULI WALL ADRENALS THYMUS BRAIN MARROW 8.69E-02 

SR 89 Y INHAL 4.11E+04 THYMUS S WALL Sl+CONT ULI WALL LLI WALL 2.91E+01 
EXTGRD 7.10E+OO KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 36E-02 
EXTCLD 1. 38E-03 KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.51E-05 

SR 90 Y INHAL 1. 29E+06 ADRENALS S WALL SI+CONT ULI WALL LLI WALL 9.85E+02 
EXTGRD 1. 45E-01 ADRENALS S WALL SI+CONT ULI WALL ADRENALS O. 
EXTCLD 3.35E-04 ADRENALS S WALL SI+CONT ULI WALL ADRENALS O. 

Y 90 Y INHAL 8.35E+03 LIVER S WALL Sl+CONT ULI WALL LLI WALL 1. 89E+00 
EXTGRD 1.07E+01 LIVER S WALL SI+CONT ULI WALL ADRENALS O. 
EXTCLD 2.30E-03 LIVER S WALL SI+CONT ULI WALL ADRENALS O. 

Y 91 Y INHAL 4.82E+04 LIVER S WALL Sl+CONT ULI WALL LLI WALL 3.11E+01 
EXTGRD 7.68E+OO KIDNEYS ULI WALL THYMUS MARROW BRAIN 3.31E-01 
EXTCLD 2.00E-03 KIDNEYS ULI WALL THYMUS MARROW BRAIN 6.52E-04 

ZR 93 D INHAL 3.17E+05 PANCREAS SPLEEN ADRENALS ULI WALL LLI WALL 6.37E+01 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

ZR 95 D INHAL 2.35E+04 PANCREAS ULI WALL KIDNEYS LLI WALL ADRENALS 5.27E+03 
EXTGRD 6.81E+01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 7.45E+01 
EXTCLD 1. 21E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 32E-01 

NB 94 Y INHAL 4.09E+05 SPLEEN LIVER ADRENALS PANCREAS THYMUS 8.13E+04 
EXTGRD 1.45E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1.59E+02 
EXTCLD 2.60E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.85E-01 

NB 95 Y INHAL 5.74E+03 ADRENALS PANCREAS ULI WALL THYMUS LLI WALL 1. 31E+03 
EXTGRD 7.06E+01 KIDNEYS ULI WALL THYMUS BRA1N MARROW 7.74E+01 
EXTCLD 1. 26E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 38E-Ol 
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Table A.1 (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL;REM/CI INHALED. EXTGRD;REM*M~*2/CI. 

NUCLIDE CC EXP.PTH EDE 

MO 99 Y 

TC 99 W 

TC 99M 0 

RU103 Y 

RU10S Y 

RU106 Y 

RH106 

PD107 Y 

PD109 Y 

AGllOM Y 

AGlll Y 

CD109 0 

CD1l3M 0 

CDllS W 

INlll W 

IN1l3M 0 

IN1l4M 0 

SN1l3 W 

SN1l9M W 

SN12l W 

SN121M W 

SN123 W 

INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 

3.93E+03 
1. 76E+Ol 
2.62E-02 
8.22E+03 
S.71E-OS 
6.30E-OS 
3.22E+Ol 
S.SOE+OO 
2.11E-02 
S.S7E+03 
4.S6E+Ol 
7.70E-02 
4.S1E+02 
4.61E+Ol 
1. 33E-Ol 
4.73E+OS 
3.3SE+Ol 
3.70E-02 
O. 
S.07E-02 
3.70E-02 
1.26E+04 
O. 
O. 
1.OSE+03 
3.14E+OO 
1. SSE-03 
7.97E+04 
2.4SE+02 
4.S2E-Ol 
6.07E+03 
3.3SE+Ol 
S.02E-02 
1.13E+OS 
1.71E+OO 
1.OSE-03 
1.SlE+06 
1. S6E-Ol 
2.97E-04 
4.l6E+03 
2.04E+Ol 
3.31E-02 
8.31E+02 
6.63E+Ol 
1.09E-Ol 
4.07E+Ol 
7.1SE+OO 
4.0SE-02 
S.SOE+04 
2.l3E+Ol 
2.l7E-02 
1.06E+04 
2.63E+Ol 
4.21E-02 
6.1SE+03 
S.S7E-Ol 
3.S3E-04 
S.03E+02 
O. 
O. 
1.14E+04 
O. 
O. 
3.22E+04 
6.SSE+OO 
2.36E-03 

EXTCLD;REM*M**l/CI) 

FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY 

LIVER 
ULI WALL 
ULI WALL 
LIVER 
KIDNEYS 
ULI WALL 
Sl+CONT 
ULI WALL 
ULI WALL 
ADRENALS 
KIDNEYS 
KIDNEYS 
PANCREAS 
ULI WALL 
ULI WALL 
S WALL 
ULI WALL 
ULI WALL 
NONE 
ULI WALL 
ULI WALL 
Sl+CONT 
NONE 
NONE 
KIDNEYS 
ADRENALS 
ADRENALS 
SPLEEN 
KIDNEYS 
KIDNEYS 
S WALL 
ULI WALL 
ULI WALL 
PANCREAS 
THYMUS 
ADRENALS 
SI+CONT 
SI+CONT 
SI+CONT 
LIVER 
KIDNEYS 
ULI WALL 
LIVER 
ULI WALL 
ULI WALL 
KIDNEYS 
KIDNEYS 
ULI WALL 
ULI WALL 
KIDNEYS 
ULI WALL 
PANCREAS 
KIDNEYS 
KIDNEYS 
THYMUS 
THYMUS 
THYMUS 
ADRENALS 
NONE 
NONE 
THYMUS 
NONE 
NONE 
THYMUS 
KIDNEYS 
KIDNEYS 

S WALL 
ADRENALS 
ADRENALS 
SI+CONT 
ULI WALL 
KIDNEYS 
PANCREAS 
BRAIN 
BRAIN 
PANCREAS 
ADRENALS 
ADRENALS 
S WALL 
ADRENALS 
ADRENALS 
THYMUS 
ADRENALS 
ADRENALS 
NONE 
ADRENALS 
ADRENALS 
LIVER 
NONE 
NONE 
S WALL 
ULI WALL 
ULI WALL 
ADRENALS 
ULI WALL 
ULI WALL 
SI+CONT 
BRAIN 
BRAIN 
SPLEEN 
ADRENALS 
ULI WALL 
ULI WALL 
ULI WALL 
ULI WALL 
Sl+CONT 
ADRENALS 
ADRENALS 
KIDNEYS 
BRAIN 
BRAIN 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
ADRENALS 
ADRENALS 
Sl+CONT 
ADRENALS 
ADRENALS 
S WALL 
BLAD WAL 
BLAD WAL 
S WALL 
NONE 
NONE 
S WALL 
NONE 
NONE 
S WALL 
ULI WALL 
ULI WALL 
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SI+CONT 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
LLI WALL 
ADRENALS 
ADRENALS 
THYMUS 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
Sl+CONT 
THYMUS 
THYMUS 
NONE 
THYMUS 
THYMUS 
KIDNEYS 
NONE 
NONE 
Sl+CONT 
THYMUS 
KIDNEYS 
PANCREAS 
THYMUS 
THYMUS 
LIVER 
ADRENALS 
ADRENALS 
ADRENALS 
ULI WALL 
THYMUS 
LLI WALL 
LLI WALL 
LLI WALL 
KIDNEYS 
THYMUS 
THYMUS 
Sl+CONT 
ADRENALS 
ADRENALS 
ULI WALL 
THYMUS 
THYMUS 
SPLEEN 
BRAIN 
BRAIN 
THYMUS 
THYMUS 
THYMUS 
Sl+CONT 
ULI WALL 
ULI WALL 
SI+CONT 
NONE 
NONE 
SI+CONT 
NONE 
NONE 
SI+CONT 
THYMUS 
THYMUS 

ULI WALL 
BRAIN 
BRAIN 
LLI WALL 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
NONE 
BRAIN 
BRAIN 
ULI WALL 
NONE 
NONE 
ULI WALL 
KIDNEYS 
THYMUS 
LIVER 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
LIVER 
KIDNEYS 
KIDNEYS 
LIVER 
LIVER 
LIVER 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
Sl+CONT 
BRAIN 
BRAIN 
LIVER 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
MARROW 
MARROW 
ULI WALL 
NONE 
NONE 
ULI WALL 
NONE 
NONE 
ULI WALL 
MARROW 
MARROW 

LLI WALL 
MARROW 
MARROW 
S WALL 
MARROW 
MARROW 
S WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 
LLI WALL 
NONE 
NONE 
LLI WALL 
MARROW 
MARROW 
THYMUS 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
ADRENALS 
ADRENALS 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
S WALL 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
KIDNEYS 
KIDNEYS 
LLI WALL 
NONE 
NONE 
LLI WALL 
NONE 
NONE 
LLI WALL 
BRAIN 
BRAIN 

THYROID 

S.S6E+Ol 
1. S3E+Ol 
2.77E-02 
3.92E+03 
6.S3E-OS 
9.62E-OS 
1. S3E+02 
9.69E+OO 
2.32E-02 
9.41E+02 
4.86E+Ol 
S.21E-02 
1. S2E+Ol 
4.7SE+Ol 
1. 44E-Ol 
6.30E+03 
2.07E+Ol 
3.61E-02 
O. 
3.l0E-02 
3.61E-02 
3.S4E-Ol 
O. 
O. 
S.67E-Ol 
6.36E-Ol 
S.44E-04 
2.34E+04 
2.67E+02 
4.93E-Ol 
2.27E+Ol 
3.30E+Ol 
S.31E-02 
9.74E+03 
1. 26E+OO 
9.SSE-04 
1. 22E+OS 
O. 
O. 
1.04E+02 
1. 9SE+Ol 
3.47E-02 
6.99E+Ol 
7.11E+Ol 
1.17E-Ol 
4.36E+OO 
7.62E+OO 
4.32E-02 
1.02E+04 
1.27E+Ol 
2.13E-02 
S.31E+02 
2.76E+Ol 
4.44E-02 
1.99E+02 
4.17E-Ol 
2.6SE-04 
3.10E+OO 
O. 
O. 
6.S4E+02 
O. 
O. 
6.62E+02 
6.S6E-Ol 
1.26E-03 



Table A.I (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL=REM/CI INHALED. EXTGRD=REM*M**2/CI. 

NUCLIDE CC EXP.PTH EDE 

SN126 D 

SB122 W 

SB124 W 

SB12S W 

SB126 W 

SB126M D 

TE12SM D 

TE127 W 

TE127M W 

TE129 D 

TE129M W 

TE132 W 

I 12S D 

I 126 D 

I 129 D 

I 131 D 

I 132 D 

I 133 D 

I 134 D 

I 13S D 

XE133 

XE133M 

INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 

B.67E+04 
1.60E+02 
2.6SE-Ol 
S.lOE+03 
4.60E+Ol 
7.26E-02 
2.49E+04 
1.64E+02 
3.17E-Ol 
1.21E+04 
4.0SE+Ol 
6.79E-02 
1.16E+04 
2.S7E+02 
4.S0E-Ol 
3.36E+Ol 
B.B3E+OO 
2.S7E-Ol 
S.SBE+03 
1.94E+OO 
1. SBE-03 
3.1SE+02 
7.63E-Ol 
1.16E-03 
2.13E+04 
6.3BE-Ol 
S.13E-04 
B.B7E+Ol 
2.31E+OO 
9.B4E-03 
2.37E+04 
1.70E+Ol 
1. SBE-02 
9.3SE+03 
2.2BE+02 
4.14E-Ol 
2.39E+04 
2.2BE+OO 
1. 79E-03 
4.3BE+04 
4.3BE+Ol 
7.42E-02 
1. 72E+OS 
2.03E+OO 
1. 34E-03 
3.2SE+04 
3.66E+Ol 
6.10E-02 
3.76E+02 
B.OBE+Ol 
3.79E-Ol 
S.BOE+03 
S.29E+Ol 
9.BSE-02 
1.30E+02 
3.B3E+Ol 
4.39E-Ol 
1. 22E+03 
1.20E+02 
3.34E-Ol 
O. 
4.SSE+OO 
S.6BE-03 
O. 
3.61E+OO 
S.02E-03 

EXTCLD=REM*M**3/CI) 

FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY 

SI+CONT 
KIDNEYS 
KIDNEYS 
LIVER 
ULI WALL 
ULI WALL 
SI+CONT 
KIDNEYS 
KIDNEYS 
PANCREAS 
KIDNEYS 
KIDNEYS 
LIVER 
ULI WALL 
ULI WALL 
SPLEEN 
ULI WALL 
ULI WALL 
ADRENALS 
ULI WALL 
ULI WALL 
PANCREAS 
ULI WALL 
ULI WALL 
THYMUS 
ULI WALL 
ULI WALL 
PANCREAS 
KIDNEYS 
KIDNEYS 
THYMUS 
ADRENALS 
ADRENALS 
S WALL 
ULI WALL 
ULI WALL 
SPLEEN 
ULI WALL 
ULI WALL 
SPLEEN 
ULI WALL 
KIDNEYS 
PANCREAS 
ULI WALL 
ULI WALL 
LIVER 
KIDNEYS 
ULI WALL 
ADRENALS 
KIDNEYS 
KIDNEYS 
SPLEEN 
ULI WALL 
ULI WALL 
ADRENALS 
KIDNEYS 
KIDNEYS 
SPLEEN 
ULI WALL 
ULI WALL 
NONE 
ULI WALL 
LIVER 
NONE 
BLAD WAL 
ULI WALL 

ULI WALL 
ADRENALS 
ADRENALS 
S WALL 
ADRENALS 
ADRENALS 
LIVER 
ULI WALL 
ULI WALL 
LIVER 
ADRENALS 
ADRENALS 
THYMUS 
ADRENALS 
ADRENALS 
ULI WALL 
ADRENALS 
ADRENALS 
S WALL 
BLAD WAL 
BLAD WAL 
S WALL 
ADRENALS 
ADRENALS 
S WALL 
BLAD WAL 
BLAD WAL 
LLI WALL 
ADRENALS 
ADRENALS 
S WALL 
KIDNEYS 
KIDNEYS 
ADRENALS 
KIDNEYS 
KIDNEYS 
LIVER 
BLAD WAL 
BLAD WAL 
LIVER 
ADRENALS 
ADRENALS 
SI+CONT 
BLAD WAL 
BLAD WAL 
PANCREAS 
ADRENALS 
ADRENALS 
SPLEEN 
ULI WALL 
ULI WALL 
ADRENALS 
ADRENALS 
ADRENALS 
SPLEEN 
ULI WALL 
ULI WALL 
ADRENALS 
KIDNEYS 
KIDNEYS 
NONE 
BLAD WAL 
BLAD WAL 
NONE 
ADRENALS 
ADRENALS 
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BRAIN 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
PANCREAS 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
SI+CONT 
BRAIN 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
PANCREAS 
THYMUS 
THYMUS 
ADRENALS 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
ADRENALS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
PANCREAS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
THYMUS 
PANCREAS 
THYMUS 
THYMUS 
NONE 
KIDNEYS 
KIDNEYS 
NONE 
THYMUS 
KIDNEYS 

ADRENALS 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
SI+CONT 
BRAIN 
BRAIN 
ULI WALL 
MARROW 
MARROW 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
MARROW 
KIDNEYS 
SI+CONT 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
S WALL 
MARROW 
MARROW 
S WALL 
BRAIN 
BRAIN 
S WALL 
KIDNEYS 
KIDNEYS 
S WALL 
BRAIN 
BRAIN 
PANCREAS 
BRAIN 
BRAIN 
THYMUS 
BRAIN 
BRAIN 
PANCREAS 
BRAIN 
BRAIN 
THYMUS 
BRAIN 
BRAIN 
NONE 
THYMUS 
THYMUS 
NONE 
KIDNEYS 
THYMUS 

LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
5 WALL 
MARROW 
MARROW 
LLI WALL 
KIDNEYS 
KIDNEYS 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
KIDNEYS 
MARROW 
5 WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
THYMUS 
KIDNEYS 
KIDNEYS 
THYMUS 
MARROW 
MARROW 
THYMUS 
MARROW 
MARROW 
THYMUS 
MARROW 
MARROW 
5 WALL 
MARROW 
MARROW 
5 WALL 
MARROW 
MARROW 
5 WALL 
MARROW 
MARROW 
5 WALL 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 

THYROID 

4.79E+04 
1.66E+02 
2.B6E-Ol 
1. 33E+02 
4.2BE+Ol 
7.6BE-02 
2.47E+03 
1.73E+02 
3.40E-Ol 
1.19E+03 
4.33E+Ol 
7.2BE-02 
1. 76E+03 
2.76E+02 
4.BBE-Ol 
4.14E+OO 
9.12E+OO 
2.77E-Ol 
3.63E+02 
1. 7SE+OO 
1.40E-03 
6.73E+OO 
3.77E-Ol 
B.21E-04 
3.S4E+02 
S.S6E-Ol 
4.S2E-04 
S.97E+OO 
1.lSE+OO 
9.2SE-03 
S.71E+02 
9.07E+OO 
1.S2E-02 
2.30E+OS 
2.43E+02 
4.49E-Ol 
7.91E+OS 
2.04E+OO 
1.S9E-03 
1.44E+06 
4.63E+Ol 
7.9BE-02 
S.71E+06 
1.9SE+OO 
1. 30E-03 
1.07E+06 
3.BBE+Ol 
6.S0E-02 
6.37E+03 
B.SBE+Ol 
4.12E-Ol 
l.7BE+OS 
S.33E+Ol 
1.0SE-Ol 
l.OSE+03 
4.07E+Ol 
4.7BE-Ol 
3.l0E+04 
l.26E+02 
3.6lE-Ol 
O. 
S.02E+OO 
6.29E-03 
O. 
3.73E+OO 
4.99E-03 



Table A.1 (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL=REM/CI INHALED. EXTGRD=REM*M**2/CI. 

NUCLIDE CC EXP.PTH EDE 

XE13S INHAL 
EXTGRD 
EXTCLD 

XE13SM INHAL 
EXTGRD 
EXTCLD 

XE137 INHAL 
EXTGRD 
EXTCLD 

XE13S INHAL 
EXTGRD 
EXTCLD 

CS134 D INHAL 
EXTGRD 
EXTCLD 

CS13S D INHAL 
EXTGRD 
EXTCLD 

CS136 D INHAL 
EXTGRD 
EXTCLD 

CS137 D INHAL 
EXTGRD 
EXTCLD 

BA131 D INHAL 
EXTGRD 
EXTCLD 

BA133 D INHAL 
EXTGRD 
EXTCLD 

BA137M INHAL 
EXTGRD 
EXTCLD 

BA140 D INHAL 
EXTGRD 
EXTCLD 

LAl40 W INHAL 
EXTGRD 
EXTCLD 

CE137 Y INHAL 
EXTGRD 
EXTCLD 

CE139 Y INHAL 
EXTGRD 
EXTCLD 

CEl41 Y INHAL 
EXTGRD 
EXTCLD 

CE143 Y INHAL 
EXTGRD 
EXTCLD 

CE144 Y INHAL 
EXTGRD 
EXTCLD 

PRl43 Y INHAL 
EXTGRD 
EXTCLD 

PR144 Y INHAL 
EXTGRD 
EXTCLD 

PR144M INHAL 
EXTGRD 
EXTCLD 

ND147 Y INHAL 
EXTGRD 
EXTCLD 

O. 
1. 99E+Ol 
4.03E-02 
O. 
1.91E+OO 
6.SSE-02 
O. 
3.SSE-Ol 
3.49E-02 
O. 
1. 33E+Ol 
6.0SE-Ol 
4.62E+04 
1. 44E+02 
2.SSE-Ol 
4.S3E+03 
O. 
1. SlE-OS 
7.30E+03 
1. 94E+02 
3.SSE-Ol 
3.1SE+04 
S.69E+Ol 
9.76E-02 
6.63E+02 
4.49E+Ol 
7.27E-02 
7.76E+03 
3.S3E+Ol 
S.S4E-02 
O. 
4.3SE-Ol 
9.73E-02 
3.70E+03 
1. 97E+Ol 
3.04E-02 
4.79E+03 
1.S7E+02 
3.92E-Ol 
4.1SE+Ol 
O. 
O. 
S.96E+03 
1. 61E+Ol 
2.3SE-02 
S.S6E+03 
S.03E+OO 
1.2SE-02 
3.3SE+03 
2.76E+Ol 
4.27E-02 
3.71E+OS 
2.90E+OO 
3.S0E-03 
S.OlE+03 
2.0SE+OO 
6.33E-04 
4.2SE+Ol 
S.34E-Ol 
S.70E-03 
O. 
3.67E-Ol 
9.S3E-03 
6.76E+03 
1. 44E+Ol 
2.16E-02 

EXTCLD~REM*M**3/CI) 

FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY 

NONE 
KIDNEYS 
ULI WALL 
NONE 
KIDNEYS 
KIDNEYS 
NONE 
ULI WALL 
KIDNEYS 
NONE 
ULI WALL 
KIDNEYS 
BLAD WAL 
KIDNEYS 
KIDNEYS 
ULI WALL 
NONE 
NONE 
LLI WALL 
KIDNEYS 
KIDNEYS 
ULI WALL 
ULI WALL 
ULI WALL 
UTERUS 
ADRENALS 
KIDNEYS 
PANCREAS 
ADRENALS 
KIDNEYS 
NONE 
ULI WALL 
ULI WALL 
S WALL 
KIDNEYS 
KIDNEYS 
S WALL 
ULI WALL 
KIDNEYS 
PANCREAS 
NONE 
NONE 
PANCREAS 
ULI WALL 
BRAIN 
SPLEEN 
ULI WALL 
ULI WALL 
LIVER 
ADRENALS 
KIDNEYS 
SI+CONT 
ULI WALL 
ULI WALL 
LIVER 
KIDNEYS 
ULI WALL 
THYMUS 
ULI WALL 
ULI WALL 
NONE 
ULI WALL 
ULI WALL 
LIVER 
ADRENALS 
ADRENALS 

NONE 
BRAIN 
BRAIN 
NONE 
ADRENALS 
ADRENALS 
NONE 
ADRENALS 
ADRENALS 
NONE 
KIDNEYS 
ULI WALL 
SI+CONT 
ULI WALL 
ULI WALL 
SI+CONT 
NONE 
NONE 
SI+CONT 
ULI WALL 
ULI WALL 
UTERUS 
ADRENALS 
ADRENALS 
S WALL 
KIDNEYS 
ADRENALS 
ULI WALL 
BRAIN 
ADRENALS 
NONE 
ADRENALS 
ADRENALS 
ADRENALS 
ADRENALS 
ADRENALS 
LIVER 
KIDNEYS 
ULI WALL 
S WALL 
NONE 
NONE 
SPLEEN 
ADRENALS 
KIDNEYS 
LIVER 
BRAIN 
BRAIN 
S WALL 
KIDNEYS 
ADRENALS 
ULI WALL 
BLAD WAL 
BLAD WAL 
S WALL 
ULI WALL 
ADRENALS 
LIVER 
KIDNEYS 
KIDNEYS 
NONE 
BLAD WAL 
BRAIN 
S WALL 
BRAIN 
KIDNEYS 
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NONE 
ADRENALS 
ADRENALS 
NONE 
THYMUS 
THYMUS 
NONE 
THYMUS 
THYMUS 
NONE 
THYMUS 
THYMUS 
LLI WALL 
THYMUS 
THYMUS 
BLAD WAL 
NONE 
NONE 
BLAD WAL 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
SI+CONT 
BRAIN 
BRAIN 
ADRENALS 
KIDNEYS 
BRAIN 
NONE 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
SI+CONT 
THYMUS 
THYMUS 
SI+CONT 
NONE 
NONE 
THYMUS 
KIDNEYS 
ADRENALS 
SI+CONT 
ADRENALS 
ADRENALS 
SI+CONT 
BRAIN 
BRAIN 
SPLEEN 
KIDNEYS 
KIDNEYS 
SI+CONT 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
NONE 
THYMUS 
KIDNEYS 
SI+CONT 
KIDNEYS 
BRAIN 

NONE 
THYMUS 
THYMUS 
NONE 
BRAIN 
BRAIN 
NONE 
BRAIN 
BRAIN 
NONE 
BRAIN 
BRAIN 
UTERUS 
BRAIN 
BRAIN 
ADRENALS 
NONE 
NONE 
ADRENALS 
BRAIN 
BRAIN 
LLI WALL 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
LLI WALL 
THYMUS 
THYMUS 
NONE 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
MARROW 
LLI WALL 
NONE 
NONE 
LIVER 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
LIVER 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
SI+CONT 
MARROW 
MARROW 
NONE 
KIDNEYS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 

NONE 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 
ADRENALS 
MARROW 
MARROW 
S WALL 
NONE 
ADRENALS 
UTERUS 
MARROW 
MARROW 
ADRENALS 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
BRAIN 
MARROW 
MARROW 
NONE 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
BRAIN 
ULI WALL 
NONE 
NONE 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
S WALL 
BRAIN 
BRAIN 
NONE 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 

THYROID 

O. 
1. 99E+Ol 
4.27E-02 
O. 
2.00E+OO 
7.31E-02 
O. 
2.12E-Ol 
3.2SE-02 
O. 
1. 33E+Ol 
6.4SE-Ol 
4.06E+04 
1.S7E+02 
2.77E-Ol 
4.39E+03 
O. 
o. 
6.33E+03 
2.13E+02 
3.92E-Ol 
2.90E+04 
6.07E+Ol 
1.06E-Ol 
1.69E+02 
4.79E+Ol 
7.S0E-02 
3.66E+03 
4.07E+Ol 
6.24E-02 
O. 
4.6SE-Ol 
1. 06E-Ol 
9.37E+02 
1. 92E+Ol 
3.20E-02 
2.S1E+02 
1. 96E+02 
4.20E-Ol 
4.S3E-Ol 
O. 
O. 
6.0SE+02 
1.7SE+Ol 
2.60E-02 
9.33E+Ol 
S.SOE+OO 
1. 3SE-02 
2.2SE+Ol 
2.S9E+Ol 
4.S1E-02 
1.07E+03 
3.17E+OO 
4.12~-03 

6.1SE-06 
S.96E-07 
1.60E-09 
3.10E-02 
1. SlE-Ol 
6.04E-03 
O. 
S.40E-02 
6.9SE-03 
6.66E+Ol 
1. 46E+Ol 
2.30E-02 



Table A.I (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose l"actors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL",REM/CI INHALED. EXTGRD=REM*M**2/CI. 
EXTCLD~REM*M**3/CI) 

NUCLIDE cc EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

PM14S W INHAL 2.S1E+04 ULI WALL KIDNEYS PANCREAS ADRENALS LIVER 6.84E+02 
EXTGRD 2.67E+OO LIVER BLAD WAL THYMUS KIDNEYS MARROW 2.88E+OO 
EXTCLD 2.67E-03 LIVER BLAD WAL THYMUS KIDNEYS MARROW 2.90E-03 

PM147 W INHAL 2.SSE+04 S WALL SI+CONT ULI WALL LLI WALL LIVER 4.83E-02 
EXTGRD 3.74E-04 ULI WALL BRAIN ADRENALS THYMUS MARROW 4.17E-04 
EXTCLD 2.61E-OS ULI WALL BRAIN ADRENALS THYMUS MARROW 6.47E-07 

SM14S W INHAL 1. 09E+04 PANCREAS ULI WALL ADRENALS LLI WALL LIVER 2.73E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

SM1Sl W INHAL 2.97E+04 S WALL SI+CONT ULI WALL LLI WALL LIVER 4.83E-02 
EXTGRD 4.94E-04 LLI WALL ULI WALL ADRENALS KIDNEYS MARROW 2.38E-04 
EXTCLD 1.SOE-07 LLI WALL ULI WALL ADRENALS KIDNEYS MARROW 7.7SE-08 

EU1S2 W INHAL 2.19E+OS ULI WALL KIDNEYS PANCREAS ADRENALS LIVER 3.02E+04 
EXTGRD 1.02E+02 ULI WALL KIDNEYS BRAIN THYMUS MARROW 1.11E+02 
EXTCLD 1. 88E-Ol ULI WALL KIDNEYS THYMUS BRAIN MARROW 2.0SE-Ol 

EU1S4 W INHAL 2.83E+OS ULI WALL KIDNEYS PANCREAS ADRENALS LIVER 2.61E+04 
EXTGRD 1.12E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 21E+02 
EXTCLD 2.07E-Ol KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.26E-Ol 

EU1SS W INHAL 4.11E+04 PANCREAS ADRENALS KIDNEYS LLI WALL LIVER 8.78E+02 
EXTGRD 6.S2E+OO ULI WALL BLAD WAL KIDNEYS THYMUS MARROW 7.40E+OO 
EXTCLD 9.lOE-03 BRAIN BLAD WAL KIDNEYS THYMUS MARROW 1. 03E-02 

GD1Sl D INHAL 8.78E+03 LLI WALL PANCREAS ADRENALS KIDNEYS LIVER 3.49E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

GD1S3 D INHAL 2.36E+04 ULI WALL PANCREAS ADRENALS KIDNEYS LIVER 1.04E+03 
EXTGRD 1.16E+Ol ULI WALL BLAD WAL KIDNEYS THYMUS MARROW 1. 30E+Ol 
EXTCLD 1. 42E-02 ULI WALL BLAD WAL KIDNEYS THYMUS MARROW 1.60E-02 

TB160 W INHAL 2.47E+04 ADRENALS KIDNEYS ULI WALL LLI WALL LIVER 2.39E+03 
EXTGRD 9.7SE+Ol KIDNEYS ULI WALL THYMUS BRAIN MARROW 1.06E+02 
EXTCLD 1.79E-Ol KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 96E-Ol 

DYlS9 W INHAL 2.40E+03 THYMUS ADRENALS ULI WALL LLI WALL LIVER 1.14E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

DY16S W INHAL 1. 33E+02 KIDNEYS LLI WALL S WALL SI+CONT ULI WALL 1.99E-Ol 
EXTGRD 2.69E+OO ADRENALS BRAIN KIDNEYS THYMUS MARROW 1.OSE+OO 
EXTCLD 4.89E-03 ADRENALS KIDNEYS BRAIN THYMUS MARROW 4.30E-03 

H0166M W INHAL 7.67E+OS S WALL KIDNEYS ADRENALS LIVER PANCREAS 7.83E+04 
EXTGRD 1.SlE+02 ULI WALL ADRENALS BRAIN THYMUS MARROW 1.64E+02 
EXTCLD 2.61E-Ol ULI WALL ADRENALS THYMUS BRAIN MARROW 2.84E-Ol 

ER169 W INHAL 2.06E+03 LIVER S WALL SI+CONT ULI WALL LLI WALL 1. 03E+Ol 
EXTGRD 4.76E-04 ULI WALL BRAIN THYMUS ADRENALS MARROW 2.01E-04 
EXTCLD 9.38E-OS ULI WALL BRAIN ADRENALS THYMUS MARROW 2.97E-07 

TM170 W INHAL 2.60E+04 S WALL SI+CONT LIVER ULI WALL LLI WALL S.20E+02 
EXTGRD 2.69E+OO LIVER BLAD WAL KIDNEYS THYMUS MARROW 6.S3E-Ol 
EXTCLD 1. 37E-03 LIVER BLAD WAL KIDNEYS THYMUS MARROW 8.49E-04 

YB169 Y INHAL 7.97E+03 S WALL SI+CONT THYMUS ULI WALL LLI WALL 3.14E+02 
EXTGRD 3.24E+Ol ADRENALS BLAD WAL KIDNEYS THYMUS MARROW 3.62E+Ol 
EXTCLD 4.SSE-02 BRAIN ADRENALS KIDNEYS THYMUS MARROW S.06E-02 

YBl77 Y INHAL 1.44E+02 THYMUS S WALL SI+CONT ULI WALL LLI WALL 1.44E+OO 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

LUl72 Y INHAL 4.94E+03 S WALL THYMUS SI+CONT ULI WALL LLI WALL 6.44E+02 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

LUl77 Y INHAL 2.43E+03 THYMUS S WALL SI+CONT ULI WALL LLI WALL 9.04E+OO 
EXTGRD 3.S7E+OO KIDNEYS BRAIN ADRENALS THYMUS MARROW 3.90E+OO 
EXTCLD S.7SE-03 KIDNEYS BRAIN ADRENALS THYMUS MARROW 6.lOE-03 

HFl72 D INHAL 3.1SE+OS PANCREAS KIDNEYS LLI WALL ADRENALS BRAIN S.27E+04 
EXTGRD O. NONE NONE NONE NONE NONE O. 
EXTCLD O. NONE NONE NONE NONE NONE O. 

HF181 D INHAL 1. S3E+04 SI+CONT ADRENALS BRAIN ULI WALL LLI WALL 2.14E+03 
EXTGRD S.26E+Ol KIDNEYS ADRENALS THYMUS BRAIN MARROW S.6SE+Ol 
EXTCLD 8.66E-02 ULI WALL ADRENALS THYMUS BRAIN MARROW 9.28E-02 

TA182 Y INHAL 4.42E+04 PANCREAS LIVER ULI WALL THYMUS LLI WALL S.60E+03 
EXTGRD 1.12E+02 ULI WALL KIDNEYS BRAIN THYMUS MARROW 1. 23E+02 
EXTCLD 2.13E-Ol KIDNEYS ULI WALL THYMUS BRAIN MARROW 2.33E-Ol 
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Table A.1 (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(IN~~L=REM/CI INHALED. EXTGRD=REM*M**2/CI. 
EXTCLD=REM*M**3/CI) 

NUCLIDE CC EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

TA183 

W lSl 

W lSS 

W lS7 

RE1SS 

OS191 

IR192 

IR194 

PT193 

PT197 

AU19S 

AU199 

HG203 

TL201 

TL204 

TL20S 

PB210 

BI207 

BI210 

P02l0 

RA226 

AC227 

Y INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

D INHAL 
EXTGRD 
EXTCLD 

S.16E+03 
O. 
o. 
1.SOE+02 
4.27E+00 
S.24E-03 
7.42E+02 
3.9lE-03 
1.60E-04 
6.12E+02 
4.16E+Ol 
7.72E-02 
1.99E+03 
1. 2SE+Ol 
1.13E-02 
4.12E+03 
7.71E+00 
1.10E-02 
2.79E+04 
7.9SE+Ol 
1. 3lE-Ol 
2.S7E+03 
1. SSE+Ol 
1.66E-02 
2.2SE+02 
S.63E-02 
7.73E-06 
S.S9E+02 
2.44E+00 
3.9SE-03 
3.2SE+03 
3.94E+Ol 
6.S0E-02 
1. 4SE+03 
S.9SE+00 
1. 4SE-02 
7.27E+03 
2.2SE+Ol 
3.66E-02 
2.33E+02 
9.4SE+00 
1. 39E-02 
2.39E+03 
1.30E+00 
6.S7E-04 
O. 
2.60E+00 
6.29E-Ol 
1.3SE+07 
2.S2E-Ol 
2.14E-04 
1.9SE+04 
1.40E+02 
2.S3E-Ol 
1.93E+OS 
3.49E+00 
S.2SE-04 
S.SlE+06 
7.SSE-04 
1.41E-06 
S.4SE+06 
6.93E-Ol 
1.09E-03 
6.63E+09 
1. 99E-02 
2.00E-OS 

THYMUS 
NONE 
NONE 
LIVER 
LIVER 
LIVER 
LIVER 
ULI WALL 
ULI WALL 
SPLEEN 
KIDNEYS 
KIDNEYS 
LIVER 
ULI WALL 
ULI WALL 
LIVER 
BLAD WAL 
BLAD WAL 
PANCREAS 
KIDNEYS 
KIDNEYS 
KIDNEYS 
ULI WALL 
ULI WALL 
LLI WALL 
SPLEEN 
SPLEEN 
ADRENALS 
BLAD WAL 
ADRENALS 
BLAD WAL 
KIDNEYS 
KIDNEYS 
BLAD WAL 
ULI WALL 
ULI WALL 
SPLEEN 
KIDNEYS 
KIDNEYS 
SPLEEN 
BLAD WAL 
BLAD WAL 
BRAIN 
LIVER 
LIVER 
NONE 
ULI WALL 
ULI WALL 
S1+CONT 
LIVER 
LIVER 
PANCREAS 
KIDNEYS 
KIDNEYS 
S WALL 
S WALL 
S WALL 
ULI WALL 
KIDNEYS 
KIDNEYS 
BLAD WAL 
ULI WALL 
ULI WALL 
ULI WALL 
ULI WALL 
ULI WALL 

S WALL 
NONE 
NONE 
ULI WALL 
BLAD WAL 
BLAD WAL 
ULI WALL 
BRAIN 
BRAIN 
KIDNEYS 
ADRENALS 
ADRENALS 
S1+CONT 
ADRENALS 
ADRENALS 
S WALL 
BRAIN 
BRAIN 
LIVER 
ADRENALS 
ADRENALS 
S WALL 
ADRENALS 
ADRENALS 
LIVER 
LLI WALL 
LLI WALL 
S1+CONT 
BRAIN 
KIDNEYS 
S WALL 
ADRENALS 
ADRENALS 
S WALL 
BRAIN 
BRAIN 
PANCREAS 
BRAIN 
BRAIN 
THYMUS 
BRAIN 
BRAIN 
BLAD WAL 
BLAD WAL 
BLAD WAL 
NONE 
KIDNEYS 
THYMUS 
BLAD WAL 
BLAD WAL 
BLAD WAL 
ULI WALL 
ULI WALL 
ULI WALL 
S1+CONT 
SI+CONT 
S1+CONT 
LLI WALL 
ULI WALL 
ULI WALL 
ADRENALS 
BRAIN 
BRAIN 
KIDNEYS 
BRAIN 
BRAIN 
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S1+CONT 
NONE 
NONE 
LLI WALL 
KIDNEYS 
KIDNEYS 
SPLEEN 
ADRENALS 
ADRENALS 
S1+CONT 
BRAIN 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
S1+CONT 
KIDNEYS 
KIDNEYS 
THYMUS 
THYMUS 
THYMUS 
S1+CONT 
THYMUS 
THYMUS 
SPLEEN 
MARROW 
MARROW 
KIDNEYS 
KIDNEYS 
BRAIN 
S1+CONT 
THYMUS 
THYMUS 
SI+CONT 
ADRENALS 
ADRENALS 
ADRENALS 
ADRENALS 
ADRENALS 
PANCREAS 
KIDNEYS 
KIDNEYS 
ADRENALS 
KIDNEYS 
KIDNEYS 
NONE 
THYMUS 
KIDNEYS 
ADRENALS 
KIDNEYS 
KIDNEYS 
KIDNEYS 
THYMUS 
THYMUS 
ULI WALL 
ULI WALL 
ULI WALL 
LIVER 
THYMUS 
THYMUS 
S1+CONT 
ADRENALS 
ADRENALS 
PANCREAS 
ADRENALS 
ADRENALS 

ULI WALL 
NONE 
NONE 
SPLEEN 
THYMUS 
THYMUS 
KIDNEYS 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
BRAIN 
LLI WALL 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
BRAIN 
BRAIN 
ADRENALS 
PANCREAS 
PANCREAS 
ULI WALL 
THYMUS 
THYMUS 
ULI WALL 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
BRAIN 
THYMUS 
THYMUS 
S WALL 
THYMUS 
THYMUS 
S WALL 
THYMUS 
THYMUS 
NONE 
MARROW 
MARROW 
KIDNEYS 
THYMUS 
THYMUS 
THYMUS 
BRAIN 
BRAIN 
LLI WALL 
LLI WALL 
LLI WALL 
KIDNEYS 
BRAIN 
BRAIN 
ULI WALL 
THYMUS 
THYMUS 
ADRENALS 
THYMUS 
THYMUS 

LLI WALL 
NONE 
NONE 
KIDNEYS 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
S WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
KIDNEYS 
ADRENALS 
ADRENALS 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
NONE 
BRAIN 
BRAIN 
LIVER 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
KIDNEYS 
ADRENALS 
ADRENALS 
SPLEEN 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 

6.4SE+Ol 
O. 
O. 
9.92E+OO 
4.90E+OO 
6.04E-03 
1.04E-02 
3.l6E-03 
4.93E-06 
1. 60E+Ol 
4.37E+Ol 
S.33E-02 
S.02E+03 
S.29E+OO 
1.04E-02 
S.23E+Ol 
S.67E+OO 
1.2SE-02 
2.3SE+03 
S.49E+Ol 
1. 39E-Ol 
7.47E+OO 
S.02E+OO 
1. S9E-02 
S.20E+Ol 
1. SlE-03 
2.4SE-07 
S.16E+Ol 
2.41E+OO 
4.0SE-03 
S.67E+Ol 
3.99E+Ol 
6.S6E-02 
2.37E+Ol 
9.S7E+OO 
1. S9E-02 
2.96E+03 
2.44E+Ol 
3.92E-02 
1.1SE+02 
1. 07E+Ol 
1. SSE-02 
1.S2E+03 
1. 3SE-Ol 
1.SSE-04 
O. 
2.66E+OO 
6.SSE-Ol 
1.16E+06 
2.1SE-Ol 
2.29E-04 
3.9SE+03 
1.SlE+02 
2.76E-Ol 
2.37E+02 
O. 
O. 
4.61E+OS 
S.S9E-04 
1.S4E-06 
3.73E+OS 
7.S3E-Ol 
1.lSE-03 
1. 3lE+OS 
1.46E-02 
2.l3E-OS 



Table A.I (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL=REM/CI INHALED. EXTGRD=REM*M**2/CI. 
EXTCLD=REM*M**3/CI) 

NUCLIDE CC EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

AC228 D INHAL 3.05E+05 S WALL SI+CONT LLI WALL ULI WALL LIVER 3.22E+01 
EXTGRD 5.69E+01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 5.97E+01 
EXTCLD 1. 54E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 68E-01 

TH227 Y INHAL 1.60E+07 S WALL SI+CONT ULI WALL LIVER LLI WALL 1.08E+04 
EXTGRD 1.07E+01 KIDNEYS BRAIN ADRENALS THYMUS MARROW 1. 14E+01 
EXTCLD 1.66E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 1.80E-02 

TH228 W INHAL 2.47E+08 SI+CONT ADRENALS ULI WALL LLI WALL LIVER 4.90E+06 
EXTGRD 2.57E-01 KIDNEYS BRAIN ADRENALS THYMUS MARROW 2.33E-01 
EXTCLD 3.15E-04 KIDNEYS ADRENALS BRAIN THYMUS MARROW 3.46E-04 

TH230 W INHAL 3.22E+08 ADRENALS SI+CONT ULI WALL LLI WALL LIVER 1. 49E+06 
EXTGRD 8.63E-02 BRAIN KIDNEYS ADRENALS THYMUS MARROW 4.93E-02 
EXTCLD 6.27E-05 BLAD WAL BRAIN KIDNEYS THYMUS MARROW 6.50E-05 

TH232 W INHAL 1.62E+09 KIDNEYS PANCREAS LLI WALL ADRENALS LIVER 2.72E+06 
EXTGRD 7. 11E-02 S WALL KIDNEYS THYMUS ADRENALS MARROW 2.72E-02 
EXTCLD 3.02E-05 LIVER BLAD WAL KIDNEYS THYMUS MARROW 2.80E-05 

TH234 Y INHAL 3.46E+04 LIVER S WALL SI+CONT ULI WALL LLI WALL 4.65E+01 
EXTGRD 1. 19E+01 ULI WALL KIDNEYS BRAIN THYMUS MARROW 2. 12E+00 
EXTCLD 5.13E-03 ULI WALL KIDNEYS BRAIN THYMUS MARROW 3.49E-03 

PA231 W INHAL 1. 27E+09 ULI WALL BRAIN LLI WALL LIVER KIDNEYS 2.80E+04 
EXTGRD 3.29E+00 KIDNEYS BRAIN ADRENALS THYMUS MARROW 3.26E+00 
EXTCLD 4.80E-03 KIDNEYS BRAIN ADRENA'_S THYMUS MARROW 5.09E-03 

PA233 Y INHAL 9.44E+03 THYMUS S WALL SI+CONT ULI WALL LLI WALL 2.06E+02 
EXTGRD 2.15E+01 ULI WALL ADRENALS BRAIN THYMUS MARROW 2.29E+01 
EXTCLD 3.41E-02 ULI WALL ADRENALS BRAIN THYMUS MARROW 3.65E-02 

PA234 Y INHAL 8.05E+02 PANCREAS S WALL SI+CONT LLI WALL ULI WALL 4.50E+01 
EXTGRD 1. 23E+02 KIDNEYS ULI WALL THYMUS BRAIN MARROW 1. 33E+02 
EXTCLD 3.24E-01 KIDNEYS ULI WALL THYMUS BRAIN MARROW 3.54E-01 

U 232D D INHAL 1.26E+07 PANCREAS ULI WALL ADRENALS LLI WALL KIDNEYS 2.87E+05 
EXTGRD 9.78E-02 S WALL LLI WALL THYMUS ADRENALS MARROW 3.50E-02 
EXTCLD 4.26E-05 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 3.83E-05 

U 232W W INHAL 1. 47E+07 ADRENALS SI+CONT ULI WALL LLI WALL KIDNEYS 9.04E+04 
EXTGRD 3.11E-01 S WALL LLI WALL THYMUS ADRENALS MARROW 3.50E-02 
EXTCLD 3.97E-04 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 3.83E-05 

U 232Y Y INHAL 6.52E+08 LIVER PANCREAS THYMUS LLI WALL KIDNEYS 8.89E+04 
EXTGRD 9.85E-02 S WALL LLI WALL THYMUS ADRENALS MARROW 3.50E-02 
EXTCLD 4.27E-05 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 3.83E-05 

U 233D D INHAL 2.76E+06 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 9.30E+04 
EXTGRD 6.82E-02 ULI WALL BRAIN THYMUS ADRENALS MARROW 2.80E-02 
EXTCLD 4.39E-05 ULI WALL BRAIN ADRENALS THYMUS MARROW 3.93E-05 

U 233W W INHAL 7.91E+06 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 2.79E+04 
EXTGRD 7.37E+00 ULI WALL BRAIN THYMUS ADRENALS MARROW 2.80E-02 
EXTCLD 2.28E-03 ULI WALL BRAIN ADRENALS THYMUS MARROW 3.93E-05 

U 233Y Y INHAL 1. 34E+08 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 9.88E+03 
EXTGRD 3.88E+00 ULI WALL BRAIN THYMUS ADRENALS MARROW 2.80E-02 
EXTCLD 9.84E-04 ULI WALL BRAIN ADRENALS THYMUS MARROW 3.93E-05 

U 234D D INHAL 2.70E+06 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 9.15E+04 
EXTGRD 1. 41E-01 S WALL THYMUS LLI WALL ADRENALS MARROW 2.08E-02 
EXTCLD 7.63E-05 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 1.90E-05 

U 234W W INHAL 7.81E+06 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 2.75E+04 
EXTGRD 1.84E-01 S WALL THYMUS LLI WALL ADRENALS MARROW 2.08E-02 
EXTCLD 2.36E-04 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 1.90E-05 

U 234Y Y INHAL 1.31E+08 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 9.70E+03 
EXTGRD 3.14E-01 S WALL THYMUS LLI WALL ADRENALS MARROW 2.08E-02 
EXTCLD 3.67E-04 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 1.90E-05 

U 235D D INHAL 2.51E+06 SI+CONT ADRENALS ULI WALL LLI WALL KIDNEYS 8.67E+04 
EXTGRD 1.80E+01 ULI WALL BRAIN ADRENALS THYMUS MARROW 1.70E+01 
EXTCLD 2.72E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 2.67E-02 

U 235W W INHAL 7.22E+06 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 2.64E+04 
EXTGRD 1. 58E+01 ULI WALL BRAIN ADRENALS THYMUS MARROW 1. 70E+01 
EXTCLD 2.47E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 2.67E-02 

U 235Y Y INHAL 1. 21E+08 ADRENALS THYMUS ULI WALL LLI WALL KIDNEYS 1.50E+04 
EXTGRD 1. 81E+01 ULI WALL BRAIN ADRENALS THYMUS MARROW 1. 70E+01 
EXTCLD 2.58E-02 ULI WALL BRAIN ADRENALS THYMUS MARROW 2.67E-02 

U 236D D INHAL 2.56E+06 S WALL SI+CONT ULI WALL LLI WALL KIDNEYS 8.67E+04 
EXTGRD 1. 57E-01 THYMUS PANCREAS LLI WALL ADRENALS MARROW 1. 63E-02 
EXTCLD 1. 15E-04 BLAD WAL ADRENALS KIDNEYS THYMUS MARROW 1.40E-0~ 
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Table A.1 (Continued) 

Effective Dose Equivalent (EDE) and Thyroid Dose Factors. 
Clearance Class (CC). and Remainder Category Organs 

(INHAL=REM/CI INHALED. EXTGRD=REM*M**2/CI. 

NUCLIDE CC EXP.PTH EDE 

U 236W W 

U 236Y Y 

U 23BD D 

U 23BW W 

U 23BY Y 

NP237 W 

NP239 W 

PU236W W 

PU236Y Y 

PU23BW W 

PU23BY Y 

PU239W W 

PU239Y Y 

PU240W W 

PU240Y Y 

PU24lW W 

PU241Y Y 

PU242W W 

PU242Y Y 

AM24l W 

AM242 W 

AM242M W 

INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 
INHAL 
EXTGRD 
EXTCLD 

7.37E+06 
7.33E-02 
2.0lE-OS 
l.24E+OB 
7.37E+OO 
2.11E-03 
2.42E+06 
l.7BE-Ol 
3.03E-04 
6.94E+06 
6.3SE-02 
l.70E-OS 
l.l7E+OB 
S.B4E-02 
1. 63E-OS 
4.94E+OB 
B.32E+OO 
6.71E-03 
2.43E+03 
1. 66E+Ol 
2.67E-02 
l.63E+OB 
4.B9E-Ol 
6.B9E-04 
l.3SE+OB 
9.46E-02 
l.9SE-OS 
4.SBE+OB 
7.73E-02 
l.SOE-OS 
3.11E+OB 
7.73E-02 
1. 3BE-OS 
S.llE+OB 
3.l2E+OO 
7.69E-04 
3.36E+OB 
2.66E+OO 
2.S3E-03 
S.llE+OB 
S.04E-Ol 
7.l0E-04 
3.36E+OB 
7.B6E-02 
l.43E-OS 
l.03E+07 
1. 79E-Ol 
3.79E-04 
S.70E+06 
4.S0E-03 
7.90E-07 
4.B6E+OB 
6.lSE-02 
6.SlE-OS 
3.20E+OB 
6.S7E-02 
1. 22E-OS 
S.2SE+OB 
2.69E+OO 
2.9BE-03 
S.94E+04 
l.39E+OO 
2.l7E-03 
S.07E+OB 
2.S0E-Ol 
7.44E-OS 

EXTCLD=REM*M**3/CI) 

FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY 

S WALL 
THYMUS 
BLAD WAL 
S WALL 
THYMUS 
BLAD WAL 
ADRENALS 
S WALL 
BLAD WAL 
S WALL 
S WALL 
BLAD WAL 
THYMUS 
S WALL 
BLAD WAL 
KIDNEYS 
ULI WALL 
ADRENALS 
S WALL 
ULI WALL 
ULI WALL 
PANCREAS 
S WALL 
S WALL 
SI+CONT 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
SPLEEN 
ULI WALL 
S WALL 
SPLEEN 
ULI WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
PANCREAS 
PANCREAS 
PANCREAS 
PANCREAS 
PANCREAS 
PANCREAS 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 
PANCREAS 
LIVER 
LIVER 
S WALL 
ULI WALL 
ULI WALL 
PANCREAS 
S WALL 
S WALL 

SI+CONT 
PANCREAS 
ADRENALS 
Sl+CONT 
PANCREAS 
ADRENALS 
Sl+CONT 
PANCREAS 
ADRENALS 
Sl+CONT 
PANCREAS 
ADRENALS 
SI+CONT 
PANCREAS 
ADRENALS 
LLI WALL 
ADRENALS 
BRAIN 
Sl+CONT 
BRAIN 
BRAIN 
ADRENALS 
LLI WALL 
KIDNEYS 
ADRENALS 
LLI WALL 
KIDNEYS 
Sl+CONT 
LLI WALL 
KIDNEYS 
SI+CONT 
LLI WALL 
KIDNEYS 
SI+CONT 
PANCREAS 
BRAIN 
Sl+CONT 
PANCREAS 
BRAIN 
Sl+CONT 
LLI WALL 
KIDNEYS 
SI+CONT 
LLI WALL 
KIDNEYS 
ULI WALL 
ULI WALL 
ULI WALL 
ADRENALS 
ADRENALS 
ADRENALS 
SI+CONT 
LLI WALL 
KIDNEYS 
SI+CONT 
LLI WALL 
KIDNEYS 
ADRENALS 
BLAD WAL 
BLAD WAL 
Sl+CONT 
BRAIN 
BRAIN 
ULI WALL 
PANCREAS 
KIDNEYS 
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ULI WALL 
LLI WALL 
KIDNEYS 
ULI WALL 
LLI WALL 
KIDNEYS 
ULI WALL 
LLI WALL 
KIDNEYS 
ULI WALL 
LLI WALL 
KIDNEYS 
ULI WALL 
LLI WALL 
KIDNEYS 
PANCREAS 
KIDNEYS 
KIDNEYS 
LIVER 
ADRENALS 
ADRENALS 
ULI WALL 
PANCREAS 
ADRENALS 
ULI WALL 
PANCREAS 
ADRENALS 
ULI WALL 
PANCREAS 
THYMUS 
ULI WALL 
PANCREAS 
THYMUS 
ULI WALL 
LLI WALL 
ADRENALS 
ULI WALL 
LLI WALL 
ADRENALS 
ULI WALL 
PANCREAS 
THYMUS 
ULI WALL 
PANCREAS 
THYMUS 
ADRENALS 
ADRENALS 
ADRENALS 
ULI WALL 
ULI WALL 
ULI WALL 
ULI WALL 
PANCREAS 
ADRENALS 
ULI WALL 
PANCREAS 
ADRENALS 
ULI WALL 
KIDNEYS 
KIDNEYS 
ULI WALL 
ADRENALS 
ADRENALS 
ADRENALS 
LLI WALL 
ADRENALS 

LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
ADRENALS 
THYMUS 
THYMUS 
ULI WALL 
THYMUS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
LLI WALL 
LLI WALL 
LLI WALL 
LLI WALL 
LLI WALL 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 
LLI WALL 
THYMUS 
THYMUS 
LLI WALL 
THYMUS 
THYMUS 
LLI WALL 
ADRENALS 
THYMUS 

KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
KIDNEYS 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LLI WALL 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
ADRENALS 
ADRENALS 
LIVER 
ADRENALS 
ADRENALS 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 

THYROID 

2.6lE+04 
1. 63E-02 
l.40E-OS 
9.l9E+03 
1. 63E-02 
l.40E-OS 
B.l3E+04 
1. 42E-02 
l.lBE-OS 
2.46E+04 
1. 42E-02 
l.lBE-OS 
9.99E+03 
1. 42E-02 
l.lBE-OS 
3.77E+04 
2.93E+OO 
4.0SE-03 
2.l4E+Ol 
1. 79E+Ol 
2.92E-02 
3.99E+03 
1.81E-02 
9.72E-06 
2.49E+03 
l.BlE-02 
9.72E-06 
l.6BE+Ol 
1. 36E-02 
S.36E-06 
7.2BE+OO 
1. 36E-02 
S.36E-06 
l.60E+Ol 
l.OSE-02 
l.06E-OS 
B.S6E+OO 
l.OSE-02 
l.06E-OS 
2.03E+Ol 
l.34E-02 
S.S7E-06 
9.04E+OO 
l.34E-02 
S.S7E-06 
S.4SE+Ol 
O. 
O. 
2.BSE+Ol 
O. 
O. 
l.OSE+02 
l.l3E-02 
4.9SE-06 
6.S9E+Ol 
l.l3E-02 
4.9SE-06 
2.7SE+03 
2.S6E+OO 
3.4SE-03 
6.04E-Ol 
1. 39E+OO 
2.44E-03 
l.97E+03 
7.40E-02 
S.24E-OS 



Table A.l {Continued} 

Effective Dose Equivalent {EDE} and Thyroid Dose Factors. 
Clearance Class {CC}. and Remainder Category Organs 

{INHAL.;REM/CI INHALED. EXTGRD=REM*M**2/CI. 
EXTCLD=REM*M**3/CI} 

NUCLIDE CC EXP.PTH EDE FIVE ORGANS ASSIGNED TO THE REMAINDER CATEGORY THYROID 

AM243 

CM242 

CM243 

CM244 

CM24S 

CM246 

CM24S 

BK247 

BK249 

BK2S0 

CF2S2 

CF2S3 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

W INHAL 
EXTGRD 
EXTCLD 

Y INHAL 
EXTGRD 
EXTCLD 

S.24E+OS 
S.9SE+OO 
S.OlE-03 
1. 7SE+07 
S.40E-02 
l.S4E-OS 
3.S2E+OS 
1. 32E+Ol 
2.00E-02 
2.79E+OS 
7.4SE-02 
1. 3lE-OS 
S.4lE+OS 
7.69E+OO 
l.l2E-02 
S.3SE+OS 
6.6lE-02 
l.lOE-OS 
l.97E+09 
S.30E-02 
9.64E-06 
S.S3E+OS 
O. 
O. 
1. 34E+06 
O. 
O. 
6.S9E+03 
3.7lE+Ol 
1. 46E-Ol 
1.20E+OS 
S.71E-02 
1.l7E-OS 
3.07E+06 
1. OlE-03 
l.7SE-07 

KIDNEYS 
BRAIN 
BRAIN 
S WALL 
S WALL 
S WALL 
PANCREAS 
ULI WALL 
ULI WALL 
S WALL 
S WALL 
S WALL 
PANCREAS 
ULI WALL 
ULI WALL 
KIDNEYS 
S WALL 
S WALL 
ULI WALL 
S WALL 
S WALL 
PANCREAS 
NONE 
NONE 
PANCREAS 
NONE 
NONE 
LLI WALL 
KIDNEYS 
KIDNEYS 
LLI WALL 
S WALL 
S WALL 
S WALL 
S WALL 
S WALL 

PANCREAS 
BLAD WAL 
BLAD WAL 
Sl+CONT 
LLI WALL 
LLI WALL 
ADRENALS 
BRAIN 
BRAIN 
Sl+CONT 
LLI WALL 
THYMUS 
ADRENALS 
BRAIN 
BRAIN 
ADRENALS 
LLI WALL 
PANCREAS 
PANCREAS 
LLI WALL 
LLI WALL 
ADRENALS 
NONE 
NONE 
ADRENALS 
NONE 
NONE 
S WALL 
ULI WALL 
ULI WALL 
PANCREAS 
LLI WALL 
LLI WALL 
Sl+CONT 
LLI WALL 
PANCREAS 
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LLI WALL 
KIDNEYS 
KIDNEYS 
ULI WALL 
PANCREAS 
THYMUS 
ULI WALL 
ADRENALS 
ADRENALS 
ULI WALL 
PANCREAS 
LLI WALL 
ULI WALL 
ADRENALS 
ADRENALS 
ULI WALL 
PANCREAS 
LLI WALL 
KIDNEYS 
PANCREAS 
THYMUS 
ULI WALL 
NONE 
NONE 
ULI WALL 
NONE 
NONE 
Sl+CONT 
THYMUS 
THYMUS 
KIDNEYS 
PANCREAS 
THYMUS 
ULI WALL 
PANCREAS 
LLI WALL 

ADRENALS 
THYMUS 
THYMUS 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
THYMUS 
THYMUS 
LLI WALL 
ADRENALS 
ADRENALS 
LLI WALL 
THYMUS 
THYMUS 
LLI WALL 
ADRENALS 
ADRENALS 
ADRENALS 
ADRENALS 
ADRENALS 
LLI WALL 
NONE 
NONE 
LLI WALL 
NONE 
NONE 
ULI WALL 
BRAIN 
BRAIN 
ADRENALS 
ADRENALS 
ADRENALS 
LLI WALL 
ADRENALS 
ADRENALS 

LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
NONE 
NONE 
LIVER 
NONE 
NONE 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 
LIVER 
MARROW 
MARROW 

3.2lE+04 
6.70E+OO 
9.33E-03 
4.6SE-Ol 
1. 67E-02 
S.71E-06 
1.l9E+04 
1. 42E+Ol 
2.22E-02 
2.2SE+Ol 
1. 43E-02 
4.34E-06 
l.l9E+04 
S.30E+OO 
1. 2SE-02 
S.7lE+03 
1. 23E-02 
3.06E-06 
2.02E+06 
l.OSE-02 
3.SSE-06 
l.lSE+04 
O. 
O. 
1.3SE+02 
O. 
O. 
1.lSE+Ol 
4.l2E+Ol 
1.62E-Ol 
9.11E+04 
1. 3SE-02 
S.OlE-06 
4.6SE+OO 
2.l4E-04 
4.63E-OS 



APPENDIX B 

Radionuclide Data and Assumptions Used 
In The Screening Analysis 

The screening process described in Chapter 6 identifies 
those fuel cycle and by-product material facilities that are 
licensed for sufficiently large quantities of radioactive 
rna ter ia Is that. f or the cond i t ions assumed. a severe acci-· 
dent might pose a hazard to the general public. In the 
possession limit data base. a number of names and quantities 
for radionuclides or groups of radionuclides needed further 
definition in order to be included in the screening process. 
'I'his append ix 1 is ts the deta i led assumpt ions and data used 
in preparing the possession limit data base for use in the 
screening computer program. 

In the data base. the 1 icensed possess ion 1 imi t for a 
few radionuclides was listed on the license using mass units 
(kilograms. grams. etc) rather than activity units (curies). 
The screening program requires acti vi ty uni ts for use wi th 
the unit dose estimates (rem/curie released). Specific 
activity conversion factors (curies/ kilogram) were supplied 
for these nuclides and are listed in Table B.l. 

In the screening analysis. isotope and form-dependent 
release fractions were used (see Sections 2.3 and 6.3). For 
the "other" category of isotopes (nonvolatile solids). a 
smaller release fraction was used for material judged to be 
in a sealed source or encapsulated in an equivalent manner. 
The configuration terms and definitions assumed to be equiv­
alent to a sealed source are listed in Table B.2. 

In the data base. a number of terms were used to 
describe a material type that did not provide a unique 
specif ica t ion of a single rad ioisotope. Some entries were 
simply element names. without any isotope{s) given. Others 
listed two isotopes or elements (e.g.. BACE. CEPR. 
CF249/254. CU64/67. CEPR144. etc.). Neutron sources used a 
variety of names (e.g .• AMBE. AM241/BE. PUBE. PU238BE. 
PU239BE). For each of these names for a material type. a 
single radioisotope was assigned for use as an equivalenced 
rad ionucl ide in the screening analysis. These assignments 
are listed in Table B.3. The assigned radionuclide was 
selected from among those for which dose estimates had been 
prepared and are listed in Table 5.1. 

A number of radionuclides occurred infrequently or only 
a few times in the license data base. For many of these. 
calculation of dose estimates using CRAC2 was not possible 
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Table B.1 

Specific Activities of Radionuclides 

Specific Activity 
Isotope (Ci/kg) 

AM241 3.44E+03 

CF252 5.40E+OS 

NP237 7.06E-01 

PU236 5.32E+05 

PU238 1. 72E+04 

PU239 6.22E+01 

PU240 2.28E+02 

PU241 1.01E+05 

PU242 3.93E+OO 

TH228 8.20E+05 

TH232 1.10E--04 

U232 2.14E+04 

U233 9.66E+OO 

U234 6.27E+OO 

U235 2.17E-03 

U236 6.48E-02 

U238 3.37E-04 
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Table B.2 

Configurations Considered to be Sealed Source or Equivalent 

CSS Combined Sealed Source 

DBS Diffusion Bonded Sealed Source 
DSS 

ECR Encapsulated Calibration or Reference Sources 

ECS Encased in Steel 

EFC Encapsulated Foils Contained in Nuclear 
Accident Dosimeters 

ENC Encapsulated 

ENF Encapsulated Foils 

MSS Metal Encased in Stainless Steel 

PSZ U02 Fuel Pellets Sealed in Stainless Steel 
or zircalloy 

SAB Sealed Americium and Beryllium Neutron 
Sources 

SCS Sealed Calibration Source 

SDS Seeds 

SED Sealed Sources in Electron Captive Detectors 

SFC Sealed Fission Chambers 

SFD Sealed Fission Detectors 

SFE Sealed Fuel Elements 

SGS Sealed Gamma Sources 

SIT Sealed Ionization Tubes in Chambers 

SLS Self-Luminous Sites 

SNB Sealed Nuclear Batteries 

SND Sealed Neutron Detector 

SNG Sealed Neutron Generator Tubes 

SNS Sealed Neutron Source 

SSS Sealed Source Sets 

SS Sealed Source 

SWM Sealed Source in Completed LCD Watches 
and Modules 
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Table B.3 

List of Assignments for Equivalent Radionuclides 

MATERIAL TYPE ASSIGNED MATERIAL TYPE ASSIGNED 
(FROM LICENSE) NUCLIDE (FROM LICENSE) NUCLIDE 

AC227/BE AC227 CO C060 
ACR 1131 CSAMBE AM241 
AC AC227 CSBA CS134 
AGRI 1131 CS131 CS136 
AGR2 1131 CS CS134 
AGR4 1131 CU64/67 CU67 
AGR5 1131 DU U238 
AGIIO AGIIOM EN'l' TH232 
AMBE AM241 EU152/154 EU154 
AMPUCM AM241 EU EU154 
AM241/BE AM241 FECD CDl13M 
AM244 AM242 FE55/59 FE59 
AM246 AM242 FE59/55 FE59 
AM AM241 GD162 GD153 
AU195 AU198 GEGA GA72 
AU AU198 HG197/203 HG203 
BACE CIU44 HG197 HG203 
BACS CS134 H0166 H0166M 
BALA LA140 INlll/114 INl14M 
BA/LA140 BA140 INl13M/l11 INlll 
BR77/82 BR77 INl13 INl13M 
BR80 BR82 INl14 INl14M 
CDAM AM241 IR191M IR192 
CDI09/HG203 CDI09 1125/129 1125 
CDl13 CDl13M 1125/131 1131 
CDl15M CDl13M 1125 OR 131 1131 
CEPR144 CE144 1128 1132 
CEPR CE144 KR79 KR89 
CE143 CE144 KR81 KR85 
CF249/254 CF253 K43 K42 
CF249 CF252 MFP PU239 
CF250 CF252 MG27 MG28 
CF CF252 MOTC99M M099 
CL38 CL36 MOTC M099 
CM247 CM245 M099-TC99M M099 
CM249 CM242 MO M099 
CM250 CM245 NA24/22 NA22 
CM CM245 NA NA22 
C061 C058 NB92M NB95 
C062 C058 NO ND147 
C063 C058 NP234 NP239 
C064 C058 NP235 NP239 
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Table B.3 (Continued) 

List of Assignments for Equivalent Radionuclides 

MATfO;RIAL TYPE ASSIGNED MATI';R IAL TYPE ASSIGNED 
lFRQ.l1 __ L ICENSE) NUQktDE _ (FRm~LL 1C~J~SE) ~UG.L1D1L-

OSIR 1R192 TC TC99 
PM148 PMl47 TEI19M '1'EI27M 
P0208 P0210 '1'EI23M TF;l27M 
P0209 P0210 '1'F;t23 TEI27M 
P0218 P0210 THN '1'H232 
PO P0210 THU U238 
PR147 PR144 TH225 TH227 
PT183 PT193 '1'H229 TH230 
PUBE PU238 '1'H231 '1'H234 
PUCS PU239 TH233 '1'H234 
PUI PU239 TH '1'H232 
PUU PU239 TM166 '1'M170 
PU02 PU239 TM171 '1'M170 
PU237 PU236 TMI72 TM170 
PU238BE PU238 TUE PU239 
PU238/239 PU238 U1R U235 
PU239BE PU239 UND U238 
PU244 PU239 UTH U238 
PU PU238 UUR U235 
RBKR RB86 U232 U233 
RB RB86 U236 U234 
RURH RUI03 U237 U234 
RU97 RUI03 U239 U234 
SBBE SB124 U U238 
SB SB124 V49 V48 
SCA 1131 W W187 
SCB EUI52 XEI27 XE133M 
SMAT '1'H232 XE XE133 
SMA '1'H232 ZN63 ZN65 
SM153 SM15l ZN69 ZN65 
SNIN SNI13 ZN ZN65 
SNM PU239 ZRNB ZR95 
SNI19 SNl19M 
SN125 SN126 
SOM TH232 
SRKR SR90 
SRYB SR90 
SRY90 SR90 
SRY SR90 
SR SR90 
'1'B161 '1'B160 
'1'C96 '1'C99M 

-115-



due to lack of supporting data (e.g .• dose conversion 
factors). In order to make the initial screening as com­
plete as possible. each of these nuclides was assigned to an 
equivalent radionuclide having a similar half-life. decay 
emissions and decay energies and for which the dose estimates 
are ava i lable (in Table 5.1). As an example. 244Am wi th a 
10 hour half-life and beta emission of 0.39 Mev was assigned 
as equivalent to 242Am with a 16 hour half-life and a beta 
emission of 0.67 Mev; 242Am appears in Table 5.1. The 
equivalence assignments are also included in Table B.3. The 
material type from the license file is listed in the first 
column and the assigned radionuclide from Table 5.1 in the 
second. 

Two complex sources were listed in the data base. with 
the forms CSAM and CS137/PU238. and with quantities speci-­
fied for each of the isotopes in the complex. These complex 
sources were assigned the CS137 and AM241 dose estimates. 
and the CS137 and PU238 dose estimates. respectively. 

For nuclides with several possible clearance classes. 
the screening process used the class that had the highest 
specific dose estimate (rem/curie released values from 
Table 5.1). For uranium compounds. the Y class for insoluble 
compounds was used. For plutonium. the W class for soluble 
compounds was used. 

A number of Part 40 and Part 70 licenses listed uranium 
material types with various degrees of enrichment of 235u. 
For the screening analysis. four standardized enrichments 
were adopted and used: 

Depleted Uranium (DU) 

Natural Uranium (U) 

LWR enriched Uranium 

Highly enriched Uranium 

< 5% 235U 

> 5% 235U 

Isotopic compositions and dose estimate calculations for a 
1 kilogram release of each of these materials are listed in 
Table 5.6. For depleted uranium. 238U can a lmos t be used 
as a direct equivalent. For natural uranium. approximately 
one-half the dose is from the small faction of 234U and 
the other half from the 238u. For the LWR and highly 
enriched compositions. the dose estimates are dominated by 
the 234U component. 

Two terms appear in the Part 40 data base to describe 
mixtures of uranium and thorium: UTH and THU. Since the 
quantities associated with these material types used mass 
rather than activity units. these were assumed to be all 
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natural uranium. since the dose estimate per kg released is 
higher for uranium than thorium. If the material had been 
specified with an activity quantity. then thorium would be 
the proper (and conservative) equivalence. 

The medical licenses included in Part 30 required 
special rules to define nuclides and possession limits for 
the various groups. as the license usually does not list 
such information. These definitions were derived from dis­
cussions with and information received from Mrs. Pat Vacca. 
Material Licensing Branch. USNRC. Washington. D.C. 

Under Part 35 licenses for Human Use of By-product Mate­
rials. eight general groups are defined for medical applica­
t ions. For a Imost a 11 of the 1 icenses us ing these group 
designations. the group designation is the material type. 
with the configuration and possession limit left blank. For 
these. a specific radionuclide and possession limit were 
assigned for use in the screening analysis. On a few of the 
1 icenses. a nuc 1 ide and/or a possess ion 1 imi tare 1 isted in 
addition to the group designation. For these few. the 
license entries would take precedence over the assigned 
values. 

Group I: Defines materials used in prepared raaiophar­
maceuticals for certain diagnostic studies involving meas­
urements of uptake. dilution. and excretion. Radionuclide 
included in this group are 1311. 125 1. 58Co. 60Co. 51cr. 
59Fe. and 99mTc. Of the isotopes included in this group. 
1311 and 125 1 would represent the largest potential 
radiological hazard. The radioiodines are received by the 
licensee in single vials of 2 mCi each. and the number of 
vials usually is limited to 10 vials at anyone time. For 
the screening ana lys is. 131 1 is the ass igned rad ionuc 1 ide. 
with a quantity of 100 mCi. 

Group II: Covers the use of prepared radiopharmaceuti­
cals for diagnostic imaging and localization studies. 
Group II Radionuclides include 1311. 125 1. 51Cr. 198AU. 
197Hq. 203H9. 75Se • 85S r • 99mTC. 169Yb and 113mYb. Again. 
the radioiodines represent the greatest potential hazard. 
and are received and stored as defined for Group I. As was 
done for Group I. a 100 mCi source of 131 1 is assigned. 

Group I I I: Licenses the use of generators and reagent 
kits for the preparation and use of radiopharmaceuticals 
containing by-product material for diagnostic studies. This 
group includes 99Mo/99mTc generators. 9~mTc as the pertech­
netate and 113Sn /113mIn generators. The tin generators are 
not distributed in the United States and were not used in 
the definitions for Group III. The 99Mo/99mTc generators 
are limited to 2 Ci productions of pertechnetate. The 
assignments for the screening are 2 Ci of 99mTc and 2 Ci 
of 99Mo. 
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grouJ2 ___ .IV: Includes the use of prepared rad iopharmaceu-
ticals for certain therapeutic uses that do not require hos­
pitalization. lodine-131 for use in the treatment of cardiac 
dysfunction is the principal nuclide in Group IV. 
Phosphorus-32 is also licensed under Group IV for some 
cancer treatments. However. it is not used extensively and 
only with few patients. lodine-131 is usually administered 
in doses of 30 mei or less per patient. with a total of 150-
200 mei on hand at anyone time. For the screening anal­
ysis. a quantity of 500 mei of 131 1 was assigned. 

GrO_l,!JL V: 1, icenses the use of prepa red r ad iopha rmaceu t i­
cals for therapeutic uses that require hospitalization for 
purposes of radiation safety. Gold-198 for intracavity 
treatment of malignant effusions and 131 1 for treatment of 
thyroid carcinoma are included in this group. Gold-198 for 
this use is not commercially available in the United States. 
'I'he 131 1 is administered in dosages of 30 mei to 400 mei 
from vials of 75-150 mei each. The total unused storage of 
131 1 was estimated to be 500 mCi. Again. 131 1 is the 
assigned radionuclide. with a quantity of 500 mCi. 

Group._V1: Covers the use of sources for irradiation of 
tumors. Sealed sources of 241Am. 137Cs. 60co. 198Au. 1251. 
1921r. and 90S r are generally licensed under Group VI. The 
241Am sources would represent the greatest radiological 
hazard if material were released. Most of the 241Am sealed 
neutron sources (~400 mei each) are used in bon(~ mineral 
analyzers and it was assumed that no licensee has more than 
two analyzers. Americium-241 was assigned as the nuclide 
for Group VI 1 icenses. and wi th a quant i ty of 800 mCi. It 
is unl ike ly tha t ma ter ia 1 f rom these sources wou Id become 
airborne in an accident and a release fraction 0.001 was 
used in determining the source term for the Group VI 
licenses. 

GLM: For genera 1 med ica 1 1 icenses (GLM) the possess ion 
limits from the Code of :£o'ederal Regulations (10 C£o'R 35.31) 
are: 200 ~ci of 1311. 200 ~Ci of 125 1. 5 ~Ci of 58Co. 5 ~Ci 
of 60co. and 200 ~Ci of 51Cr. These isotopes and quantities 
were used if no possession limit quantity was specified. If 
a possession limit quantity was listed on a license but 
without a radionuclide. then 131 1 was assigned as the 
radionuclide. 

V1T: Licenses for vitro clinical uses (VIT) cover var­
ious---radionuclides ( 125 1. 1311. 14C. 3H. 59Fe. 75S e ). but 
limit the total possession quantity to 200 ~Ci. Again. 
lodine-131 has the greatest hazard potential for this group. 
and 200 ~Ci of 1311 was assigned for the screening. 
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For some medical licenses. certain configurations are 
sometimes used without a possession limit quantity being 
specified. Suitable quantities were defined for these 
configurations. based on the use and the number of treat­
ments available at any given time. Table B.4 lists the 
radionucl ides. configurat ions and assumed possess ion 1 imi t 
quant i ties. I n the screening analys is. an assumed quanti ty 
from Table B.4 is used if none is listed in the data base. 

General licenses (Type A. Type B. and Type C) are avail­
able under 10 CFR Part 33. Possession limit quantities for 
some 200 radionuclides are listed in Schedule A of Part 33.1. 
F'or the screening process. 129 1 was selected as the radio­
nuclide with the greatest potential dose hazard. For Type A 
and Type B licenses 0.1 Ci of 129 1 was assigned for use in 
the screening. For Type C 1 icenses. 0.01 Ci of 129 1 was 
used. as specified in Column 2 of Schedule A. 

The "any" category license is used to allow possession 
of a broad range of rad ionucl ides. wi th an overa 11 posses­
sion limit and under a single material type (as opposed to 
an exhaustive listing of possible nuclides.) Many forms of 
the "any" category were found in the license data base; these 
are listed in 'l'able B.S. It was decided that the 10 radio­
nuclides in the category with the highest specific dose 
estimates at a 100 m distance (from Table 5.1) would be 
representative of the radionuclides in that "any" category 
and would provide a reasonable estimate of the potential 
hazard. Lists of the radionuclides assigned to the various 
categories are presented in Table B.6. For some categories. 
up to 12 rad ionucl ides are provided. in case one or more 
radionuclides are listed as an exception on the license. In 
the screening process. the first 10 from the list which are 
not otherwise listed as an exception are used. 

However. a smaller number than 10 may be used for screen­
ing some "any" licenses depending on the possession limits. 
For some licenses. an individual limit (per isotope) and a 
total limit are specified (e.g .• 10 mCi/500 mCi). For these. 
if the ratio of the total limit to the individual limit is 
greater than 10. then only the first 10 from the appropri­
ate list in Table B.6 are used. If the ratio is less than 
10. then only that number (rounded to the next whole integer) 
is used. but not less than one. A few licenses have a total 
quantity specified. but a zero for the individual nuclide 
limit (e.g .• OlIO Ci). For these material types. the single 
nuclide assignments in the bottom part of Table B.6 are used. 
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Radionuclide 

H3 
Cl4 

P32 

S3S 
CrSl 

Co60 

Se7S 
Kr8S 
SR90 
Tc99m 

112S 

1129 
1131 

Au198 
Xe133 

DXG 
DIE 
TAB 
CCP 
COG 

Table B.4 

Medical Configurations 

Configuration 

SOL - Soluble phosphate as 
treatment for leukemia 

SLfo' 
CHR 
LBC 
LUB 
NAC 
SEL 
DSL 

and bone metastases 

EYE - Eye Applicator 
HSA 
KIM 
PHY 
SUC - Sulfur colloid 
DVP 
PPK 
SDS - Seeds for interstitial 

cancer treatment 
'l'R I 
THY 
ADI 
BFP 
CAR 
CSN 
HYP - Iodide for treatment 

of hyperthyroidism 
IHS 
LCN 
LUS 
MHS 
SOS - Seeds for interstitial 

cancer treatment 
TIF - Iodide for thyroid 

imaging 
COL 
BFP - Gas for blood flow 

and pulmonary studies 
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Assumed Possession 
Limit Quantity (mCi) 

100 mCi 
100 
100 
100 
100 

SO 

100 
10 
10 

1 
100 

1 
100 
lS0 

2000 
2000 
2000 
2000 

100 
100 

1 

100 
100 
100 
100 
SOO 
100 
SOO 

100 
100 
100 
100 
100 

100 

200 
2000 



'l'able B.5 

Definition of "ANY" Categories 

Any by-product material 

II Any by-product material between Atomic Numbers ... 

1 and 83 (inclusive)" 

2 and 83 (inclusive)" 

3 and 83 (inclusive)" 

1 and 84 (inclusive)" 

85 and 103" 

85 and 89. inclusive; 91. 93. and 95 to 100. 

A 

A1 

A2 

A3 

A4 

AS 

inclusive A6 

85 and 89. inclusive. with half-life less 
than 14.3 days 

3 and 84 

1 and 85" 

90 and 97. except Curium 248 and Curium 250 

1 and 91" 

84 and 92 

84 and 94" 

84 and 96 

84 and 98" 

89 and 98 

1 and 103" 

1 and 83. except alpha particle emitters" 

1 and 83. inclusive except Iodine 129" 

1 and 83. inclusive except Iodine 131" 

1 and 83. inclusive except Silicon 

1 and 83. inclusive except Strontium and 
Iodine 

3 and 83. with 1/2 lives less than 48 hours 

3 and 83. with 1/2 lives greater than 48 
hours. less than 60 hours (substitute "m". 
"s" or "W" for minutes. seconds. or weeks 
as appropriate) 
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A7L14.3D 

A34 

A8S 

A90 

A91 

A92 

A94 

A96 

A98 

A89 

A03 

AXA 

A1XI129 

A1XI131 

A1XSI 

A1XSRI 

A3L48H 

A3G48HL60H 



Category 

Table B.6 

Radionuclides Used in the II ANY II Categories 
for the Screening Analysis 

A83, A85,. A01.,L. __ h_A89, _A90, A94., A95, A96. A98 

TH232 
PU240 

Category 

CM248 
PU242 

U232 
AM242M 

PU239 
NP237 

AM241 
PU238 

AM243 
CM245 

AI, A2. A3. AIXS I~G20H, _ A3G2W c. A3L6H •. A3G20H L . A3L48H._. A3XSR90 

CDl13M 
CE144 

Category 
A4. A5. A34 

P0210 
NB94 
C060 

Category 

1129 
EU154 

CDl13M 
CE144 

AXA. A3XAT ... PHA 

CDl13M 
CE144 

Category 
AIXI129 

CDl13M 
EU154 

Category 
AIXI 

CDl13M 
EU154 

Category 
AIXSRI 

CDl13M 
ZR93 

1129 
EU154 

SR90 
ZR93 

SR90 
ZR93 

H0166M 
C060 

SR90 
ZR93 

1129 
EU154 

SR90 
ZR93 

H0166M 
1131 

H0166M 
C060 

RU106 

H0166M 
1131 

SR90 
ZR93 

H0166M 
1131 

RUI06 
1125 

RUI06 

NB94 
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RUI06 
1125 

H0166M 
1131 

RU106 
1125 

NB94 
C060 

NB94 

CE144 

NB94 
C060 

RUI06 
1125 

NB94 
C060 

CE144 

CE144 

EU154 



Category 
A3G168l! 

1126 

Category 

Table B.6 (Continued) 

Radionuclides Used in the II ANY II Categories 
for the Screening Analysis 

Category Category 
A6 A3G40ML20H, A1G40ML20H 

AM241 1135 

Category Category Category 
A3L168HIA3L2W~ A3L40MI.AlT .. 1.QM A7L14.3D A91 

1131 KR89 AC228 TH232 
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