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Dear Mr. Baggett,
JOB CODE L2536: TASK 7, FINAL REPORT

Enclosed is the final technical letter report for Task 7 of the project "Review of Improper
Transfer/Disposal Scenarios for Generally Licensed Devices Study." Task 7 is entitled "Final
Review of the 1987 Report by Oak Ridge Associated Universities, *Improper Transfer/Disposal
Scenarios for Generally Licensed Devices.”" A separate copy has been sent to Mr. Huang by
overnight express.

" In attempting to perform a probabilistic risk analysis as requested in your letter of March 30,
1994, for a given scenario (namely, *’Cs gamma gauges), we found that there were significant
gaps in the data and that the numbers of devices in service include many with activities greater
than those included in the ORAU Report’s scope of work (that is, limited to 20 mCi or less).
We also found that incorporating realistic scenarios (e.g., different fractions-taken-in and
different time-and-proximity factors for each individual in multiple-person incidents) was more
difficult than the remaining funds would allow us to complete. For these reasons, we have
included in Appendix E the dose equivalent values for "reference"” 20 mCi sources due to
ingestion, inhalation, and external exposure for "reference worst-plausible-case” scenarios of
fractions-taken-in of 10 and time-and-proximity factors of 1000 hours at one meter from an
unshielded source.

There is, in my opinion, a significant amount of work to be done to improve the data quality for
input to a risk analysis. The data in the NMSS General License Database System, at least in the
printout we received, show some invalid values and other questionable entries (e.g., 3H gamma
gauges) as discussed in Appendix E, the revised Task 3 Report. Beyond the question of data
validity, there is a need for detailed data on numbers of devices by source type (the Regulatory
Guide 10.10 Device Code is not adequate), isotope(s), dates placed in service, activities, and
design. These data should be available for each of the 500,000 or so sources now in use. One
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problem that occurs is the difference between the ORAU mandate of considering a subset of
sources up to a maximum of 20 millicuries and the NMSS General License Database System,
which includes all sources regardless of activity. This puts into question the validity of a
probabilistic risk analysis based on these data.

There is a continued difficulty of trying to match the ORAU Categories with the Device Codes of
Regulatory Guide 10.10, which makes it difficult to use the ORAU analyses with the figures in
the database summary you sent us. Our Task 3 review of the AEOD incident database should be
re-done using the Regulatory Guide 10.10 Device Codes, if possible, to aid in using the rest of
the available data.

A full risk analysis for generally-licensed devices should include a deeper analysis of which
accident data to apply to which circumstances. If possible, it would be useful to subdivide risk
analysis categories by source vulnerability, e.g., those sources designed to emit alpha particles as
contrasted with those that are doubly-encapsulated in stainless steel and are, thus, "Special Form"
as defined by the Department of Transportation.

Dr. Robin L. Hill and I feel that we have produced two very useful innovations in performing
this project: the distributions of time-and-proximity factors and of fractions-taken-in. We would
be pleased to use these results in future risk analysis work for the NRC.

It has been a pleasure working on this project. During our close-out period to meet our record-
keeping requirements, please feel free to contact us for questions and comments.

Yours truly,

“DAI.S

Daniel J. Strom, Ph.D., C.H.P.
Staff Scientist

Operational Health Physics Group
Health Protection Department

DJS:bga
Enclosures

cc: Mr. Daniel T. Huang, Mail Stop §-A-23
File/LB
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1.0 EXECUTIVE SUMMARY

Task 7 of the project "Review of Improper Transfer/Disposal Scenarios for Generally
Licensed Devices Study" requires that, "after Tasks 5 and 6 are completed, PNL will prepare
a draft report based on the results of the individual reviews that documents its findings,
conclusions and recommendations. The report will present a critical evaluation of the
methods, data and assumptions used in the ORAU [Oak Ridge Associated Universities; now
Oak Ridge Institute for Science and Engineering] study (Stabin et al. 1987). Any limitations
or inadequacies will be described, as well valid insight and conclusions reached by the
ORAU team. The report will specifically address the suitability of the 1987 ORAU report as
a basis for revising regulatory requirements or guidance in 1993. It will provide the Staff
with recommendations on how the contents of the ORAU report can be used in formulation
of policy or regulation, as well as additional facts and information to support their
decisions.” "Within 2 months of receiving NRC staff comments on the draft report, PNL
will respond to the comments and provide a final report to the Project Manager..."

As part of Task 5 of this project, Roger Cloutier, Kermit Paulson, Mike Stabin, and Evelyn
Watson (the "ORAU Team") attended a meeting with Robin Hill, George Cicotte, Jim
Dukelow, and Dan Strom of the Pacific Northwest Laboratory (PNL) on October 5, 1993, in
Oak Ridge, Tennessee. The meeting was a very productive discussion with the original
-authors and team of the 1987 ORAU report. All PNL questions were satisfactorily resolved,
as is documented in the Appendices to this final report.

The PNL reviewers conclude that the 1987 ORAU Report provides a good start on assessing
worst-case consequences of improper transfer and disposal scenarios for generally licensed
devices. For use as a basis for regulatory decision making, the principal shortcomings of the
ORAU Report identified by the PNL review are:

o The 1987 ORAU Report does not include probabilities of the scenarios occurring on a
per source, per year basis.

° The 1987 ORAU Report does not include a complete enough enumeration of the
numbers of sources, and the distributions of source activities, in each category.

o The 1987 ORAU Report does not include the probabilistic distributions of outcomes
(as opposed to the worst case outcomes) needed to realistically assess the probable
human health consequences of such scenarios.

The original ORAU Team was constrained from considering many of the above issues by the
limited scope of work of their project. The PNL reviewers repeat that the ORAU Report is
a good start on the collection of data to support regulatory decision making.

As in the preliminary PNL review, the PNL reviewers conclude that the 1987 ORAU report
is not an adequate basis for 1993 regulatory decision making, and that members of the NRC



Staff may need to use additional facts and information.

2.0 SUMMARY OF CHANGES SINCE 1987

Since 1987, there have been changes in several areas that impact the current relevance of the
1987 ORAU Report. These include changes in recommended limits on dose to the public,
significant changes and developments in probabilistic dose assessment methodologies, and
changes in dosimetric quantities and models that affect risk assessments.

2.1  CHANGES IN, AND CREATION OF, PUBLIC DOSE LIMITS

The original work under review in this project is referred to as the "ORAU Report" (Stabin
et al. 1987). Since that report was prepared, NRC has instituted a dose limit for the public
that is in concert with recommendations of radiation protection advisory groups.

For doses to the public (when such doses arise from licensee activities), the NRC has

implemented a limit of 0.1 rem (0.001 Sv) total effective dose equivalent (TEDE) per year

(10 CFR Part 20.1301(a)(1)). In addition, the NRC now specifies that the provisions of the
U.S. Environmental Protection Agency’s 40 CFR Part 190 apply to licensee activities.

Parenthetically, it is noted that the U.S. Department of Energy has lowered its limits for
exposure to the public (10 CFR 835) to 0.1 rem (0.001 Sv) TEDE.

Since 1987, both the NCRP (1993) and the ICRP (1991) have lowered their recommended
limits for members of the general public, to the same value of 0.1 rem (0.001 Sv) for the
quantity effective dose, which is similar to TEDE although not identical. The NCRP and
ICRP recommendations are based on new risk findings of the National Academy of Sciences
(NAS 1988, 1990) and the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR 1988).

With the establishment of a limit on TEDE to members of the public of 100 mrem (1 mSv;
10 CFR 20.1301(a)), or 2% of the occupational dose limit, there is less margin for error in
dose assessments for improper transfer and disposal of generally licensed devices. The new,
lower 10 CFR 20 limits for the public should be used in assessing impacts of improper
transfer or disposal of generally licensed devices.

2.2 CHANGES IN PROBABILISTIC RISK METHODOLOGY

Since 1987, many changes have occurred in probabilistic risk methodologies. Recent
summaries of these techniques are provided by IAEA (1989), Finkel (1990), and Morgan and
Henrion (1990). In addition, the advent of user-friendly Monte Carlo simulation software for -
probabilistic health risk analysis, such as Crystal Ball (™Decisioneering, Inc., Denver, CO),
makes it feasible to perform probabilistic risk assessments for this kind of work.



Distributions of source activities, and distributions of consequence severities, and
probabilities of incidents occurring should be used to predict likely outcomes, with worst
case outcomes being found in the extreme values of the resultant distributions.

2.3 CHANGES IN DOSIMETRIC QUANTITIES AND MODELS

Since 1987, quantities such as effective dose or total effective dose equivalent has replaced
"dose equivalent" in most radiation protection recommendations and standards. Many
improvements in internal dosimetry have occurred, as detailed in Appendix B.

3.0 THE ADEQUACY OF THE 1987 ORAU REPORT AS A BASIS FOR 1993
DECISION MAKING

The 1987 ORAU Report, in the judgment of the PNL reviewers, is no longer adequate for
1993 decision making. For use as a basis for regulatory decision making, the principal
shortcomings of the ORAU Report identified by the PNL review are:

o The 1987 ORAU Report does not include probabilities of the scenarios occurring on a
per source, per year basis.

o The 1987 ORAU Report does not include a complete enough enumeration of the
numbers of sources, and the distributions of source activities, in each category.

. The 1987 ORAU Réport does not include the probabilistic distributions of outcomes
(as opposed to the worst case outcomes) needed to realistically assess the probable
human health consequences of such scenarios.

The original ORAU Team was constrained from considering many of the above issues by the
limited scope of work of their project. The PNL reviewers repeat that the ORAU Report is
a good start on the collection of data to support regulatory decision making.

Additional shortcomings include
o changes in dose quantities (e.g., the introduction of effective dose equivalent from
external irradiation) and in regulations (e.g., public limits on total effective dose
equivalent) have taken place; and
. several potentially significant scenarios, such as an intact source out of a shield, and
potentially significant consequences, such as doses to workers (rather than the public),

have been omitted.

These topics are supported in individual reviewer comments in the Appendices to this report.



4.0

ADDITIONAL FACTS AND INFORMATION THAT MIGHT BE USED BY THE
NRC STAFF TO DECIDE ON THE NEED FOR REGULATORY ACTION

As in the preliminary PNL review, the PNL reviewers conclude that the 1987 ORAU report
is not an adequate basis for 1993 regulatory decision making, and that members of the NRC
Staff may need to use additional facts and information.

4.1

AREAS IN WHICH ADDITIONAL FACTS AND INFORMATION ARE NEEDED

NRC Staff should consider

4.2

the annual rates of incidents involving improper transfer or disposal by source
category. Rate assessments require improved data (from both NRC-regulated and
Agreement States) on numbers of sources, numbers of incidents, and dosimetric
consequences (both individual and collective) of incidents;

probability distributions of severity and of occurrence for various accident scenarios.
There should be assessments of the magnitudes of doses and the sizes of the exposed
populations that are likely to result from each instance of improper transfer or
disposal of these devices. Such assessments can be based on historical incidents such
as the Juarez, Mexico; Goidnia, Brazil; Korea-to-USA; and Indiana, Pennsylvania
incidents. These distributions for various accident scenarios are needed to develop
both the individual and collective dose estimates;

a state-of-the-art probabilistic risk assessment with predictions of the impact of
improper transfer and disposal scenarios on individual and collective TEDE. Such a
risk assessment should include "worst case” scenarios only as limits of distributions
on a probabilistic basis, not as simple point estimates;

the impact of proposed changes in regulations on the benefits and economics of use of
generally licensed devices, and on the reduction in risk to users and the public. Such
assessments are optimization studies or regulatory impact analyses; and

the need for much better data on numbers of devices. For a complete risk analysis,
no assumptions should have to be made about the numbers of devices, their isotopes,
their activities, Device Codes, design, and date placed into service: these numbers
should be used directly or in categories with sufficient detail (e.g., 1600 137Cs gamma
gauges of design XYZ placed in service at a rate of 100 per year beginning in
1978...) to perform the risk analysis.

NEW WORK BY PNL REVIEWERS FOR DISTRIBUTIONS OF ACCIDENT
CONSEQUENCES

Pacific Northwest Laboratory reviewers have provided additional information in three areas.
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4.2.1 Incident Rates on a Per Source, Per Year Basis

Appendix E contains the Revised Task 3 Technical Letter Report: Evaluation Of Historical
Sealed Source Device Experience. This report incorporates additional data provided by
NRC/NMSS on sealed source registrations. Incident rates, on a per source, per year basis,
can be calculated as detailed in Appendix G of this report, using data from Appendix E of
this report.

4.2.2 Proposed Probabilistic Framework for Risk Analysis

Appendix F contains the Revised Task 6 Technical Letter Report on the Development of
Additional Probability and Risk Information. A proposed framework for risk analysis in
included in that report. This framework could be used to support regulatory decision
making. The decision makers would have to make judgements regarding acceptable levels,
expressed in probabilistic terms, of collective effective dose equivalent, individual total
effective dose equivalent, and individual local (or skin) dose equivalent for each category of
sources analyzed.

For example, one category of source may have a once-in-20-years probability that a member
of the public may receive a TEDE in excess of 0.1 rem from the practice of generally
licensing such sources. Another category may have a higher probability, or even a virtual
certainty, of one or more members of the public exceeding this 0.1 rem TEDE every year,
but with a very large benefit to other members of the public. These are admittedly tough
decisions, but, in the view of the PNL review team, the probabilistic information on which to
base them should be made available to the decision makers.

4.2.3 Exposure Probabilities in Accidents

The revised Task 6 Report in Appendix F contains analyses of 42 historical accidents
involving external doses to workers or the public, and gives distributions of Time-and-
Proximity Factors for individual whole body, individual local (or skin), and collective doses.

Distributions of Time-and-Proximity Factors from historical accidents can be used in
probabilistic risk analyses for both whole-body and local irradiation from external sources.
An analysis of 42 accidents for which source identity and strength are available show that the
average accident victim gets a whole body dose equal to that from being at 1 meter from the
accident’s unshielded source for an hour. The average accident is characterized by a value
of 46 hours at a meter. In other words, the population-weighted average is about 1 hour at a
meter, while the accident-weighted average is 46 hours at a meter. Clearly, the accidents
with large numbers of victims (e.g., Goiania and Juarez) dominate the former average. The
maximum value seen for whole-body doses is about 700 hours at a meter (from the 1972
Texas child-abuse case). The average, geometric mean, and maximum values for local
irradiation are 3100, 60 and 24,000 hours at a meter, respectively.



Such distributions should be used in probabilistic risk analyses to determine likely
distributions of risks or doses from improper transfer and disposal scenarios for generally
licensed devices.

Accidents that were terminated due to the appearance of clinical symptoms of acute
irradiation have less value for risk analyses than accidents that were terminated by other
means, or never terminated.

The current NRC Office of Analysis and Evaluation of Operational Data (AEOD) Nuclear
Regulatory Event Report (NRER) incident database does not contain the kinds of information
needed to perform analysis of accidents for Time-and-Proximity Factors. It is recommended
that the database either be modified to include this information, or a separate database be
created. There is a great deal of work to be done to refine these preliminary analyses,
extend them to additional accidents, and develop the logical framework for extrapolating to
other kinds of sources and scenarios.

For intakes of radioactive materials, 60 historical accidents have been characterized by
distributions of individual Fractions-Taken-In, that is, the fraction of the activity in the
original source that was taken in by each individual involved in the accident. For most
accidents involving radioactive sources, the fraction taken in is zero (0). For one accident,

that at Goidnia, Brazil, in 1987, hundreds of persons had intakes, including 194 cleanup
workers and at least 77 members of the public. The former were characterized by Fractions-
Taken-In on the order of 10712, and the latter by Fractions-Taken-In averaging 5 x 100,
These values are far below the maximum possible value of 1, or of the value of 0.3 adopted
as a worst case in the ORAU Report. In no accident has a value greater than 0.01 been
seen.

5.0 PRELIMINARY RISK ANALYSIS

A full implementation of the risk analysis described in Section 2 is beyond the scope of work
of the current project. However, a sample risk analysis for 137Cs gamma gauges is given in
Appendix G.

6.0 CONCLUSIONS

The PNL reviewers conclude that the 1987 ORAU Report provides a good start on assessing
worst-case consequences of improper transfer and disposal scenarios for generally licensed
devices. For use as a basis for regulatory decision making, the principal shortcomings of the
ORAU Report identified by the PNL review are:

. The 1987 ORAU Report does not include probabilities of the scenarios occurring on a
per source, per year basis.



The 1987 ORAU Report does not include a complete enough enumeration of the
numbers of sources, and the distributions of source activities, in each category.

The 1987 ORAU Report does not include the probabilistic distributions of outcomes
(as opposed to the worst case outcomes) needed to realistically assess the probable
human health consequences of such scenarios.

The PNL reviewers conclude that the 1987 ORAU report is not an adequate basis for 1993
regulatory decision making, and that the NRC Staff should consider additional facts and
information in the areas described above. In particular, the use of worst case scenarios with
unrealistically high exposure factors tends to make the consequences of improper transfer and
disposal seem worse than they would probably be.

An additional conclusion is that existing databases are not adequate for performing modern,
probabilistic risk analyses. It would be desirable to collect and store in database format
dosimetric information (including quantitative measurements or estimates of intakes) for all
individuals involved in accidents. Such a data base would have to have an entry for each
exposed individual, rather than simply one line of data per accident.
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APPENDIX A: FINAL REVIEW OF 1987 ORAU REPORT BY D.J. STROM,
INCORPORATING COMMENTS FROM VISIT TO ORAU TEAM, OCTOBER 4, 1993.

For this appendix, the following conventions are used:

Al

The original reviewer’s comments make in the Task 4 draft letter report are shown in
italics.

The comments and results received during the meeting with the authors of the 1987
ORAU report are given in standard text format following specific Task 4 comments.

GENERAL COMMENTS

Effective dose equivalent (EDE), committed effective dose equivalent (CEDE; which is
used for internal doses), and total effective dose equivalent (TEDE) should be used,
not simply dose equivalent. The ORAU team was in agreement on this point.

Which sources are normal form, and which are special form (IAEA/DOT
classification)? This affects transport and fate of radionuclides in many accident
scenarios. This should be determined for sources in future analyses. ORAU team
did not consider this. However, Dodd et al. 1989 have considered this as important.

Probabilistic risk assessment methodologies have changed dramatically since 1987.
This reviewer would suggest using making better use of historical accidents to evaluate
probabilities of dose relationships for accidents. If risk is defined as (probability) X
(severity), then probability distributions for severity and for probability of occurrence
should be given for various accident scenarios. There should be assessments of how
likely a given scenario is to happen per source or device, and what kinds of doses to
how many people are likely to result. Distributions of doses to individuals and the
numbers of individuals receiving doses for various accident scenarios are needed to
develop individual and collective dose estimates. The ORAU team made it explicitly
clear that they had been requested not to consider the probabilities of accidents
happening, but rather what the scenarios and consequences would be if an incident of
improper transfer or disposal did occur. In our discussions with the ORAU team,
they made it clear that they understood a risk analysis to consist of three parts: 1) the
probability that an event will occur per source; 2) the number of sources; and 3) what
the consequences are if an event does occur. They said that their statement of work
limited them to the third part of this, even though they had addressed, to some extent,
the second part.

Specific equations for the various models used are not present. This reviewer would

prefer to see an equation for each dose that is arrived at. The ORAU Team thought
this was a good idea.
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y denote the year of incident reporting and source use;

n(C,y) denote the number of incidents reported for that source category for that year,
N(C,y) denote the number of sources of category C in use in year y; and
p(C) denote the fraction of incidents involving sources in a given category that are

reported (presumed to be independent of year).

Then
7T NCyp©O
and, letting R denote the average rate,
- 1 d
RO = 2 Y RCY).
i=1

To fully address the rates at which accidents occur in each category, it would be
necessary to have values of the above variables by year for a period of time long
enough to give confidence in the rates and their fluctuations. In particular, the

variable p(C) is problematic, since estimation of under-reporting is always difficult to

ascertain.

In the 1987 ORAU report, it seems that the incidents reported represent an unknown
fraction of incidents. Furthermore, it is not clear whether those incidents are Jor all
Sources, agreement state sources, what fraction of agreement states, since there may
be some reporting bias. For example, data may not be available Jrom all Agreement
States or may not be available in the same level of detail. The degree of extrapolation

needed to get rates should be specified. Reports probably underestimate incidents,
and the underestimation is probably worst for smaller sources. Again, the ORAU

team agreed that this was an important point, but that it was outside the scope of their

work.

5. p4 92 §2.3 line 2: Using the "largest source:" will result in a high-biased estimate of

risk. Worst-case analysis was requested by NRC in 1987, according to the ORAU
team.

6. p4 92 §2.3: Between "intact, shielded" (Case 1) and "wide dispersal” (Case 2) there
should also be "source intact but unshielded.” The latter is a likely outcome, e.g., in

the Indiana, PA 1%Ir incident and the bulk of the radiography incidents.
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Discussions with the ORAU Team led us to create Table A-1 of exposure potentials
for various scenarios. The question of whether the ingestion of an intact source is
"internal” exposure is moot; ingestion may or may not result in uptake of radioactive
material from the gastrointestinal tract.

Table A-1. Exposure potential for external, contact, and internal irradiation for seven
general device and source scenarios.

Exposure Potential

Scenario External Contact Internal
1. Source inside device X

2. Source out of device or shielding compromised (e.g., XX

shutter open)

3. Source in device and source leaking X X

4. Source removed from device and source not leaking XX XX

5. Source removed from device and source leaking XX XX X

6. Source removed from device and source dispersed XX XX XX
7. Source removed from device and intact source ingested X XX X

The accidents involving the most people, such as the Juarez, Mexico accident in 1983-4 and
the Goinia, Brazil accident in 1987, have been in scenario 6. Many fatalities and acute
radiation injuries have resulted from scenario 2 and 4 accidents.

7.

p4 92 §2.3: Average dose equal to 1/2 maximum (NUREG 1980) does not agree with
history. Doses are likely to be lognormally distributed (e.g., uranium in urine,
occupational doses (UNSCEAR 1977), etc.) The 1/2 value was taken from Buckley et
al. (1980).

p4 §5: "...population dose equivalents were not calculated.” Collective dose
equivalent can and should be calculated, using a probabilistic basis. While there is
concern for the maximally-exposed individual, the overall detriment under a linear,
no-threshold dose-response hypothesis is proportional to the collective dose equivalent.
The size of the population to be used in collective dose calculations should be
addressed. Collective dose was considered for incineration scenarios.

p4 6. "Gamma ray dose constants were taken from Unger and Trubey..."” All work
should be in EDE rate constants; see attached. For doses derived from values in
roentgens, T' values in roentgens should be used for calculating. If new risk factors
(e.g., ICRP 1991, UNSCEAR 1988, NAS 1990) are used, then appropriate quantities
and units should be used. This may make a significant difference for external

A-4



10.

11.

exposures to some low energy photon emitters.

pp4-5: Mexican %0Co Accident (Andrews 1963): The most highly exposed boy’s
exposure corresponded to 687 hours at 1 meter, a high very time-and-proximity factor,
with average being 446, geometric mean 408, GSD 1.7. However, the ORAU Report
assumption (Exec. Summary) of 20 weeks at 100 cm (1 m) corresponds to 3360 h at a
meter. (Note: Generalization of high-dose accidents is limited because of the
censorship that occurs due to fatality. Presumably, with no fatalities, the source
would be there for a very long time.) See TASK 6, development of additional
probability and risk information. Both whole body exposures and localized (often
extremity) exposures should be considered in a risk analysis, since the latter may
result in deterministic (formerly non-stochastic) effects even though the former may
not.

p6 §2: "These values are given with the qualification that the listed values must be
increased by 25-45 percent to account for electron production in the stainless steel
walls assumed to encapsulate the source.” This "buildup” is not founded in either
experiment or theory. To verify that there is no need for this correction, one could
perform Monte Carlo calculations using the MCNP code lfor photon emissions from
stainless steel encapsulated sources of 37¢s, 69Co, and '9°Ir. Indeed, the correction
that is needed is one to effective dose equivalent rather than air kerma ("exposure is
the ionization equivalent of collision kerma in air” - Attix, 1980) or "free-air dose."
Table A-2 shows the percent (effective dose equivalent)/(ambient dose equivalent)
[i.e., EDE/H*(10)] for various nuclides, expressed as a %, by irradiation geometry.
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Table A-2. EDE/H*(10) by nuclide and irradiation geometry using ICRP 51 conversions of
photon fluence vs. energy to EDE and H*(10) (Strom, 1993).

Nuclide (AP) (PA) ROT) (ISO) (LAT)
Cd-109 33.2% 14.6% 16.4% 13.6% 8.4%
I-125 42.6% 22.0% 21.9% 18.0% 12.4%
Xe-133 61.2% 40.2% 36.0% 293% 23.9%
T1-201 72.6% 52.5% 46.1% 37.7%  33.2%
Co-57 78.9% 61.6% 53.2% 42.9%  38.8%
Tc-99m 81.4% 64.1% 55.3% 449%  40.5%
I-131 86.8% 73.7% 64.9% 54.4%  51.7%
Ir-192 87.3% 74.1% 65.3% 54.6% 51.9%
Ra-226 87.5% 78.6% 70.7% 61.7%  60.9%
Cs-137 87.8% 77.3% 69.0% 587% 572%
Al-26 89.7% 81.9% 73.7% 64.8% 64.5%
Co-60 90.0% 82.8% 74.7% 65.8%  65.7%
Na-24 91.6% 86.3% 78.5% 71.0% 72.1%

12.  p5 93: Maximum contact time of 3 hours: where did this "hypothesis" come from?
ORAU Team consensus arrived at this value.

13.  p5 §4: The use of internal dose assessments based on committed effective dose
equivalent methods of ICRP 30 is good. No comment.

14.  pp5-6: Brodsky was not cited (Brodsky, A. 1980. Resu%vension Factors and
Probabilities of Intake of Material in Process (or "Is 10° a Magic Number in Health
Physics?"). Health Phys. 39(6):992-1000.). Intake should depend on mass involved.
Intakes of significant masses are not plausible (e.g., " 233U and 23?Th). This is
addressed above under worst case scenarios.

15.  p6 §2.3.2: An important scenario is missing, namely, the scenario of an intact, but
unshielded, source. This has happened repeatedly in industrial radiography settings.
See Table A-2, above.

16.  p6 last §: The value of "5 devices per year" needs clarification. Is 5 devices per year
of each kind or 5 devices per year of all kinds? An ORAU Team consensus.

17.  p711: There is no justification for the value of a nearby population of 73,000.
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Buckley et al., p. D-31.

18.  p9 92: average dose half as large as maximum dose? Unjustified based on accident
" histories. Review NUREG 1980. Buckley et al.

19.  pl4 Incineration studies: this seems incomplete, but may be adequate. Some
incineration references are missing, e.g., Hamrick’a & Watson’s work. There are
doubtless other NTIS reports or DOE reports, in addition to the refereed literature.
Jim Tripodes, who has hosted the recent incineration conferences, should be
contacted. The question to be addressed is releases from low-tech incinerators, not
incinerators with high-tech, scrubbed effluents. The ORAU team did a fairly
thorough search.

In conclusion, many of the major shortcomings that this reviewer found in the ORAU Report
stemmed from the assumption that it was to be a complete risk analysis, when in fact it was
a worst-case analysis starting from the assumption that a device had already gotten out of
control. Other issues, as discussed above, remain unresolved.
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APPENDIX B: R.L. HILL’S REVIEW OF THE 1987 ORAU REPORT,
"IMPROPER TRANSFER/DISPOSAL SCENARIOS
FOR GENERALLY LICENSED DEVICES"

For this appendix, the following conventions are used:

B.1

Gl.

G2.

The original reviewer’s comments make in the Task 4 draft letter report are shown in
italics.

The comments and results received during the meeting with the authors of the 1987
ORAU report are given in standard text format following specific Task 4 comments.
Major conclusions from this review are given in the subsection following the specific
comments. :

New information pertaining to aspects related to internal dosimetry are given in a
separate section at the end of this appendix.

GENERAL COMMENTS

This document should be a complete, stand-alone document where the methods are
Jully described in the document. As it stands now, NUREG/CR-1775 is referred to in
order to obtain descriptions of many of the methods used in the study. The
assumptions used from NUREG/CR-1775 for determination of external dose should be
reviewed for appropriateness and consistency. For instance, on Page 4 of the
NUREG/CR report, it is stated that a point source is assumed, while in Appendix A, a
line source is assumed. Also, in Appendix A of the NUREG/CR report, the internal
doses are calculated using dose conversion factors based on ICRP 2 methodology,
which is not the case for the GLD study.

The authors of the 1987 ORAU report indicated that, while NUREG/CR-1775 was
heavily relied upon, the internal dose calculations were done using ICRP 30
methodology.

It appears that a lot of "short-cuts" were taken in this study, i.e., referring to another
document for methods and not including worker dose calculations, food pathways, or
intruder-type scenarios. A more in depth analysis is needed in order to encompass all
probable scenarios that may lead to a public dose.

The authors of the 1987 ORAU report indicated that the include the worker doses as
part of the doses to members of the public.
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G3.

G4.

GS.

G6.

G7.

G8.

Better presentation and summary of the resulting dose estimates are needed. It would
be much easier to reach conclusions on the study if all results were located in one
location, such as a collection of several summary tables.

The ORAU authors agreed that a better summary of the data would greatly enhance
the readability of the report.

The difference between MEI and average individual, and maximum individual and
realistic individual needs to be better defined.

The ORAU authors agreed that more realistic values for the MEI and average
individual doses need to be used.

Two important pathways/scenarios missing from this study that may have potentially
large impacts on the reported dose estimates are food pathways and worker scenarios.

The authors of the 1987 ORAU report indicated that the worker doses were lumped in
as part of the public doses; and that, since they were not experts in using the
dispersion and groundwater models, they relied heavily with methods used in
NUREG/CR-1775, which did not include food pathways.

Better estimates for parameters used to model incineration are needed.

The authors of the 1987 ORAU report indicated that at the time the report was
prepared, most, if not all, of the available literature on the topic was based on
incineration of medical wastes. They used what information could be obtained from
the available literature.

More up-to-date computer codes are available for modeling the doses from plumes,
incineration and landfills (i.e., GENII, GENII-S, CAP88-PC, etc.).

The authors of the 1987 ORAU report they realize that they were not experts in using
the dispersion and groundwater models, and that they probably did not used the most
up-to-date models for the 1987 time frame. They stated that now they realize the
project would have benefitted from having specialists in these areas involved on the
project.

An uncertainty and sensitivity analysis is needed since the values for most parameters
used in this modeling exercise have wide or largely unknown ranges.

The authors of the 1987 ORAU report stated that they were not asked to perform an
uncertainty and sensitivity analysis for that report, and they probably could not have
done such an analysis with the data and analytical tools available when the report was
being prepared.



B.2. SPECIFIC COMMENTS

S1. Page i, last :

It appears from the information presented here, that the four cases
considered in this report for internal doses are 30% intake for
inhalation, 30% intake for ingestion, inhalation after incineration, and
ingestion after leached from a landfill. The fractional intake values
need to be substantiated.

The authors of the 1987 ORAU report stated that the 30% values was taken as an
educated guess or a benchmark value. However, they could not provide data to
support the selected value.

S2. Page ii, last §:

A metal recycling scenario was only considered for %0Co. For a more
realistic assessment, any of the GLD materials considered in this study
could possibly find their way to a melter. Thus, all nuclides involved

Jor GLDs should be considered in the dose assessments.

The authors of the 1987 ORAU report agreed that the portion of the report dealing
with recycling should be updated.

S3. Page ii, last §:

A justification (i.e., calculated dose estimates) is needed for the
statement that for metal recycle, "...dose equivalents received by
members of the general public who purchase contaminated products
would most likely not exceed 500 mrem/yr (0.005 Sv/yr) in most cases”".
This might not be the case since in IAEA Safety Series 111-P-1.1 (IAEA
1992), where generic exposure and pathway analyses were used for
recycle of steel, a limiting dose of 8.8E-5 Sv per Bq/g in the scrap
(0.33 mrem per pCi/g) was estimated for 0co.

No response was given for this comment.

S4. Page 1, 4th §:

It is stated that "potential” scenarios are developed and assessments
provided for "realistic” and "maximum dose equivalent to individuals"
(MEI). However, in the current regulatory environment (for the NRC),
rulemaking is not necessarily based on "worst-case" but rather on
"prudently conservative" assumptions for the dose assessments. To this
end, both deterministic assessments (based on the most realistic data
available from literature, etc.) and stochastic uncertainty and sensitivity
analyses are needed. The Latin Hypercube Monte Carlo method for
uncertainty and sensitivity (U&S) analyses was published in 1964 by
staff at the Sandia National Laboratory and is a possible approach to
performing U&S analyses.
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The authors of the 1987 ORAU report stated that they were not asked to perform an
uncertainty and sensitivity analysis for that report, and they probably could not have
done such an analysis with the data and analytical tools available when the report was
being prepared.

S5. Page 3, 1st -  The radiotoxicity classification from the 1973 IAEA document cited is
perhaps out of date. More recently, the IAEA has used the following
classification which may be substituted: alpha emitters, photon emitters
with large external dose conversion factors (DCF), no-photon emission
with moderate internal DCFs, and other low dose radionuclides (IAEA
Safety Series 111-P-1.1, 1992).

The authors of the 1987 ORAU report stated that they used this radiotoxicity
classification to narrow down from 600 categories to 16. It was used because the
authors were familiar with it at the time the report was being prepared.

S6. Page 3, 3rd \: The probabilities assigned were "educated guesses". This brings up
another reason to perform an uncertainty and sensitivity analysis (U&S)
for the assessment. The upper and lower bounds for parameter values
can be researched and used in the U&S analysis. This way, a range of
possible dose estimates can be reported instead of point estimates.

See response to comment S4.

S7. Page 4, Sect.2.3: For the dose assessments, only ’intact device’ and ’dispersed
device over wide areas’ were considered. Shouldn’t damaged
device with limited dispersion be considered since the
concentrations available for intake or exposure would be higher
for limited dispersion (i.e., less dilution)?

The authors of the 1987 ORAU report agreed with this assessment.

S8. Page 4, 4th {:  Since only several people are assumed to be exposed to intact devices,
no population doses are calculated. Is this valid, or should population
dose be considered?

The authors of the 1987 ORAU report contend that contact with an ’intact’ source
would limited to a very small number of people. However, as shown in the appendix
to the report that deals with additional risk information, data from actual accidents of
mishandled sources indicate that a great many people can be exposed from an ’intact’
source. (See Tables 3.3.1 and 3.3.2. of that appendix.)



S9. Page 5, last .

It is very hard to justify the intake fractions assumed in this report.
Using DOT-based scenarios as a source of these values is not entirely
appropriate. More recent incidents or accidents involving improperly
handling or disposal of specifically licensed sealed sources can be used
to update the "realistic” parameter values used.

See response to S1, and the internal dosimetry section of the additional risk

information in Appendix ;

S10. Page 6, 2.3.2: For extensively damaged devices with wide dispersion and many people

involved, the following scenarios were described: Incinerator with
release to the environment, incinerator with subsequent burial in
landfill, metal recycling into consumer products, and metal recycling
into construction materials. One very significant set of dose scenarios
that were left out of this study were the dose to workers at the
incinerators or melters. Generic exposure and pathway analyses
performed by PNL for US DOE for incineration of hazardous materials
and for smelting associated with recycling and reuse of contaminated
materials have shown that, in many cases, the limiting scenarios and
doses were found to be those specified for workers.

The ORAU authors stated that worker doses were considered as and lumped in with
the doses to members of the public.

S11. Page 6, 2.3.2, Information on incineration from NUREG/CR-1775 was used as last

q

basis for this study. Assumptions that are needed are stated to be (I)
the number of devices incinerated per year, (2) the fraction of activity
released by the incineration process, and (3) the fraction of activity
released that escapes into stack emissions. Five devices incinerated per
year was chosen as the value used in this study. All other dose
calculations in the report are based on one device. The assumed values
taken for the three major parameters need to be justified, especially the
"arbitrarily chosen" value of 5 devices incinerated per year. Also,
several parameter values that may have a major impact on the resulting
dose estimates that were not discussed are the throughput of the
incinerator, the feed composition, the incineration temperature, and the
final population size considered.

The arbitrarily chosen value of 5 devices/year was chosen only as a benchmark value
for this study. No data to support this selection was given.
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S12. Page 6, 2.3.2, Dose calculation methods similar to those from NUREG/CR-1775 last

|

were used in this study. The methods stated in NUREG/CR-1775 do not
state that food pathways were considered in the analysis of landfills,
thus it is assumed that they were not considered in this study either.
Other studies have calculated estimates of doses to the public from
radionuclides present in landfills. In some cases, the highest potential
doses were found to result from intruder scenarios and well drilling
scenarios some years after a landfill has closed. Both external and
internal doses result from scenarios describing a residence being built
on a landfill, where excavation is used for a basement and the soil is
spread out over the yard and used for residential gardens. Doses can
also result when a core is brought up from well-drilling on the site and
dispersed on the surface. For large scale landfill sites, animal
pathways may be needed (i.e., radionuclide uptake by plants, plants
eaten by animals, animals used as food for humans living nearby).

More recent computer codes can be used to perform the exposure and
pathway analyses. For instance, the GENII code and its many modules
have been used extensively for dose calculations using many different
types of scenarios associated with landfills and incinerators. External
and internal doses can be obtained; air, water, and plant and animal
Jfood pathways are included. The GENII-S code incorporates a Latin
Hypercube uncertainty and sensitivity analysis capability into the GENII
code. The EPA’s code, CAP88-PC, can be used for modeling the
transport and fate of radioactive air emissions and doses to the public
surrounding incinerators. This code also includes the food pathways in
the dose calculations. Use of such codes should provide more
"realistic” dose estimates.

The authors of the 1987 ORAU report they realize that they were not experts in using
the dispersion and groundwater models, and that they probably did not used the most
up-to-date models for the 1987 time frame. They stated that now they realize the
project would have benefitted from having specialists in these areas involved on the

project.

S13. Page 7, 2nd . The incineration of medical wastes was used to select values for the last

two parameters described in the comment above. The incineration
process used for medical wastes may be quite different than that used
Jor municipal wastes (i.e., which is a more likely occurrence for
GLDs). Different fractions of the radionuclides can be release through
stack emissions under the different incineration conditions. Thus, more
research into appropriate partitioning values is needed.

The IAEA (IAEA Safety Series 111-P-1.1 [IAEA 1992]) has taken one
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approach to this problem of lack of knowledge about specific
radionuclide partitioning by conservatively assuming that 100% of the
initial radioactivity is retained in all three resultant phases. For
incinerator scenarios, these phases are slag, fly ash, and flue gases in
stack emissions. This triple accounting approach will maximize the
potential importance of the scenarios associated with each possibility.
A similar approach should be considered as a possible way to estimate
the effect of radionuclide partitioning when no or limited partitioning
data is available.

A different approach that may be used is a slight variation of the IAEA
method. An assumption is made that 100% of the radionuclides will
end up in each of the three resulting incinerator phases. But, instead of
summing the dose results from all three resultant phases, only the
maximum dose for a given resultant phase is chosen and reported.

The ORAU authors stated that most of the literature available at the time the report
was prepared dealt with medical incinerators. Thus, the only parameter values they
felt comfortable in using were taken from those pertaining to the available literature.

 S14. Page 7, last §: A metal recycling scenario was only considered for S0co. However, for
a more realistic assessment, any of the materials could possibly find
their way to a melter. Thus, all nuclides involved for GLDs should be
considered in the dose assessments.

The ORAU authors agreed that the recycling section of the 1987 ORAU report needs
to be updated.

SI5. Page 8, 2nd §: Inhalation of suspended particles is not considered as an exposure
pathway for the landfill burial scenario. As mentioned above in other
comments, this scenarios should be included for both worker scenarios,
intruder scenarios, and well-drilling scenarios. For these scenarios,
inhalation may be the major exposure pathway leading to internal doses
Jor some of the radionuclides considered.

The ORAU authors contend that they relied heavily on NUREG/CR-1775 as a general

basis for their report. Since this particular exposure scenario was not include in that
report, they did not feel in necessary to include it in the 1987 ORAU report.

S16. Page 8, last {: Values for leach rates from landfills are given. More up-to-date
information on nuclide-specific leach rates needs to be reviewed and
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considered.

See response to S12.

S17. Page 9, 2nd {: It is arbitrarily assumed that the dose to the average individual is one-
half that of the MEI. The difference in dose to the average individual

verses

the dose to the MEI should be dependent on the radionuclide, its

half-life, the uptake pathways considered, hold-up time through the
scenarios, time in a given location, amount of a given food eaten per
year, etc., and generally is not a constant number as assumed. A more
in-depth development of scenarios and pathways is needed in this study.

The ORAU authors agreed that the conversion to average individual dose from MEI
dose should be a factor of 1/10 or less.

SI18. Page 30, last

See response to S1.

S19. Page 30, last §:

For internal dose calculations, a fraction of 0.3 (30%) was
chosen as the maximum amount of the initial activity that can be
taken in. Since this value can vary with radionuclide, the
value(s) need to be validated and changed as needed.

It is stated that hydrogen gas is usually converted to tritiated
water in the atmosphere, and thus is not considered in the dose
calculations. Results of recent research indicate that this is not
the case; elemental tritium gas (HT) is not readily converted to
tritiated water in the atmosphere, but rather enzymes present in
soil microbes are necessary for this conversion to readily occur.
HT gas release experiments performed in Canada and France
indicate that a significant portion of the dose resulting from a
release of HT gas to the atmosphere is the secondary plume of
tritiated water released from the soil after the primary plume of
HT has contacted the soil. Also, a small portion of the HT gas
that is inhaled is absorbed into the blood, and is converted to
tritiated water by gut flora. The significant portion of the dose
Jrom inhalation of HT gas is associated with the tritiated water
that is formed from the HT by this mechanism and should be
considered. (NOTE: The ICRP has not yet accepted these items
in its dose commitment scheme.)

Alternatively, a review of the paper "Maximum Permissible Amounts of
Accidentally Released Tritium from an Environmental Experiment to
Meet Dose Limits for Public Exposure”, by Taeschner, Bunnenberg,
and Gulden, in Fusion Technology, August 1991, reporting on the 1986
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French experiments found that the authors contend that the kinetics of
the reaction,

HT + H20 <---—--- > H2 + HTO
Javored the formation of tritiated water (HTO) in all environments with
sufficient mass of water available, including that found in moist air.
Following an HT release under dry air conditions, the absorption of HT
in the soil, conversion to HTO, and re-release to the air will dominate
the overall exposure to tritium (the dose due to exposure to the initial
HT plume will be several orders of magnitude lower). Under moist
conditions, the overall exposure will consist of roughly equal parts
exposure to the initial HTO plume (following rapid conversion of HT to
HTO in the atmosphere) and exposure to HTO absorbed in the soil and
reemitted to the atmosphere over the following few days.

No response was made by the ORAU authors on this comment.

S20. Page 32, The "realistic individual” doses from tritium are calculated
2nd : assuming uptake of 10%. This value needs to be researched and
updated. This comments applies generally to all radionuclides
considered in this study.

No response was made by the ORAU authors on this comment.

S21. Page 114: No scenarios are considered for the class J devices with natural
uranium or thorium. However, the doses associated with these two
radionuclides could be significant and should be determined.

No response was made by the ORAU authors on this comment.

B.3. MAJOR CONCLUSIONS PERTAINING TO THE REVIEW OF THE 1987 ORAU
REPORT

The meeting with the authors of the 1987 ORAU report proved to be a significant help in
identifying the constraints under with the study was done. The report was designed to
address only the development of scenarios in which the public could receive doses from the
improper transfer or disposal of generally licensed devices. It was their understanding that
they were not charged with the task of establishing the total number of reported incidents
with these devices or with calculating doses specific to actual incidents involving these
devices. As a result, we now understand that many of the parameter values in question
during this review were only used as benchmark values by the ORAU authors with the
knowledge that more definitive values would be needed for the next phase of the analysis.

One item not addressed above is that while the committed dose equivalents to organs and
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tissues (the units used in the ORAU report) is important, doses should be reported in units of
committed effective dose equivalent (CEDE) and total effective dose equivalent (TEDE =
sum of external and internal doses). This would have made comparison of the resultant
doses between the different devices much easier.

Even with these caveats, it is still very difficult to justify the use of 0.30 as the maximum
fraction-taken-in value used in the 1987 ORAU report for calculation of internal doses.
First, if only worst case scenarios were to be considered, the maximum fraction-taken-in
should be 1.0, that is assume that all of the source is taken into the body. Second, as
discussed in Appendix , in the review of reports of over 60 actual accidents, in no case did
an intake fraction ever reach the maximum 30% level used in the ORAU study. Actual
observed values ranged from 2E-4 to 2E-8 for individuals involved in the accidents, and
ranged from 7E-11 to 2E-15 for the Goiania cleanup workers (IAEA 1998b). If the doses
for the various scenarios were recalculated using a defensible range of values for the
fraction-taken-in, with all other parameter values the same, the CEDE and TEDE will be
significantly lower than those that would result from using 0.30 value.

B.4. GENERAL LISTING OF NEW DEVELOPMENTS IN INTERNAL DOSIMETRY SINCE
THE 1987 GLD REPORT

o There still is no regulatory limit established for collective dose to either workers or the
public.

o The revision to NRC 10CFR20 published in Federal Register and goes into effect
January 1, 1994. This updates the methodological basis for the report dose limits
Jrom ICRP 2 (1959) to ICRP 26/30 (1977;1979). The dose limits in units of CEDE
and TEDE.

®*  Age-dependence of doses is being looked at more closely

o Refinements to biokinetic models (eg. 1992 Leggett Am model, etc.) have been made

®  New lung models are being developed by ICRP and NCRP subcommittees

e  ICRP60/61 methodologies (1991) changed recommended dose limits to 20 mSv per

year for occupational exposures and 1 mSv in a year for exposures to the public. The
ICRP 26/30 limits were 50 mSv per year for occupational exposures.
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APPENDIX C: COMMENTS ON THE ORAU REPORT BY J. S. DUKELOW

Original Review Comments appear in the Appendix in italics. Information gained during the
October 1993 visit to Oak Ridge to confer with the authors of the ORAU report appears
interspersed in standard non-italic font. Additional relevant information gained since the
October trip appears in a separate section at the end of this Appendix, also in non-italic font.

C.1. GENERAL COMMENTS

Page i -- The appropriate "worst case"” assumption for exposure to the external radiation
field probably ought to be direct contact of the encapsulated source with the body for some
number of hours. This case is plausible and is likely to produce more severe consequences
that the report’s assumption of 20 weeks at 100 cm (particularly for alpha and beta sources).

The report assumes a "worst case” for ingestion as ingestion or inhalation of 30% of the
radioactive. No justification is given for using 30%, an obvious "worse" than worst case is
inhalation or ingestion of 100% of the radioactive material. Assuming 100% is not
unreasonable if one remembers that some of the previous sealed source incidents involved
sources falling into the hands of small children.

- We still consider these comments to be reasonable. For many of the sealed source accidents
described in the body of the present report, the victim "finding" the sealed source has put it
in his pocket. For the ingestion cases, several of the accidents have involved small children
finding and playing with sealed sources or sealed source material. A soft beta sealed source
would require a delicate "shield window", which would. be unlikely to survive stomach acid.
On the other hand, the analysis provided in the text of the present report establishes that
these worst case assumptions are not at all representative of exposures resulting in the known
sealed source accidents.

Page 2 -- Some additional explanation is needed of the interior structure of Figure 1. For
instance, one could argue that the "incinerator" block belongs on the downstream side of
"salvage dealer” in addition to or instead of the upstream side. One of the things a salvage
dealer might do with materials not deemed of interest for metal recovery is incineration. On
the other hand, the pathway "trash handler to incinerator to salvage dealer" presumes that
the trash handler sends to the salvaged dealer incinerator ashes containing intact or dispersed
sources, all of which seems implausible.

Page 3 -- The "probabilities" described in Section 2.2 are properly called "conditional
probabilities”. Also, Section 2.2 ought to say that the probability of reaching a final state by
way of a particular pathway is the product of all the pathway segment conditional
probabilities and that the probability of reaching the final state is the sum of all those
pathway probabilities.

The fact that the pathway segment conditional probabilities are all (or mostly) "educated
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guess" deserves more emphasis, as well as some description of the basis used to make those
educated guesses.

Page 5 -- There is a discussion of increasing published dose rates by 25-45 per cent to
account for "electron production in the stainless steel walls" of the capsule (presumably
Compton scattering, pair production, and photoelectric absorption). Is this the entire
rationale or should it include: "bremsstrahlung radiation resulting from the deceleration of
beta particles, electrons, and positrons in the stainless steel”?

The second paragraph refers to dose rates at a "depth of 7 mg/cm2 ". Cember’s phrase
"density thickness" is more understandable; at any rate, some explanation should be provided
Jor the reader who is not a health physicist.

The last two paragraphs of Section 2.3.1 discuss internal dose resulting from "intact"
sources. How does this differ from the internal dose resulting from dispersed sources?
Wilmot’s 1981 report on spent fuel transportation accidents may not be a good guide for
release fractions for improper handling of sealed sources because of the significant
differences in the barriers to release and in the purposeful nature of behavior that can be
assumed in sealed source mishandling incidents.

~ Page 7 -- No basis is given for the assumption that the population near the incinerator is
73000.

Page 9 -- The population of the US is 250M, so the average population served by a landfill is
250000000/18500 = 13500.

Page 13, Table 4 -- The table would be clearer if the last column were "Fraction" instead of
"Percentage”. Thus, for Class A-1, the last column would show 5.0 X 107

Table 4 suffers from a significant censoring problem. It does not reflect those sources that
have been mishandled in some fashion, but for which the mishandling has not been detected.
This is significant, because in known incidents, the detection was either accidental or
announced by the severe radiological consequences. Thus, the portion of the sample space
that leads to low consequences will be significantly under-represented in Table 4, which is
nonetheless used to assign probabilities to event initiators.

The text of the present report discusses the censoring issue in more detail and proposes a
methodology for estimating the amount of censoring in the available data, and thus, for
arriving at estimates of the initiating event probabilities for various types of diversion or
mishandling of Generally Licensed Sources.
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C.2. WHAT IS NEEDED FOR REGULATORY APPLICATION. BUT MISSING FROM THE
\
ORAU REPORT?

The main thing missing from the ORAU report, but required for regulatory application is a
set of realistic estimates of the risk associated with the production and use of generally
licensed sources. To obtain these realistic estimates of risk, we will need to make some
realistic estimates of the frequencies associated with initiating events, the conditional
probabilities associated with the transitions Jrom state to state in the ORAU block diagrams,
and best estimates of the mishandling incident source terms. Wilmor (1981) does not strike
me as a good basis for those best estimate source terms, but I don’t have an alternative to
offer at the moment.

C.3 ADDITIONAL INFORMATION GAINED SUBSEQUENT TO OCTOBER MEETING
WITH ORAU AUTHORS

The present report now provides a detailed proposal for the estimation of initiating event
probabilities, taking the data censoring into account. These probabilities, together with best-
estimate calculations of the public health consequences of a diverted/mishandled source
ending up in a particular "final status", provide the basis for calculation of the public health
‘risk associated with Generally Licensed Sources of a particular type.

Although we had criticized the ORAU report for not including the initiating event
probabilities and realistic estimates of the public health consequences of a
diverted/mishandled source reaching a specific "final status", it became clear during the
October meeting that the ORAU report authors were aware of this difficulty. They had been
specifically constrained by the Scope of Work on their project not to estimate those
quantities. Such constraints are not unreasonable in a first-cut analysis of whether any
changes are needed in the regulation of generally licensed devices; had all of the worst case
consequences calculated by the ORAU authors been acceptably low, no further analysis
would be needed to support a decision to maintain current regulation of generally licensed
devices. With some of the worst case consequences being unacceptably high, it may be
necessary to collect the additional data needed to calculate the risk, i.e., the probability-
weighted consequences, of generally licensed device diversion/mishandling.

C-3



APPENDIX D: COMMENTS ON 1987 ORAU REPORT BY G.R. CICOTTE
D.1. REGULATORY CHANGES

The USNRC made no significant changes in its regulations affecting the quantities or
categories of generally licensed radioactive sources since 1987. There have also been other
changes in the reporting, record keeping, and enforcement portions of the applicable
regulations. These are summarized as follows:

® The new 10 CFR 20 (56 FR 23360-23472, May 21, 1991) resulted in changes to the
incident reporting requirements of 10 CFR 30, 10 CFR 31, and 10 CFR 32, invoking
a choice between the old part 20 (§20.1-20.601) and the new part 20(§20.1001-
20.2401).

®  As part of the new part 20, general licensees were specifically limited to doses of 10%
of the limits in either 10 CFR 20.101(a), i.e., 125 mrem (1.25 mSv) per calendar
quarter, or 10 CFR 20.1201(a), i.e., 500 mrem (5 mSv) per calendar year.

®  Record retention requirements were clarified (53 FR 19240-19246, May 27, 1988)

®  The new incident reporting requirements summarized in 56 FR 40757-40767 were
imposed on general licensees, by invoking 10 CFR 30.50 in 10 CFR 31.2, and
specifically on general licensees for Am-241 calibration and reference sources, as
specified in 10 CFR 31.8.

®  Enforcement authority was placed on general licensees, specifically authorizing
injunctions and orders deemed necessary by NRC, and providing criminal penalties for
willful violations. (57 FR 55063-55075)

D.2. EFFECTS ON CONCLUSIONS IN ORAU REPORT OF CHANGED AND EXISTING
REGULATIONS "

The changes in the regulations should result in reporting of a greater fraction of the incidents
which occur. The ratios of incident causes appear to have changed as described below.

The regulations require that in order to use generally licensed devices in accordance with 10
CFR 31.5, the source must not be likely to result in a dose in excess of 125 mrem (1.25 mSv)
per quarter, which correlates to 500 mrem (5 mSv) per year. The Executive Summary of the
ORAU Report states in part that: ". . . dose equivalents received by members of the general
public who purchase contaminated products would most likely not exceed 500 mrem/yr (0.005
Sv/yr) in most cases."” No further action would be necessary to protect the public if the goal
is to meet current regulatory limits as called out in 10 CFR 20.101(a) or 10 CFR 20.1201(a). -
The change to the goal dose of 1 mSv per year to a member of the public may result in the
need to regulate the manufacture of licensed sources to assure that exceeding 1 mSv per year
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is unlikely.
D.3. OTHER CONSIDERATIONS RELATED TO THE ORAU REPORT
The ORAU Report addressed the following generally licensed uses:

1. Certain measuring, gauging, or controlling devices as authorized by 10 CFR 31.5 -
Po-210, Am-241, Ra-226, H-3, Kr-85, Co-60, Cs-137, Sr-90, TI-204, Ru-106, Pm-
147, C-14, Pb-210, Ni-63, Cm-244, Cd-109, and Fe-55.

2. Luminous safety devices for use in aircraft as authorized by 10 CFR 31.7 - H-3 and
Pm-147.

3. Calibration or reference sources as authorized by 10 CFR 31.8 - Am-241.
The ORAU Report did not appear to address the following generally licensed uses:

1. Isotopes [byproduct material for certain in vitro clinical or laboratory testing] as
authorized by 10 CFR 31.11(a)(1) through (7).

2. Ice detection devices containing Sr-90 as authorized by 10 CFR 31.10(a).

3. Beta- and/or gamma-emitting materials in measuring, gauging or controlling devices
containing radioisotopes other than those specifically listed in Table 1 of the ORAU
Report, authorized in 10 CFR 31.5. '

4. 'Alpha-emitting materials in measuring, gauging or controlling devices containing
radioisotopes other than U-238, Am-241, Ra-226, or Pu-239, as authorized in 10 CFR
31.5.

It may be appropriate to consider whether scenarios for items 1 and 2 above should be
addressed in any report developed for the same purpose as the ORAU Report.

Generally licensed sources authorized in 10 CFR 31.5 are constrained to meet certain dose
limits, even if damaged or misused. The general license in 10 CFR 31.5 requires that the
sources must have been manufactured or produced through adherence to a specific license
issued pursuant to the conditions specified by 10 CFR 32.51. 10 CFR 32.51 requires that
individual sources must not cause doses to any person [not necessarily just a member of the
public] in excess of the organ doses listed in 10 CFR 32.24. The organ dose limits have not
changed since June 13, 1969, and are summarized below:



normal use of Jailure -
all units in Jailure - low negligible
normal use of | one location probability of | probability of
Part of Body one unit (rem) | (rem) dose (rem) dose (rem)
Whole body; head and
trunk; active blood-
forming organs; gonads;
or lens of
€Y€..oiiiiiiinnn, 0.001 0.01 0.5 15
Hands and forearms; feet
and ankles; localized
areas of skin averaged
over areas no larger than
1 square
centimeter...........
0.015 0.15 7.5 200

Other organs......... 0.003 0.03 1.5 50

D.4. REFINEMENT OF SELECTED SCENARIOS IN THE ORAU REPORT

The ORAU Report hypothesizes a maximum skin contact time of three hours (2.3.1). The
limited time was based on the assumption that most of the devices cannot be carried in an
individual person’s pocket due to size considerations. The great majority of reported
incidents involving generally licensed devices were related to portable static eliminators (task
3 report), which are often small enough to be carried in a pocket, e.g., recording equipment
static eliminator brushes.

The dispersed source scenario assumes that dispersed material in a landfill would, if
previously incinerated, leach into surface or ground water supplies at a rate of 1.0 per year
(2.3.2). Since most landfills now have leaching requirements which result in much greater
time for breakthrough and there is some natural filtration by the landfill material itself,
inclusion of this consideration could reasonably be expected to reduce the available dose
significantly.

The metals recycling section of the ORAU Report assumes continuous contact over a year for
a postulated maximum dose of 360 millirem (3.6 mSv) based on a distance from contact
which reduces the dose to 0.1 of that calculated for continuous contact. In addition, Table 6
of the ORAU Report states that whole body exposures to all categories are based on 20 weeks
at 100 cm distance. A better approach might be to assume continuous contact over a
reasonable fraction of the time, with the appropriate distance factor. Two possibilities are
household products:
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n

members of the public.” The new limit is 100 mrem (I mSv) total effective dose
equivalent (TEDE). Thus, many of the conclusions in the ORAU study related to the
old limit would need to be reassessed relative to the new limit. Estimates meeting all
the following (or similar) criteria would need to be addressed through additional
restrictions on generally licensed quantities or categories:

a. The estimated TEDE exceeds the limit of 1 mSv.

b. The probability of occurrence of the scenario is accurate within a margin
which indicates the limit would be exceeded with a specified confidence level,
e.g., when the estimate exceeds the limit by a factor of 2, the accuracy is
within a factor of 2 to a specified confidence of 95%.

c. The dose estimate for the pathway itself is accurate within a margin which
indicates the limit would be exceeded with a specified confidence level, e.g.,
when the estimate exceeds the limit by a factor of 2, the accuracy is within a
Jactor of 2 to a specified confidence of 95%.

d. The combined effect of b. and c. is accurate within a margin which indicates
the limit would be exceeded with a specified confidence level, e.g., when the
estimate exceeds the limit by a factor of 2, the accuracy of b. and c. combined
is within a factor of 2 to a specified confidence of 90%.

e. Any arbitrary assumptions made in the estimate have been supplanted by
estimates based on actual information.

D.7 ADDITIONAL INFORMATION OBTAINED IN MEETING WITH ORAU TEAM
AND SUBSEQUENTLY

The ORAU team considered the pathways represented in the probability networks used in
their report to represent a condensation of hundreds or thousand of possible pathways. Their
intent was to display only the pathways responsible for the "first" 95% or so of the risk.

When asked why Po-210 was considered a significant hazard, given its short half-life (138
days), the ORAU team responded that it was considered an ingestion hazard due to the large
number of Po-210 source and the loose control exercised over them.

The ORAU team indicated that sensitivity analysis was not part of the scope of their project.
When asked what they intended by the term "intact" sources, the ORAU team indicated that
it varied somewhat, on a case-by-case basis, but that it was generally synonymous with

"localized". External dose was not calculated for dispersed sources, with the exception of
recycled material, such as scrap.
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The ORAU team indicated that the "average" dose for intact sources was arbitrarily defined
to be half of the worst-case dose.

The ORAU team was asked how population statistics were applied to external sources. They
indicated that maximum and average population figures were applied only to dispersed
sources (i.e., no external dose was assumed for populations, except for the case of recycled
material).

The ORAU team was asked to describe any special considerations applicable to their dose
calculations: 1) absorption was not used, 2) Maximum external dose was assumed to be 0.3
times the worst case for an intact source, 3) the most likely external dose was assumed to be
105 times the worst case for an intact source, 4) encapsulated source doses were calculated
based on NCRP 40, and 5) non-encapsulated source dose were calculated based on beta dose,
using the methodology of Kocher and Eckerman.

The assumptions in Section 2.3.2 of the ORAU report are based on NUREG/CR-1775.

The symbol nC in Section 2.3.2.2 of the ORAU report refers to nanoCoulombs; the distance
0.1 is in meters.

" Re Section 2.3.2.3: Intrusion at landfills was not considered. The value e ™™ refers to the
mean leach rate.

Re Section 2.3.1: The 50 year dose equivalent from ICRP 30 did not refer to the source
remaining in place. -
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1.0 EXECUTIVE SUMMARY

Data and records provided to the Pacific Northwest Laboratory (PNL) by Steven L. Baggett and
Sterling Bell of the U.S. Nuclear Regulatory Commission (NRC) have been reviewed to establish
the historical experience of sealed source device use and reported events of improper transfer or
disposal.

2.0 SUMMARY OF FILES AND REPORTS USED IN THIS WORK

Documents supplied to PNL are listed in Section 6.0, References. The original work under
review in this project is referred to as the "ORAU Report" (Stabin et al. 1987).

Computer database files (in dBase III format for DOS) received and reviewed by PNL are listed in
Attachment 1.

3.0 NUMBER OF SEALED SOURCE LICENSES AND DEVICES OF EACH TYPE
EXISTING IN EACH YEAR FOR WHICH RECORDS ARE READILY AVAILABLE

3.1 REVIEW OF SEALED SOURCE DEVICE REGISTRY

The Sealed Source Device Registry (SSDR) provided basic information about the design,
construction, uses and authorized maximum activity for each type of device. Devices are
categorized in the fashion of Table 1 of the ORAU Report, included here as Attachment 2.

For detailed, source-specific risk analyses, it would be necessary to determine the numbers of
sources in each category by isotope, date placed in service, and activity. Use of design
information regarding shielding would help to determine external doses in cases of improper
transfer or disposal in which the source was not removed from the shield. Review in this level of
detail was beyond the scope of the present project.

3.2  REVIEW OF NUMBER OF GENERALLY-LICENSED DEVICES

Four hardcopy reports from "General License Database System" were provided to the PNL
reviewers attached to a letter from Steven L. Baggett to Daniel J. Strom dated November 2, 1993
(Baggett 1993). Two of the reports were entitled "General License Database System Report for
Peer Review." The first of these, dated 10/20/93, was 6 pages long and contained sealed source
registrations in the years 1987-1992. The second, dated 10/20/93, was 2 pages long and contained
additional sealed source registrations in the years 1991-1992. Column headings on the two reports
were year, isotope, device code, number of devices, number of general licensees, total activity,
and average activity/device. (Device codes are shown in Table Task-3-2. Activities are in
millicuries (mCi).)

These two reports were keyed and analyzed as a review of historical data for a revision of the
Task 3 report. The ORAU report was limited to devices of less than 20 mCi, but the "General
License Database System Report for Peer Review" printouts contained many sources of activities
significantly greater than 20 mCi, so these data are difficult to use directly in a risk analysis.
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These two printouts are summarized over the 6-year period in Tables Task-3-1A, Task-3-1B, and
Task-3-1C. In each table, the Device Codes are those identified in the printouts as being licensed
under 10 CFR 31.5 and listed in Appendix C of Regulatory Guide 10.10 (NRC 1987), with "W7"
-denoting self-luminous sources licensed under 10 CFR 31.7. The tables are identical except for
the sort order. Rows are labeled by nuclide and device code. Rows in Table Task-3-1A are
sorted by nuclide (alphabetically, the way the data were received) and within nuclide by Device
Code; rows in Table Task-3-1B are sorted by Device Code and within Device Code by nuclide in
order of increasing atomic number; and rows in Table Task-3-1C are sorted by fraction of total
ingestion ALIs contributed by a nuclide-Device Code combination.

In order to get an idea of the steady-state activity for sources, the activities of sources for years
1987-91 were decay-corrected to 1992. For some sources, e.g., 138-day *'°Po, this means that the
1987 sources had essentially disappeared. Each table shows the total number of devices registered
between 1987 and 1992, the decay-corrected sum of the activities by nuclide and device code.

To rank the relative hazards of the nuclide-device code combinations, the ingestion ALIs for each
row were divided by the total number of ingestion ALIs contained in sources registered during the
6-year span. Using the decay correction, there were 3.37 X 10° ingestion ALIs in these 325,681
sources in 1992. The fractions are expressed in parts per million (ppm) to make the numbers
easier to compare.

Table Task-3-1C shows that the * Am D (gamma gauge) sources account for nearly half of the
ingestion ALIs (489,184 ppm or 49%), with *H W self-luminous sources accounting for 26 % of
the ALIs (using the admittedly incorrect, that is, too high by one or more orders of magnitude,
ALI for *H,0, not the unlisted ALI for *H-labeled luminous materials). Promethium-147 E gauges
account for 9%, followed by **Cm U devices (4.1%), ®*Cf E and U devices (2.9% and 2.6 %),
and *'°Po static eliminators (2.5%). Tritium self-luminous light sources licensed under 10 CFR
31.7 account for about 1%, as do *H gas sources.

Also shown in the tables are crude risk assessment numbers in the last 5 columns: the average
number of ingestion ALIs per device; the average activity per device; the average source strength,
I'A, in rems per hour at 1 meter from an unshielded source with the average activity; the
committed effective dose equivalent from ingesting 1/10,000 (10*) of the source; and the dose
equivalent one would receive by spending 1000 hours at 1 meter from an unshielded source. A
justification for use of the factors, 10 fraction-taken-in and 1000 hours used in the last two
columns, is given in the main body of this report.

A number of difficulties were found in the SSDR printouts. These included invalid isotopes
("K85," "KR-95," "KR84 4," "CE137," "CS137 SR"), invalid device codes (GAUGE, blank, V,
and 31.7U), and an invalid number (0) of general licensees that occurs on 6 occasions. The
obvious corrections were made for these cases (K85 changed to Kr-85; zeros changed to ones for
general licensees). There were also some puzzling uses of isotopes which may be explainable as
keying errors: *H, ¥Fe, and *Sr gamma gauges; *Fe, ®Co, '¥'Cs, 2°Po, and **'Am beta gauges;
8Ni and "*’Cs neutron sources; Device Code I sources with activities less than 30 mCi; and *Sr
gas sources. There was no basis for correcting these latter errors, so they remain as reported
when included in the Tables Task-3-1A and 1B.
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Table Task-3-2 shows the total number of sources in each Device Code category. Since many of
these contain activities greater than 20 mCi, the numbers of sources used as a basis for the ORAU
Report would be less than these numbers reported here.

Table Task-3-2. Summary of All Database (Baggett 1993).

Device Code? Device Definition® Number of Devices?
31.5D Gamma Gauges 24,679
31.5E Beta Gauges 18,336
31.5H General Neutron Source Applications 110
31.51 Calibration Sources, A > 30 mCi 317
31.5N Ion Generators, Chromatography 9.474
31.50 Ion Generators, Static Eliminators 37,084
31.5R Gas Sources 11,146
31.58 Foil Sources 827
31.5T Other 5,277
31.5U X-Ray Fluorescence 3,763
31.5W Self-Luminous Light Source 310,667
31.5Y Calibrators 577
31.7W Self-Luminous Light Source 71,315

TOTAL 493,572

2Attachment to letter dated Nov. 2, 1993, from S.L. Baggett to D.J. Strom,
entitled "Summary of all Database."

*U.S. Nuclear Regulatory Commission Regulatory Guide 10.10, Appendix C
(NRC 1987).

Taylor (1989) estimated that there were "approximately 30,000 general licenses in non-Agreement
States using about 400,000 devices, and about twice this many in Agreement States." Using
Taylor's overall factor of 3 and the figure of 493,572 provided by NMSS, one is led to conclude
that about 3 X 493,572, or roughly 1.5 million generally licensed sources exist in the USA.

Registration rates for the various Device Codes are shown in Table Task-3-3. Production figures
are presented in the "Enclosure 1"' and ORAU report (see Attachment 2, Table 1, from the

'The data identified as "Enclosure 1" data, entitled "Estimated number of generally licensed
devices and materials," dated 4/21/87, have been ascribed by S.L. Baggett to "part of an older
Commission paper or NRC staff report.” The exact provenance of this data table is uncertain,
except that it was ultimately supplied to PNL by NMSS for this review.
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ORAU Report). Production appears to have remained relatively constant for the major categories
of sources identified in the ORAU report. Thus, a constant annual production was assumed to
estimate the total number of remaining sources (with the assumption of decay for short-lived
sources), as shown in Table Task-3-4. There is remarkable agreement between the 1987-92
figures and the data reported in earlier work.

The data in Tables Task-3-3 and Task-3-4 do not include isotopes, dates, and activities, and thus,
are of very limited use in risk analysis.

The 1987 production and accumulation of total quantities of generally licensed sources is given in
the "Enclosure 1" table, as shown in Table Task-3-5. A correspondence between the "Enclosure
1" categories and the ORAU categories is given where possible.

Table Task-3-3. Annual device registration rates based on 6-year averages (1987-1992) from
"General License Database System Report for Peer Review."

Code Device Definition per year  per 6 years
D Gamma Gauges 1083 6498
E Beta Gauges 1289 7731
H General Neutron Source Applications 14 86
| Calibration Sources, A > 30 mCi 20 121
N Ion Generator, Chromatography - 866 5197
O Ion Generator, Static Eliminator 4820 28918
R Gas Sources 1825 10950
S Foil Sources 14 86
T  Other 347 2084
U  X-Ray Fluorescence 426 2553
W Self-Luminous Light Source 40466 242797

W7  31.7 Self-Luminous Light Source 3087 18519
Y  Calibrators 24 141
TOTALS 54280 325681
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Table Task-3-4. Annual Production Rate and Numbers of Sources in Non-Agreement States from
the "Enclosure 1" table dated 4/21/87 and from Table 4 of the 1987 ORAU Report by ORAU
Report Category.

"Encl. 1" "Encl.
4/21/87 1"
Annual 4/21/87 ORAU
Production Total as 1987

ORAU Category Rate of 1987  Table 4
A-1 Static Eliminators: Hand-Held/Portable/Small Brushes 7000 20000 20000
(10 CFR 31.3)
A-2 Static Eliminators or Detectors: In Equipment or 80000 160000
Process Line (Very High Toxicity Sources) (10 CFR 31.5)
A-3 Static Eliminators or Detectors: In Equipment or 120 9600 170000
Process Line (Low Toxicity Sources) (10 CFR 31.5)
B Gamma Gauges (10 CFR 31.5) 337 16000 4200
C-1 Beta Gauges: Backscatter Type (10 CFR 31.5) 800 7000

‘ 8000
C-2 Beta Gauges: Transmission Type (10 CFR 31.5) - -
D Gas Chromatographs (10 CFR 31.5) 8000
E-1 X-Ray Fluorescence Analyzers: Very High Toxicity 90 720
Sources (10 CFR 31.5) 720
E-2 X-Ray Fluorescence Analyzers: Moderate Toxicity - -
Sources (10 CFR 31.5)
F Sources for Checking Detector Operation or Calibration - - -
and Analytical Reference Sources (10 CFR 31.5)
G-1 Self-Luminous Devices (10 CFR 31.5) 20000 180000 180000
G-2 Self-Luminous Devices in Aircraft (10 CFR 31.7) 7600 90000 90000
H Analytical Instruments Containing Small Calibration or > 600 7000 7000
Reference Sources (10 CFR 31.5) (Liq Scint) (Liq Scint)
I Sources for Checking Detector Operation or Calibration 60 480 2000
and Analytical Reference Sources (10 CFR 31.8)
J Small Quantities of Source Material (10 CFR 40.22) 70 kg 2000 kg -
K Sources for Checking Detector Operation or Calibration Pu-239 NA -
and Analytical Reference Sources (10 CFR 70.19)
TOTAL (except J,K) - 506745 487920
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Table Task-3-5. Estimated Number of Generally Licensed Devices and Materials ("Enclosure 1,"
4/21/87). ORAU Categories are given where there is a clear correspondence between the
"Enclosure 1" categories (i.e., Regulatory Guide 10.10; NRC 1987) and the ORAU categories.

Number
of ORAU
Dev- Devices Total Category

CFR  ice Sold per  Number of af
Sec. Code Device Type Year Devices applicable)
31.3 Static Eliminator 7000 20000 A-1
31.5 Aerosol Neutralizer 120 9600 A-3
31.5 E Beta Backscatter Gauge 800 7000 C-1
31.5 N Electron Capture Detector 900 8000 D
31.5 Electrostatic Voltmeter 890 3000 H
31.5 Fill Level Gauge 600 4200 B
31.5 Fuel Densitometer Emitter 200 945 B
31.5 D Gauging Devices (Part I) 337 16000 B
31.5 In Flight Blade Inspection Systems 200 1000 B

| 31.5 Liquid Scintillation Spectrometers 600 7000 H
31.5 A\ Self-Luminous Exit Signs 20000 180000 G-1
31.5 Static Eliminators/Meters 80000 160000 A-2
31.5 X-Ray Fluorescence Spectrometer 90 720 E-2
31.7 Self-Luminous Aircraft Signs 7600 80000 G-2
31.8 Calibration or Reference Sources 60 480
40.22 Source Material (Depleted Uranium) 140 2000 J

TOTAL 119397 497945

The data provided by NMSS (Baggett 1993) shows 71,315 devices in Device Code 31.7W, self-
luminous devices in aircraft. This is in reasonably good agreement with the 10 CFR 31.7 entry in
the "Enclosure 1" Table (80,000) and with the ORAU estimate for Category G-2 (90,000).

The "Enclosure 1" Table, produced in 1987, shows 497,945 devices, and the NMSS table,

produced 6.5 years later in 1993, shows 493,572. This is a remarkable coincidence with the
ORAU Table 4 Total of 487,920 devices. One could safely conclude that there are about a half a
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million generally licensed devices in existence under NRC General License, with perhaps twice
that many in Agreement States (Taylor 1989).

In general, it has not been possible to establish a correspondence among the ORAU categories, the
categories in the "Enclosure 1" Table of 4/21/87, and the data provided by NMSS (Baggett 1993).
This has been confirmed in the letter dated March 30, 1994, from S.L. Baggett to D.J. Strom. To
apply the ORAU risk analysis methods, it will be necessary to resolve what numbers of devices of
what designs, sources, and activities are in use. This will require significant additional
investigation and direct access to the database.

4.0 TYPES, FREQUENCIES, AND RELATIVE SEVERITIES OF IMPROPER
TRANSFER/DISPOSAL OCCURRENCES

NMSS inspection report summaries (Piner 1990, Wheaton 1993) and the operational experience
reports and bulletins issued by the NRC's Office of Analysis and Evaluation of Operational Data
(AEOD) provided information on the types, frequencies, and relative severities of improper
transfer/disposal occurrences having actual or potential public dose implications. These data were
accessed through written reports and the Nuclear Regulatory Event Report (NRER) database files
listed in Attachment 1. These files covered event reports during the period 1980 through 1992.

The NRER database was searched for occurrences of anything leading to events concerning
generally licensed materials. Such events were found with a code of "GEN" or "GL" in the

LIC NO field, and in a couple of other instances. Many of the entries, however, either did not
involve generally-licensed devices or materials, or involved materials whose range of activities
exceeded the activity limits in the ORAU Report. The latter groups were categorized as "L," and
tabulated with the other ORAU Report Categories. Several hundred entries under "NL" (not
licensed) were also reviewed, revealing no events involving generally-licensed devices.

Results of the survey are summarized in Table Task-3-6 (number of incidents) and Table Task-3-7
(number of sources or devices). Table Task-3-6 shows incident rates by rows labeled with ORAU
Category. Column entries are numbers of incidents of each kind that the PNL reviewers found in
the NRER database. Since a given incident may involve more than one source, Table Task-3-7
shows number of devices involved in the incidents listed in Table-3-6 by rows labeled with ORAU
Category. Many event reports covered multiple sources, including various nuclides (¥Co, *°Po
and #°Pb in one case, and *Am, 2'°Po, and ¥Kr in another case). By far the most common
occurrences were in Category A2, static elimination sources, with *°Po being the most commonly-
involved nuclide.

In the tables, an incident can be classified in more than one category of outcome, such as lost and
recovered, or damaged and leaking.

In most cases, the NRER database gives no information concerning severity. Sometimes a
description like "significant event” occurs. On only a rare occasion is a dose to a person
mentioned. Occasionally a description like "completely destroyed in a fire resulting in
contamination" occurs.
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Table Task-3-6. Number of incidents involving generally-licensed devices. Data are from the
NRER database files listed in the attachment, for the period 1980-1992. Category "L" involves
sources whose activities exceed the upper limits on activity in the ORAU Report.

ORAU  Incid- Land- Scrap- Dam- Recover-  Mis-
Cat. ents*  Lost Stolen fill yard aged Leaking ed use
Al 3 2 1

A2 49 28 2 5 1 9 12 2 1
A3 1 1

B 6 4 1 1 1 1 1
C1 1 1

C2 1 1 1

D 1 1

El 2 2

E2 2 1 1

F

G1 11 1 5 2 2 2 1

G2 1 1

H 3 1 1 1 1

I

J 3 1 1

K

L 30 8 4 1 5 6 2 5 4
Total 114 50 12 8 10 20 19 11 6
Total

w/o L 84 42 8 7 5 14 17 6 2

*Incidents may be less than row total because some reports are cataloged multiple times,
e.g., "stolen and recovered."
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Table Task-3-7. Number of devices involved in the incidents listed in Table Task-3-6. Data are
from the NRER database files listed in the attachment, for the period 1980-1992 (there were no
entries for 1980-82, so this is a 10-year period). Category "L" involves sources whose activities
exceed the upper limits on activity in the ORAU Report.

ORAU Land- Scrap- Dam- Recover- Mis-
Cat. Devices* Lost Stolen  fill yard aged Leaking ed use
Al 14 9 5

A2 89 54 2 5 3 28 27 4 3
A3 1

B 9 6 1 1 2 1 3
C1 1 1

C2 1 1 1

D 1 1

El 2 2

E2 2 1 1

F

Gl 57 1 43 2 9 9 1

G2 1

H 5 1 1 3 1

I

J 4 2 1

K

L 113 12 51 1 7 35 34 6 7
Total 300 90 97 8 14 80 75 13 13
Total

w/o L 187 78 46 7 7 45 41 7 6

*Devices may be less than row total because some reports are cataloged multiple times,
e.g., "stolen and recovered."

There were 41 incidents tabulated in the ORAU report (Table 4 in Stabin et al. 1987, p. 13). Our
analysis, displayed in Tables Task-3-6 and Task-3-7, shows 114 incidents involving 300 devices
over a 10-year period, for rates of 11.4 incidents per year and 30 device-incidents per year. The
ORAU incidents were based on only a few years worth of data, and included data from agreement
state reports. It is also unclear whether the ORAU Report included numbers of devices involved
(see Table Task-3-7.) Thus, the two totals are not strictly comparable. If the "L" incidents listed
in Table Task 3-7 are not counted, the rates become 8.4/year and 18.7/year.

Incident breakdown by nuclide and ORAU source category is shown in Table Task-3-8. It is
difficult to justify the relevance of the "L" category for this study. Ignoring L incidents, many of
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which may be improperly classified in the database, the bottom row gives the total number of
incidents for each nuclide. The nuclides, '°Po and **'Am, dominate with 44 and 17 occurrences,
respectively, out of a total of 84 incidents. Clearly, row totals show that incidents are dominated
by static elimination sources (49 of 84 generally-licensed incidents), with self luminous devices
following at 11.

Table Task-3-8. NRER Incident Breakdown by Nuclide and Source Category. Table entries are
number of incidents per 10 years.

ORAU DU

Cat. #Am Cd %Co "'Cs U °*H ¥Kr ®Ni "“Pm ,,Po *Sr Z Total
Al 3 3
A2 4 40 5 49
A3 1 1
B 1 5 6
C1 1 1
C2 1 1
D 1 1
El 2 2
E2 2 2
F 0
Gl 5 6 11
G2 : 1 1
H 1 1 1 3
I 0
J 3 3
K 0
L 10 2 6 5 3 1 3 30
Total 17 2 2 12 3 10 7 2 5 44 1 9 114
Total

w/o L 7 2 0 6 3 5 7 2 2 43 1 6 84
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5.0 CONCLUSIONS AND NEED FOR FURTHER WORK

The NRER data base gives a good idea of how many incidents have been reported. It would be
good to find a formal method of estimating the number of unreported incidents, and for this a
survey of field regulatory personnel may be the best approach.

A better study of the actual numbers of sources in use and in storage would be desirable. A more
formal survey of manufacturers would provide a good basis for risk estimates for short-lived

nuclides, such as Po-210, which appears to dominate the numbers of sources.

The readily available information examined here should provide an adequate basis for an order-of-
magnitude risk analysis, which would be better than many risk analyses in non-radiation fields.

E-23



6.0  REFERENCES

Ayers, J. 1985. "General License Study - Analysis of Hazard." Internal memo to Division
Director through channels, March 1985, attributed to J. Ayers. 8 pp. Washington, DC: Sealed
Source Safety Section, U.S. Nuclear Regulatory Commission.

Baggett, S. 1987. General License Study Report. vii + 127 pp. Washington, DC: Sealed
Source Safety Section, U.S. Nuclear Regulatory Commission.

Baggett, S. L. 1993. Attachments to letter addressed to Daniel J. Strom, dated November 2,
1993. The four hardcopy reports from "General License Database System" included one computer
printout of six pages (plus a cover sheet) dated 10/22/93; one computer printout of two pages
dated 10/20/93; one undated typewritten page titled "Summary of All Database;" and one undated
33-page report listing license numbers, model numbers, type numbers, and registration numbers
for sources.

Dean, C. M., M. S. Lawrence, and H. D. Lester. 1991. Report on Survey of General Licensees
Under 10 CFR 31.5. NRC FIN D 2554-0. ICF Inc., Fairfax, Virginia.

"ORAU Report:" see Stabin et al. 1987.

Piner, E., and B. Smith. 1990. Conformance with Regulatory Requirements. Also known as
"Inspection Report Summaries." 50 pp. Washington, DC: Sealed Source Safety Section, U.S.
Nuclear Regulatory Commission.

Sealed Source Safety Section and Policy and Procedures Section, U.S. Nuclear Regulatory
Commission. 1992. Program Code Descriptions Used in NRC Licensing and Inspection
Programs. 56 pp. Revision 2. Washington, DC: U.S. Nuclear Regulatory Commission.

Stabin, M., K. Paulson, and S. Robinson. 1987. Improper Transfer/Disposal Scenarios for
Generally Licensed Devices. "The ORAU Report" produced under NRC FIN B0299. Oak Ridge
Associated Universities, Oak Ridge, Tennessee.

Taylor, J. M. 1989. Staff Initiatives on the General License Program. Memo to the
Commissioners of the U.S. NRC. SECY-89-289. Includes 4 attachments. Washington, DC:-
U.S. Nuclear Regulatory Commission.

Wheaton, A. 1993. Analysis of Selected Incidents. Also known as "Operational Experience
Reports." Revision 2. Previous editions by E. Piner and B. Smith. Washington, DC: Sealed
Source Safety Section, U.S. Nuclear Regulatory Commission.

U.S. Nuclear Regulatory Commission (NRC). 1987. Guide for the Preparation of Applications

for Radiation Safety Evaluation and Registration of Devices Containing Byproduct Material.
Regulatory Guide 10.10. U.S.N.R.C., Washington, DC.

E-24



TASK 3-ATTACHMENT 1: DOS FILES RECEIVED AND REVIEWED BY PNL
The following list contains the most recent versions of files reviewed by PNL staff for this task.

ADDRESS DBF 176066 06-03-93 3:33p D:\NMSS\SSD
B-BITXT CSV 413152 04-07-93 4:56p D:\NMSS\INCIDENT
BYCODE NTX 14336 06-03-93 2:41p D:\NMSS\SSD
CATALOG CAT 439 03-17-92 10:17a D:\NMSS\NRER
COMPANY NTX 67584 06-03-93 2:41p D:\NMSS\SSD
CUSTOM DBF 25149 06-03-93 12:17p D:\NMSS\SSD
CUSTOM1 NTX 5120 06-15-93 4:49p D:\NMSS\SSD
CUSTOM2 NTX 10240 06-15-93 4:49p D:\NMSS\SSD
EXP DBF 299458 05-03-93 4:29p D:\NMSS\NRER
EXP XLS 158633 08-25-93 10:23a D:\NMSS\NRER
LIC NDX 49664 06-24-92 4:48p D:\NMSS\NRER
NRER  ZIP 926512 01-14-93 11:08a2 D:\NMSS\NRER
NRERO DBF 186138 05-14-91 10:40a D:\NMSS\NRER
NRER1 DBF 250880 07-19-92 8:47p D:\NMSS\NRER
NRER2 DB 587469 04-20-93 9:34a D:\NMSS\NRER
NRER2 DBF 306150 01-11-93 2:05p D:\NMSS\NRER
NRER2 DBT 195584 01-11-93 2:05p D:\NMSS\NRER
NRER8 DBF 119808 05-23-90 2:08a D:\NMSS\NRER
NRER80-4 DBF 939378 08-20-92 6:07p D:\NMSS\NRER
NRERS85-7 DBF 769898 05-03-93 4:25p D:\NMSS\NRER
NRER9 DBF 178818 01-04-80 1:48a D:\NMSS\NRER
PRINUSE DBF 1398 12-21-91 9:57a D:\NMSS\SSD
REGNUM NTX 73728 06-03-93 2:41p D:\NMSS\SSD
REGNUM1 NTX 55296 06-03-93 2:41p D:\NMSS\SSD
REGNUM2 NTX 47104 06-03-93 2:41p D:\NMSS\SSD
SSD DBF 2706829 06-03-93 3:33p D:\NMSS\SSD
SSDS  EXE 324608 06-15-93 4:59p D:\NMSS\SSD
TEMP DBF 1155 04-26-93  7:18a D:\NMSS\SSD
TEMP  NTX 152576 08-20-93 1:16p D:\NMSS\SSD
UNTITLED CAT 439 03-17-92 10:17a D:\NMSS\NRER
YR86 DBF 38778 03-17-92 10:40a D:\NMSS\NRER
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TASK 3 ATTACHMENT 2: Table 1 from the ORAU Report (Stabin et al. 1987).

TABLE 1 CLASSES OF DEVICES FOR SCENARIO DEVELOPMENT*

APPLICABLE
REGULATORY RADIONUCLIDES AND
SECTION** CLASS DEVICE MAXIMUM ACTIVITIES
31.3 A-1 Static Eliminators: Po-210 - 0.50 mCi (18.5 MBq)
Hand-Held/Portable/ '
Small Brushes
31.5 A-2 Static Eliminators Po-210 - 100 mCi (3700 MBq)
or Detectors: In
Equipment or Process Am-241 - 0.0005 mCi (0.0185 MBq)
Line
(Very High Toxicity) Ra-226 - 0.0005 mCi (0.0185 MBq)
31.5 A-3 Static Eliminators H-3 - 250 mCi (9250 MBq)
» or Detectors: In
Equipment or Process Kr-85 - 2 mCi (74 MBq)
Line
(Low Toxicity)
31.5 B Gamma Gauges Co-60 - 10 mCi (370 MBq)
| Cs-137 - 20 mCi (740 MBq)
Am-241 - 20 mCi (740 MBq)
Ra-226 - 10 mCi (370 MBq)
31.5 C-1  Beta Gauges: Sr-90 - 0.025 mCi (0.925 MBq)
Backscatter Type
T1-204 - 0.10 mCi (3.7. MBq)
- Ru-106 - 0.025 mCi (0.925 MBgq)
Pm-147 - 0.050 mCi (1.85 MBq).
 C-14 - 0.050 mCi (1.85 MBq)
Pb-210 - 0.010 mCi (0.37 MBq)
31.5 . c-2 Beta Gauges: Sr-9C - 20 mCi (740 MBq)
Transmission Type
31.5 . D Gas Chromatographs Ni-63 - 20 mCi (740 MBq)
H-3 - 1000 mCi (37 GBq)
31.5 E-1  X-Ray Fluorescence Am-261 - 30 mCi (1100 MBq)

Analyzers
(Very High Toxicity) Cm-244

100 mCi (3700 MBq)
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TASK 3 ATTACHMENT 2 (continued)

TABLE 1 CLASSES OF DEVICES FOR SCENARIO DEVELOPMENT* - CONTINUED

APPLICABLE
REGULATORY RADIONUCLIDES AND
SECTION - CLASS DEVICE MAXIMUM ACTIVITIES
31.5 E-2  X-Ray Fluorescence Cd-109 - 20 mCi (740 MBq)
Analyzers -
(Moderate Toxicity) Fe-55 - 100 mCi (3700 MBq)
31.5 ~F Calibration or Cs-137 - 0.10 mCi (3.7 MBq)
Reference Sources '
: Co-60 - 0.01 mCi (0.37 MBq)
Ra-226 - 0.004 mCi (0.15 mBq)
Sr-90 - 0.001 mCi (0.037 MBq)
31.5 ~ G-1  Self-Luminous H-3 - 5000 mCi (185 GBq)
Devices .
Kr-85 - 1700 mCi (62.9 GBq)
C-16 - 0.10 mCi (3.7 MBq)
31.7 G-2  Self-Luminous. . H-3 - 5000 mCi (185 GBq)
' Devices in Aircrafc » .
Pm-147 - 300 mCi (11 GBq)
31.8 'H Analytical A Cs-137 - 0.040 mCi (1.5 MBq)
’ : Instruments’
Containing Small Ni-63 - 15 mCi (555 MBq)
Calibration or
Reference Sources
31.8 I Calibration or Am-24]1 - 0.005 mCi.(0.185 MBq)
' Reference Sources
40.22 | J Small Quantities of U-238 and Th-232 - 15 pounds at
Source Material any one time, no more than 150
pounds per calendar year
70.19 K Calibration or Pu-239 - 0.005 mCi (0.185 MBq)

Reference Sources

* See Appendix for device descriptions
** Code of Federal -Regulations, Title 10
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1.0 EXECUTIVE SUMMARY

Task 6 of the project "Review of Improper Transfer/Disposal Scenarios for Generally
Licensed Devices Study" is entitled "Development of Additional Probability and Risk
Information." For this task, ..."the individual reviewers will develop additional probability
and risk information in their area of expertise to assist the NRC staff’s decision making
regarding the need for regulatory action. This information may include refined estimates of
probabilities associated with selected disposal scenarios, assessments of the sensitivity of
consequence and risk calculations to different assumptions and inputs, and quantitative
estimates of individual and population risk resulting from selected improper disposal
activities."

Two areas of additional risk information have been developed by the PNL reviewers. The
first area of additional risk information that was identified in PNL’s preliminary review of
the 1987 ORAU Report is the need for a mathematical framework or "formula" for the risk
of radiological accidents. This framework should address two items of methodology missing
from the ORAU Report; the probabilities of initiation of accident sequences, and the sue of
historically-derived probability distributions of accident consequences (which include worst
cases as their extremes). '

The second area of additional risk information is a quantitative characterization of relevant
historical accidents with sources, whether generally licensed or not. The quantitative
characterization results in three numerical factors for each person involved in each accident
for whom intake, whole body dose, and local dose values are published. The numerical
values are "fraction taken in," "whole body time-and-proximity factor," and "local dose time-
and-proximity factor." These factors depend only on human behavior and accident
circumstances, not on the amount, kind, and quantity of radioactive material involved in the
accident. The factors can be used to predict more realistically the radiological consequences
of future accidents than the use of "worst case" factors. Furthermore, over 10 accidents
involved exposures to two or more people, resulting in distributions, rather than point
estimates, of values. Such distributions can be used as inputs to modern probabilistic risk
calculations.

2.0 PROBABILISTIC MATHEMATICAL FRAMEWORK

The first area of additional risk information that was identified in PNL’s preliminary review
of the 1987 ORAU Report is the need for a mathematical framework or "formula" for the
risk of radiological accidents. This framework uses individual and collective radiation dose
as surrogates for risk, and considers both the magnitude and probability of occurrence of
various doses. The PNL reviewers have identified two probability considerations as missing
from the ORAU Report. The probabilities of initiation of accident sequences, and the likely
(rather than worst case) consequences are included. Using historically-derived probability
distributions of accident consequences (which include worst cases as their extremes) enhances
the realism of risk estimates calculated from postulated accidents.
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2.1  ASSESSMENT OF THREE KINDS OF DOSES FOR USE AS SURROGATES FOR
HUMAN HEALTH RISKS

Risk is conventionally defined as

Risk = Probability X Severity . 1)

There may be several separate components to the probability term: probability of an accident
happening, probability of a given dose resulting when the accident happens, and probability
of that dose resulting in a stochastic health effect, for example. For human health risks due
to radiation exposure, various dose quantities multiplied by suitable health risk coefficients
may be used as surrogates severity (ICRP 1991). At low doses, severity may connote the
likelihood of a severe effect such as cancer occurring in an individual. At higher doses
exceeding thresholds for deterministic effects, "severity" has a more conventional meaning
for an individual, such as how serious a burn is.

Severity in Equation 1, for incidents involving sealed sources, can be defined both as
individual doses and collective doses, that is, the sum of all doses accruing to all individuals
in a given incident.

An individual tissue or organ dose equivalent, if below 50 rems, carries no risk of
deterministic (formerly "non-stochastic") health effects (such as radiation burns,
developmental abnormalities, etc.), but represents some degree of risk for stochastic effects
(i.e., cancer and heritable ill-health). Such individual tissue or organ dose equivalents from
internal and external exposure can be combined to form a total effective dose equivalent
(TEDE), which is a modern surrogate for stochastic risk in individuals. Current risk
estimates are on the order of 4 X 1072 per sievert (4 X 104 per rem) for adverse stochastic
health outcomes in workers, and perhaps 5 X 102 per sievert (5 x 10 per rem) in the
general public (ICRP 1991). :

Under the linear, non-threshold dose response hypothesis for stochastic effects used for
radiation protection purposes, individual TEDE values can be summed to make collective
total effective dose equivalent ("collective dose"). Collective dose is a surrogate for
collective risk of adverse stochastic health outcomes in populations.

For improper transfer and disposal scenarios for generally licensed devices, it is also
necessary to consider the possibility of individual tissue or organ doses that exceed thresholds
for deterministic effects. Such doses result in certain injury, whether sub-clinical, mild,
severe, or fatal, to the individual receiving the dose. Doses above a few tenths of a sievert
(a few tens of rems) should be expressed in absorbed dose units, i.e., grays (or rads),
specifying the radiation type, since the relative biological effectiveness of high linear energy
transfer (LET) radiation (e.g., neutrons and « particles) at such dose levels is significantly
less than the quality factor used for limitation of stochastic effects (ICRP 1991).
Furthermore, no clinical effects may occur whatsoever from protracted irradiation
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significantly exceeding the traditional deterministic threshold of 0.5 Gy, since significant
repair can occur between damaging events on a microscopic scale. For this reason,
committed doses of long-lived, tenaciously-retained radionuclides will be poor predictors of
deterministic effects.

Thus there are three dose endpoints that should be considered in a risk analysis:

Distributions of individual TEDEs, the collective TEDE, and distributions of individual tissue
or organ dose above thresholds, such as 0.5 Gy for acute irradiation and perhaps 1 Gy or
more for protracted irradiation.

Individual Sotchastic Risk Probability X TEDE

Probability X Collective TEDE )

Collective Stochastic Risk

Individual Deterministic Risk o< Probability of Dose Above a Threshold
X Dose Effect Function

The probabilities of various doses being received from a given improper transfer/disposal
scenario are related both to the probability of the scenario occurring and the probability
distribution of doses resulting from the scenario. Finally, risks are summed over all
scenarios.

Ecological risk is the risk to ecosystems, habitats, and potential loss of access and usability
of land and environmental resources. Although improper transfer and disposal scenarios for
generally licensed sources may result in ecological risks, they are not considered here.

2.2 PROBABILISTIC RISK METHODOLOGY

Since 1987, many changes have occurred in probabilistic risk methodologies. Recent
summaries of these techniques are provided by IAEA (1989), Finkel (1990), and Morgan and
Henrion (1990). In addition, the advent of user-friendly Monte Carlo simulation software for
probabilistic health risk analysis, such as Crystal Ball (™Decisioneering, Inc., Denver, CO),
makes it feasible to perform probabilistic risk assessments for this kind of work.

2.1.1 Risk Networks

The draft ORAU report contains, for each class of Generally Licensed Sources, a "risk
network" connecting the Initial Events (listed in Table 2 of the report) with the Final Status
of Device conditions (listed in Table 3). Figure 1 is an example risk network from the draft
report. Each of these networks starts with the assumption that a device of that class has been
improperly transferred/disposed. Along the left side of the network is a collection of Initial
Events, or states that the device can be found in after improper transfer/disposal. Along the
right side of the network are the Final Status of Device conditions. In between is a
collection of transition conditions and a collection of paths leading (from left to right) from
the Initial Events, perhaps through one or more of the transition conditions, ending in one of

F-3



v-d

"(¢ 21n31g) 110doy VYO Y1 woy YIomiau s e jo ajdwexs uy ‘'z g 2mdig
ue soyeop
) >h..“n3_=. / o
Peynq sojaeg . [ahadalonet!
$0°0
£0
) -
co siao o tro asunso gaue oy
- PopmIew siAeg
P I
sr'o si'o
T00'0
e - 1724 ]
norep o sopeep oc'o cre e
oBenjog (kg o] Ysug o)
Jmpous Aq ci'e pop rePp sopreq
Ty
renpiaipY
pexy 0 un o}
passojoue § s AR]
$0°0
oye Vo s8¢0 o8usone
1o PoRo poouUn 1y
sLgewm sojAeg ‘o pecvid sotreq
0 nuod sonyy
To Inotnm eowd uy 1ou Inq sowrd |y
nTwes so1aag 0 SURTWwes s0fA)

SHOLVNIWITI O1LVLS ININdINDI

¢V SSVI1D



the Final Status of Device conditions. Associated with each of the path segments between
two of the condition boxes is the conditional probability of the transition from the left box
(i.e., the left end of the path segment) to the right box. Finally, along the right side of the
network, associated with each of the Final Status of Device conditions is the conditional
probability of ending up in that state, obtained by adding up the probabilities associated with
each of the distinct paths through the risk network that terminate in that state.

2.2.1 Adequacy of ORAU Report Risk Networks

We feel that the conditional probabilities assigned (using engineering judgment) to the path
segments by the authors of the ORAU draft report are generally reasonable. There is,
however, a structural aspect of these risk networks with which we take issue: all of the
networks have a pathway leading from "trash handler” to "incinerator" and thence on to
either "salvage dealer" (with conditional probability 0.5) or to the Final Status of Device
condition "Device buried in sanitary landfill" (with conditional probability 0.5). This seems
to presuppose that the trash handler sifts the incinerator ashes for metal/ceramic slag which is
sent on to the salvage dealer, and that half the time (i.e., probability 0.5) the remains of the
source are incorporated in that slag. The probability 0.5 of "source-in-slag" seems high. In
addition, for those cases in which the bulk of the source is volatilized in the incinerator and
released to the atmosphere, the box "incinerator" has effectively become a Final Status of
Device condition for which health consequences should be assessed. Several potentially
significant scenarios, such as an intact source out of a shield, and potentially significant
consequences, such as doses to workers (rather than the public), have been omitted. Finally,
one could argue that the incinerator box ought to be "downstream" of the salvage dealer,
with incineration as one of the salvage dealer’s options for dealing with items that
incorporate both salvageable (i.e., metals) and non-salvageable materials.

What is missing from this picture, if we desire to estimate the risks associated with the
improper transfer/disposal of various types of Generally Licensed Devices? Missing is the
probability of entering the risk network in the first place (i.e., the probability that a device of
that type will be improperly transferred/disposed) and the consequences associated with each
of the Final Status of Device conditions.

2.2.2 Censoring of Scenario Probabilities by Under-Reporting

Table 4 of the draft ORAU report contains a computation of the fraction of devices of
various types that have been improperly transferred/disposed, based on very limited data.
These values cannot be directly used as improper transfer/disposal probabilities because of an
obvious censoring problem. Improperly transferred/disposed devices show up in Table 4
only if the improper transfer/disposal was detected in some fashion. This detection could
occur if an appropriately labelled device was found somewhere it didn’t belong, if an
inspection of records and device inventory discovers that a device is missing, or if someone’s
medical symptoms can be tied directly to the improper transfer/disposal of a specific device.
If a device was buried in a landfill or incinerated improperly, that improper transfer/disposal
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is unlikely to be detected, since inspections and audits of holders of General Licenses seem
to sample only a small fraction of the total population of General Licensees.

2.2.3 Correcting Probabilities for Under-Reporting of Incidents

One way of dealing with this censoring would be to obtain an estimate for the probability
P(d) of the event d, where d denotes the detection, in some fashion, of the improper
transfer/disposal of a particular Generally Licensed Device.

We can then take the fraction of devices of that class known to be improperly
transferred/disposed, F (from Table 4), and increase it by the factor 1/P(d) to obtain the total
fraction of devices of that type improperly transferred/disposed. That is, we assume that F is
telling us only about that subset of the set of improperly transferred/disposed devices for
which the improper transfer/disposal is detected in some fashion; that subset is only the P(d)-
the part of the whole set of improperly transferred/disposed devices.

In other cases (see, for instance, the discussion of industrial process line static eliminators in
Section 3.2 of the ORAU report), there is enough information to directly estimate the
fraction of devices that are improperly transferred/disposed, without reference to Table 4. In
this case, all of the devices are out on lease and the distributor simply offers to charge for an
additional year’s lease if the device isn’t returned for legally authorized disposal.

Suppose we are going to estimate P(d). We might consider d to be the union or "sum" of
two events: ‘

a = the event that the improper transfer/disposal of the source is detected by
observation of the label, by radiation detection, by inspection of records and
inventory, etc.; and

b = the event that radiation sickness or injury is recognized and tied back to the
improper transfer/disposal of the source.

We can then calculate

P(d) = Pa) + P(b) - P(ab), 3

where ab is the set intersection of the events a and b. If P(a) and/or P(b) are relatively
small, say 0.1 or less, then the term P(ab) will be second order and can be ignored.

The probability P(a) will depend on a variety of factors, including the durability and
intrusiveness of the labelling, the likelihood of "fortuitous" radiation detection, the
pervasiveness of inspections and audits, the unwieldiness of the individual sources, etc. By
fortuitous radiation detection, we mean something similar to discovery of high indoor radon
levels in the Reading Prong because a Pennsylvania nuclear plant worker set off one of the
portal detectors as he was arriving for work or the outside world’s first knowledge of the
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Chernobyl accident when area detectors outside a Swedish nuclear plant started alarming.
We could also reasonably expect P(a) to vary by type of source.

Reviewing the history of improper transfer/disposal of sealed sources, even "strong”,
specifically licensed sealed sources used in radiography or radiotherapy, we see dozens of
incidents in which a sealed source improper transfer/disposal is first detected by recognition
of radiation sickness or injury, followed by an investigation to determine the cause of that
sickness. These detections are noted by the entry "Med" for "medical” detection of the
incident with the subsequent re-establishment of control over the source.

We know of no such incidents involving Generally Licensed sources or equivalent amounts
of radioactivity. Because of this, P(b) is likely to be significantly smaller than P(a) for most
generally licensed sources. It would be reasonable to model P(b) as directly proportional to
the worst-case and/or the average human health consequences of improper transfer/disposal
of that type of source.

We propose a model for P(b) of the following type:

P(b) = ka ..f(HT,max) + (1 - ka) 'g (HT,avg) ] (4)
where Hp .. = dose to the critical organ for the maximally exposed individual;
Hp avg = dose to the critical organ for the average individual;

0 ifHT,max = Ht )

Hp -Hy,
JHrma) = 9 —_Hg—H_h— fHy < H gy < Hy; O
r 7

[«

1 lfHT,max = Hcr’

.

is the average individual threshold dose for developing clinical symptoms;

., is the critical threshold dose for certain diagnosis of clinical symptoms;

g(Hp) is defined similarly to f, using values Hthe,pop appropriate for failure to detect
and Hcr,pop for sure detection of the incident in a whole population exposed
to a given dose Hy; and

k= an appropriately defined weighting factor for balancing between detection

based on a symptomatic maximally-exposed individual and detection based on

symptoms in a population; 0 < k, < 1.

2.3 RECOMMENDATIONS FOR IMPLEMENTING THE PROBABILISTIC RISK
METHODOLOGY

To carry out the program defined in the preceding paragraphs, we need to do the following:
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1)

2)

3)

4)

5)

6)

For each Generally Licensed sealed source type x, reassess the improper
transfer/disposal fractions, Fx, defined in Table 4 of the ORAU draft report, on the
basis of additional data, as available. The annual rates of incidents of improper
transfer or disposal as a function of source category, including probabilities of
incidents not being reported were not adequately assessed in the ORAU Report.
Improved data will be available from the revised Task 3 report.

For each Generally Licensed sealed source type x (i.e., A-1, A-2, A-3, B, etc.) and
for each radionuclide that can be utilized for devices of that type, produce estimates
of either P(Mx) directly or of P(ax) and P(bx). If P(ax) and P(bx) are estimated, then
P(dx) = P(ax) + P(bx) and P(Mx) = Fx/P(dx). If Mx is the event that a device of
Type x is improperly transferred/disposed, we can use the probability P(Mx) to
"enter" the corresponding risk network (whether that probability is estimated directly
or obtained by estimating the probability P(d) and factoring up the fraction, F, from
Table 4). The probability P(Mx) will propagate through the network and each of the
Final Status probabilities (from the ORAU draft) will be multiplied by P(Mx) to give
the probability that a particular device of that class will end up in that Final Status of
Device. We can then multiply. that probability by the associated health consequences,
Cx,fs, for device type x and that Final Status fs, to obtain the risk with a single device
of that type ending up in that particular Final Status. Those risks can be summed for
all of the Final Statuses to obtained the risk associated with a single device of that
type, which can then be multiplied by the number of such devices extant to obtain the
total risk to the public associated with that type of device.

For each Final Status of Device end state, produce estimates of the human health
consequences resulting from a device ending up in that state, either using information
in the draft ORAU report or additional information, as necessary.

Define the risk associated with a particular type x of device in a particular end-state
as:

R, ;i = P(M,)p, s (consequences associated with the device x final state fs), (6)

where px,fs is the end state probability from the corresponding ORAU draft report
risk network.

Define the total risk, Rx, associated with a single device of type x as the sum of all
the Rx,fs over the set of final states fs. Finally, the total risk associated with devices
of type x is the product of the number of devices of type x and Rx,fs.

We can do a simple uncertainty analysis by replacing all of the estimated probabilities
and the probabilities given in the ORAU draft report by probability distributions and
using random variable arithmetic to propagate those distributions through the
calculations described above. The quick and dirty part would use just the mean and
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variance of the distribution (or the mean and variance of the log-transformation of the
distribution) and the Central Limit theorem to replace sums of random variables by
the normal distribution with the appropriate mean and variance and replace products
of random variables by the lognormal distribution with the appropriate mean and
variance. These approximations give good results for random variables with a central
tendency and arithmetic calculations consisting of several sums and products (roughly
speaking the more sums and products, the better the approximation).

3.0 QUANTITATIVE ASSESSMENTS OF HISTORICAL IMPROPER
TRANSFER/DISPOSAL INCIDENTS AND ACCIDENTS FOR INPUT TO
PROBABILISTIC RISK METHODOLOGY

Many new risk assessment tools have been developed since 1987 when the ORAU Report
was finalized. Furthermore, the PNL reviewers believe that the probabilistic nature of risk
assessment results rather than worst case scenarios need to be emphasized. We have
analyzed historical accidents involving sources to yield quantitative characterizations of
human behavior in accident situations as input to probabilistic risk assessments. Nuclear
weapons, nuclear fuel cycle, and criticality accidents and accidents involving accelerators or
x-ray machines have not been analyzed, since it is difficult to determine the relevance of
these to improper transfer/disposal scenarios for generally licensed devices.

3.1  DISTRIBUTIONS OF RESULTS RATHER THAN POINT ESTIMATES

We have performed a quantitative characterization of relevant historical accidents with
sources, whether generally licensed or not, for those accidents for which necessary data are
available in the literature. The quantitative characterization results in three numerical factors
for each person involved in each accident for whom intake, whole body dose, and local dose
values are published. The numerical values are "fraction taken in," "whole body time-and-
proximity factor," and "local dose time-and-proximity factor." For the most part, these
factors depend only on human behavior and accident circumstances, not on the amount, kind,
and quantity of radioactive material involved in the accident. The factors can be used to
more realistically predict the radiological consequences of future accidents than the use of
"worst case" factors. Furthermore, over 10 accidents involved exposures to two or more
people, resulting in distributions, rather than point estimates, of values. Such distributions
can be used as inputs to modern probabilistic risk calculations.

3.2 TIME-AND-PROXIMITY FACTORS FOR WHOLE-BODY AND LOCAL
EXTERNAL IRRADIATION

There is a need for risk analysis for accidents involving single radionuclide radioactive
sources (as opposed to nuclear reactor or nuclear weapons accidents). Such risk analysis
requires knowledge of the probabilities and severities of such accidents. Historically,
accidents have involved anywhere from one to several thousand people.
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Information for risk analysis of small, generally-licensed sources can be derived from
accidents, usually involving large sources, that have already happened.

The objectives of this study were to

. Develop generalized, quantitative descriptions of human behavior and interactions
with radiation sources from study of historical accidents;

o Evaluate applicability, advantages, disadvantages, and limitations of the approach; and

. Identify additional information needed to apply these risk estimates to quantitative risk
assessments for informed regulatory decision making.

Historical records of accidental human interactions with radiation sources are used to develop
distributions of external radiation exposure factors. These factors retain information about
human behavior from the accidents, but are independent of source strength or the
radionuclide(s) involved. For external exposures, we define a "time-and-proximity" exposure
factor, Fp, with and without provision for breach of source shielding, for each person
involved in an accident. The distributions of exposure factors can be used to predict ranges
of possible radiation doses to individuals from a variety of accident scenarios involving
different radionuclides, activities, and device designs. Use and limitations of the exposure
factors and their distributions are discussed below.

One limitation is the possibility that the exposure factor distributions based on accident
information are altered when the accidents are discovered. For example, deaths or symptoms
of acute radiation syndrome may lead to an investigation, discovery of an accident, and
termination of exposure. Distributions of factors from such an accident may be of limited
applicability to accidents that go undiscovered.

3.2.1 Mathematical Description of Time and Proximity Factors

For an unshielded point source, dose equivalent H depends on exposure time t (hours),
distance r (meters), source strength A (activity in Ci) and isotope (through I' in rem/hr m?/Ci
or Sv/h m%/Bq):

H

i}

JHdt

_ ]I‘Adz‘ -

r(t)?

rat.
r2

1]

For each individual i, exposed in an incident for whom the dose equivalent H is known, the
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source isotope and activity are known, one can calculate a time-and-proximity factor for the
incident:

F,, = — = _—. ®)

This factor is independent of both source strength and radionuclide involved.

Distributions of time-and-proximity factors can then be applied to similar accidents to
determine external exposures, even those involving a radioactive source of different isotope
and activity. One simple definition of Fp is the number of hours one would have to spend at
one meter from the source to receive a dose equivalent of H.

If the source remained partially or wholly shielded, then an additional factor should be
introduced:

e
I
I

®

where F; is the fraction transmitted through a shield, a number less than 1. F, can be taken
as the dose rate at 1 m from the source (in its shield) to the unshielded dose rate at 1 m.

When sources are sub-divided, the full activity is still used in the calculations because the
human interaction is what we want to characterize, not the immediate source. So doses from
the 1984 Mexican accident, for example, are attributable to the entire source.

3.2.2 Theoretical Limits Are Not Useful

The theoretical upper limit on Fp is

1 lifetime

o (10)
(very close)2

where (very close) represents a small distance from the source, e.g., 0.01 m?. For a weak

source, this represents about 10° to 1010 hours at one meter, a quantity so large as to be
useless. However, in tens of historical accident cases, a person (and in two of the worst
accidents, in Mexico in 1962 [5 fatalities] and Morocco in 1984 [8 fatalities], a child) has
found an industrial radiography source and put it in a "hip pocket." In many cases, the
"very close" is 1 cm or so, and exposure times have been up to several months. When large
sources are involved, such as industrial radiography sources, these cases result in local
radiation burns. The ratio of the average bone marrow dose to the dose at the site of the
radiation burn is dependent on "how far the bone marrow is away from the hip pocket." In
many cases, the bone marrow to burn site dose ratio is over 100, sometimes over 1000. In
other words, one needs to look at truly potential exposures which may result in a high dose,
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but are realistic.
3.2.3 Historically-Derived Values of Time-and-Proximity Factors

Table 3.2.1 shows an analysis of 42 incidents involving external exposure. Accidents are
characterized by year of occurrence, by nuclide, source type and activity. The number of
people involved (broken down as public, workers, and cleanup workers) is given. Each
accident is characterized by whether it involved brief or protracted whole-body irradiation,
brief or protracted localized irradiation, whether there were intakes, whether the source was
removed from the shield, and whether the source was damaged. References to the literature
are given. Specific dose equivalent rate constants are tabulated, along with dose rates at 1
meter from the sources. The table contains average and geometric mean values of whole-
body time-and-proximity factors, as well as minimum, maximum, and standard deviation and
geometric standard deviation values, where appropriate. Also tabulated are maximum values
of skin dose or local irradiation time-and-proximity factors.

These 42 incidents were chosen because of the availability of data on source identity, source
activity, whole body and/or local doses to individuals, incident descriptions. The NRC’s
Office of Analysis and Evaluation of Operational Data (AEOD) incident database does not, in
general, contain the information needed for this kind of analysis. Nuclides include 2*!Am (1
accident), %9Co (20), 137Cs (4; note that Goidnia is listed 4 times for various analyses), 1311
(1), and 1°2Ir (16). Accidents included 21 industrial radiography sources, 8 sterilization
facilities, 5 teletherapy sources, 3 experimental sources, 2 brachytherapy sources, 1 defense
incident, and 1 "radiation station.” Members of the public were involved in 14 incidents, in
numbers ranging from 1 person to 4000 persons, totalling roughly 7000. Four accidents
(Mexico 1983 [4000], Morocco 1984 [28], Brazil 1987 [2800], and Pennsylvania 1992 [94])
account for virtually all of this total 7000 people. There were 29 incidents involving
exposure at work, and 6 incidents involved exposure to cleanup or recovery workers.

The weighted average of the whole body is 1.28 hours at a meter. This is far below the
3360 hours exposure time assumed as a worst case in the ORAU Report (i.e., 20 weeks X 7
days per week X 24 hours per day = 3360 [page i, Stabin et al. 1987). Ignoring the Texas
child-abuse case of 1972, whole-body time-and-proximity factors ranged from essentially
zero to 686 hours at a meter, the latter deriving from the 1962 Mexican incident (which
formed the basis for the ORAU Report value of 3360). For only accidents exposing the
public, time-and-proximity factors averaged 117 hours at a meter (averaging over accidents)
and 1.37 hours at a meter (using a weighted average over all accident victims, for which
accidents with many victims dominate the average).

The 16 available maximum local time-and-proximity factors formed a highly skewed
distribution ranging from 0.05 to 24000 hours at a meter, with an average of 3100, a
standard deviation of 6900, and a geometric standard mean of 91. The average of 3100 is
comparable to the 1962 Mexico ®°Co accident whole body factor.
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Four accidents in particular are especially interesting, due to their nature and the potential for
generalization to improper transfer and disposal scenarios for generally licensed devices.
These are the November 1992 Indiana, Pennsylvania accident; the 1983-84 Mexican 0Co
accident, and the 1987 Goiénia, Brazil accident, and the 1990 Korean source shipment
accident.

The November 1992 Indiana, Pennsylvania case of a medical misadministration is
particularly instructive for improper transfer and disposal scenarios for generally licensed
devices (NRC 1993a, NRC 1993b). Doses are listed in the Appendix. This was a case of
complete loss of control of the source, and the persons exposed did not know about it until
the source was essentially "out of harm’s way." The 1921r source activity was 3.7 Ci
(1.37E11 Bq). The specific dose equivalent rate constant, I', is 0.48 rem/hr m?/Ci. The
central (i.e., halfway between the minimum and maximum doses) estimates of doses ranged
from 0.0006 to 18.9 rems, with an average of 3.0 + 4.1 rems, a geometric mean of 0.29
rems X 25 (i.e., a GSD of 25). The time-and-proximity factors ranged from 0.0003 to 8.6
for the 85 cases that the NRC (1993b) evaluated. A preliminary investigation of the
distribution of time-and-proximity factors for this incident shows that, while the distribution
is very broad and skewed, it is not lognormal (Figure 3.2.1). There were a number of
persons who evidently received roughly the same doses due to similar duties involving
patient care, so these may need to be treated separately from doses to the others involved.

The 1983-84 Mexican %Co accident (IAEA 1989) was also a complete loss of control of a
large source (1.7E13 Bq (450 Ci) of %°Co; I' = 3.6E-13 Sv/hr m%/Bq (1.3 rem/hr m?/Ci)).
This incident resulted in an estimated 4000 persons exposed. From the data, the largest F,
was 1.2, the mean of lognormal fits (with GSDs of 13.8 (uniform weighting) and 22.5
(Finney weighting)) were 0.004 to 0.008. In this situation, symptoms of acute radiation
syndrome would have prevented much larger F; values, since the F, = 1.2 corresponds to
700 rems.

The 1987 Goiania, Brazil accident presents four different populations for analysis, and it is
difficult to determine whether some individuals may appear in more than one of these
populations. Depending on how many persons are included, the time-and-proximity factors
for the public plus the 9 workers involved with the source average 0.20, 0.11, or 0.0034
hours at a meter, with the former population including 97 persons, the next, 249 persons,
and the last, 2812 persons. The maximum whole-body time-and-proximity factor was 1.46,
and minimum factors on the order of 10°. The maximum local irradiation time-and-
proximity factor was 4.2 hours at a meter. Figure 3.2.2 shows a histogram and cumulative
density function for whole-body time-and-proximity factors from the Goiania accident for the
46 highest dose cases, with a roughly logarithmic horizontal axis.

The 1992 Korean Accident (NUREG 1405, NRC 1990) includes dose estimates for 24
individuals. These are clearly lognormally-distributed as shown in Figure 3.2.3. Doses are
listed in the Appendix. The average time-and-proximity factor was 1.3 + 3.7 hours at a
meter, with a geometric mean of 0.11 X 7.9 (GSD = 7.9), and a range of 0.0063 to 14.7.
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A Time-and-Proximity Factor analysis has been performed for 40 accidents involving 231
individual doses. The complete results (231 lines of data) are presented in the Appendix.
The results are shown in Figure 3.2.4 and given in Table 3.2.2.

3.2.4 Censoring of factors for high-dose accidents by the appearance of clinical symptoms
of acute irradiation

In many cases, accidents were discovered by the appearance of clinical symptoms of acute
irradiation. In many cases, persons stopped receiving any more dose because they died. In
such cases, it can be concluded that the accident did not run its normal course. A plot of
time-and-proximity factors versus source strength, I'A, in sieverts per hour at 1m from an
unshielded source, is shown in Figure 3.2.5. It shows a decreasing relationship between the
time-and-proximity factor and source strength. In most cases, the incidents involving a
source with activity greater than 10,000 Ci resulted in fatalities. For many of the strong
source accidents, medical symptoms were the first sign of an accident. The column in Table
3.2.1 labeled "How Terminated" shows "Med" if medical symptoms appeared, and "Rad" if
the accident was discovered by other means, usually by radiation measurements or by
discovery of missing sources through inventory or malfunction.

Only a few accidents appear to have run their full course, that is, delivered all the dose they
ever would have. The 1992 Indiana, PA accident and the 1990 source shipment from Korea
fall into this category. In each case, the accident was essentially over when it was
discovered. These accidents are particularly valid for assessment of improper transfer and
disposal scenarios.

3.2.5 Collective Time-and-Proximity Factors for Accidents

The collective dose can be determined using a Collective Time-and-Proximity Factor for an
accident. Values of Time-and-Proximity Factors are given in Table 3.2.6 for the accidents at
Goiania, Brazil; Indiana, PA; and the Korea-USA incident based on collective dose due to
external irradiation (UNSCEAR 1993; NRC 1992; NRC 1990). Notice that the Indiana, PA
accident was an order of magnitude more serious than the Brazilian accident, and the Korea-
USA shipment incident was a factor of 3 more serious, in terms of Time-and-Proximity
Factors. That is, had the Brazilian source been involved in the Indiana or Korea accidents,
the collective doses would have been 10 times and 3 times higher, respectively, than they
were at Goiania. Using a similar rationale, if any of these three accidents had occurred with
a small, generally licensed source, the collective dose would have been lowest for the
Goiania-like accident, and highest for the Indiana, PA-like accident.

3.2.6 Conclusions
Distributions of Time-and-Proximity Factors from historical accidents can be used in

probabilistic risk analyses for both whole-body and local irradiation from external sources.
An analysis of 42 accidents for which source identity and strength are available show that the
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average accident victim gets a whole body dose equal to that from being at 1 meter from the
accident’s unshielded source for an hour. The average accident is characterized by a value
of 46 hours at a meter. In other words, the population-weighted average is about 1 hour at a
meter, while the accident-weighted average is 117 hours at a meter. Clearly, the accidents
with large numbers of victims (e.g., Goidnia and Juarez) dominate the former average. The
maximum value seen for whole-body doses is about 700 hours at a meter. The average,
geometric mean, and maximum values for local irradiation are 3100, 60 and 24,000 hours at
a meter, respectively.

Such distributions should be used in probabilistic risk analyses to determine likely
distributions of risks or doses from improper transfer and disposal scenarios for generally
licensed devices.

Accidents that were terminated due to the appearance of clinical symptoms of acute
irradiation have less value for risk analyses than accidents that were terminated by other
means, or never terminated.

The current AEOD incident database does not contain the kinds of information needed to
perform this analysis. It is recommended that the database either be modified to include this
information, or a separate database be created. There is a great deal of work to be done to
refine these preliminary analyses, extend them to additional accidents, and develop the
logical framework for extrapolating to other kinds of sources and scenarios.
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Figure 3.2.1. Frequency distribution of time-and-proximity factors from the 46 highest dose
cases from the 1987 Goinia accident on a roughly logarithmic horizontal scale. )

(IAEA, 1988a; Figure 9)
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Figure 3.2.2. Frequency Distribution of Time-and-Proximity Factors for the 1992 Indiana,
PA "Ir therapy misadministration accident on a logarithmic horizontal scale.

(NRC, NUREG-1480, 1993b)
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Figure 3.2.3. Frequency and Cumulative Frequency of Time-and-Proximity Factors for the
1990 Korea-USA ™Ir source shipment accident on a logarithmic horizontal scale.
(NRC, NUREG-1405, 1990)
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Figure 3.2.4. Analysis of 40 radiation accidents involving sealed sources, involving 231

individuals for whom doses were available. The Goidnia and Juarez accidents are excluded
because the large numbers of victims of those accidents would dominate the graphs.
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Table 3.2.2. Summary of Whole Body Time-and-Proximity Factors from a survey of 40
accidents involving sealed sources. The accidents at Goiania, Brazil, and Juarez, Mexico are
not included. The very large numbers of persons involved would dominate the summary
statistics.

Quantity Value Units

Number of accidents 40 -
Number of individual doses 231 -
Average 30 hours at a meter
Standard Deviation 100 hours at a meter
Geometric Mean 0.37 hours at a meter
Geometric Standard Deviation 43 -
Median 0.46 hours at a meter
Mode 0.00068  hours at a meter
Minimum ‘ 0.000112 hours at a meter
Maximum 730 hours at a meter

Table 3.2.3. Collective Time-and-Proximity Factors for several sealed source accidents.

Collective Source Source Collective Time-and-
External Dose  Activity Strength (Sv/h  Proximity Factor
Population Group (Person-Gy) Bq) at 1 m) (hours at 1 m)
All persons in Goidnia 56.3* 5.09E13 4.71 11.96
4 who died in Goiania 14.9%* 5.09E13 4.71 3.17
85 persons 2.5 1.37E11 0.022 113
Indiana, PA
24 persons, 0.74 9.2E10 0.024 31.2
Korea - USA

*Collective doses from 4172, UNSCEAR 1993. These doses are probably too low by a
factor of 2, from comparison with Figure 9 of IAEA 1988b (74 person-Gy listed there
among 50 most highly exposed).
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Figure 3.2.5. Average whole-body time-and-proximity factors (F,) for 41 sealed source
accidents as a function of source strength on a logarithmic horizontal scale. Most points
shown above the 5-Sv (500 rem) isodose line were fatal accidents.

3.3 INTERNAL EXPOSURES

There are substantial differences between cases involving only external irradiation and cases
where internal contamination has resulted. First, it is relatively rare for internal
contamination to occur in non-reactor-type accidents. Second, early clinically recognizable
symptoms of the internal radiation exposure are rarely seen in internal contamination cases.
In most instances, any deterministic effects, and certainly the stochastic effects, will display
themselves only at a time in the distant future, if at all. As a result, accidents may go
unreported. Third, medical treatment procedures can be used to induce decorporation of the
internal radionuclide burden, resulting in a reduction in radiation dose.

3.3.1 Theoretical Basis for Fraction-Taken-In

Radioactive material may gain entry to the body by inhalation, ingestion, or absorption
through skin or wounds. The amount of radioactive material, or fraction of the total
radioactive material available, that enters the body is a major factor in the radiation dose
resulting from the intake. The approach taken in this report is to perform a quantitative,
probabilistic characterization of historical radiation accidents in which- the fraction-taken-in is
known or can be calculated and then to generalize the results to generally licensed radioactive
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devices.

It should be noted that since, in many cases, it is generally not known that an accident has
occurred, the majority of early biological data needed to calculate radiation doses from the
incident will not have been collected. In some cases, the lack of early biological data has
hampered the use of historical records for determining the fraction-taken-in values.

For internal contamination cases, Brodsky (1980) has proposed the fraction-taken-in approach
to characterizing internal contamination cases. Depending on how the data are reported in
the literature, the fraction-taken-in may be available directly, or may be calculated from
reported doses. In the former case,

F,; = (11)

i

SR

where F, ; denotes the fraction-taken-in for the ith person;
A denotes the activity taken in by the ith person; and
A denotes the source activity.

If activities taken in are not published, the fraction-taken-in may be calculated from 50-year
committed effective dose equivalent to the izh person using

AF, .
b.5 rems, (12)
ALl

Hy ;

where ALI is the 1980 stochastic annual limit on intake (EPA 1988); and
5 rems is the 50 year committed effective dose equivalent resulting from an intake of
1 ALL

Solving for F, ;, we have

Foo- Hs0i ALl (13)
LI 5 rems A

where Hs, ; denotes the 50 year committed effective dose equivalent received by individual i;
ALI denotes the annual limit on intake; and
5 rems is the committed effective dose equivalent associated with an intake of a 1980
ALIL

If 1991 ALIs (based on 2 rems effective dose) are used, F ; is

E; ALl : (14)

F. = AL
2 rems A

1,

where E; denotes the effective dose to the ith person from the incident.
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3.3.2 Results of Analysis of Accidents for Fraction-Taken-In

The activity of the radioactive source at the time of the accident is an essential piece of
information. The information needed for this analysis was generally unavailable in the
NRC/AEOD incident database. A literature review of available data on accidents involving
radioactive materials was conducted. The results of this review are presented in Table 3.3.1.
The historical cases reported in this table are only those for which the source activity data
were obtainable from the literature sources available, and are the same as those included in
Table 3.2.1. For each incident, the locate, date, nuclide, source activity, incident type, and
reference were reported, as well as whether or not external or internal exposure(s) were
involved, the number of deaths resulting from such exposure(s) and the calculated fraction-
taken-in (using Eq. 11).

~ Of the 60 radiation accidents reviewed and reported in Table 3.3.1, only 17 incidents, or
(28%), involved cases of internal contamination. The low percentage of internal
contamination cases is most probably due to the fact that many of the reported radiation
accidents involved sealed, radiographic sources that maintained their structural integrity
during the accident. As a result, no radioactive material was available for intake into the
body, and the fraction-taken-in is zero. Of the 4364 individuals involved in the accidents
listed in Table 3.3.1, 90 individuals? (2.1%) received internal contamination as a result of
the indicated accident. The calculated fraction-taken-in for these individuals ranges from two
in ten-thousand to twenty in a billion (2E-4 to 2E-8). In only one case of an industrial
accident involving an unsealed source of tritium (Lloyd 1986) was the fraction-taken-in
greater than this range (in that case it was 2E-2).

In most cases, the distribution of the fraction-taken-in, and thus the resultant dose, is
lognormally distributed. This is best illustrated in Figure 3.3.1 using data from the 1987
Goinia, Brazil accident which involved a 1,375 Ci 1°’Cs source (Brandao-Mello 1987). The
log probability analysis of the 20 highest-exposed individuals indicated in Table 3.3.1
indicates that the distribution of fraction-taken-in values is lognormal with a mean of 2.6E-6
and a geometric standard deviation (GSD) of 5.4 (Figure 3.3.1). When a total of 77
individuals who had internal contamination from this accident were considered (IAEA
1988b), the distribution of fraction-taken-in values was lognormal with a mean of 6.2E-6 and
a GSD of 21 (Figure 3.3.2). The committed effective dose equivalents determined for these
77 individuals are also lognormally distributed with a mean of 0.3 Gy and a GSD of 11.2
(Figure 3.3.3). When 194 of the cleanup workers at Goidnia were evaluated, their fraction-
taken-in values were estimated to range from 7E-11 to 2E-15.

In the most recent publication of the UNSCEAR report (UNSCEAR 1993), the collective
dose for all persons involved in the Goidnia incident and for the 4 individuals who died as a

1 For the 77 cases of internal contamination resulting in the Goidnia accident (Brandao-Mello
1991b), only 20 highest internal exposures are listed.
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result of the incident were given. As shown in Table 3.3.2, this data can then be used as a
direct application of Eq. 13. By using the reported collective internal doses of 3.7 and 2.3,
respectively, the resulting fraction-taken-in values are 9E-6 and SE-6, respectively. The
estimated collective doses for this incident are within the range of values calculated for
individuals.

Figure 3.3.4 provides an illustration of the frequency of values for fraction-taken-in for the
60 radiation incidents reviewed. In addition, both the 0.3 maximum value and the realistic
range (10E-6 to 10E-5) used in the ORAU report are include on the plot. It is interesting to
note that the so called ’realistic’ range of values used in the ORAU report (obtained from
published literature on transportation accidents) falls in the range of values observed from
actual accidents. However, the maximum value of 0.3 used by ORAU falls above the
observed range. Thus, the ORAU approach to calculation the doses from their selected
scenarios might be applicable today, if two things are done: 1) the more realistic values for
fraction-taken-in should be used, and 2) CEDE and TEDE should be calculated instead of
just organ doses.

3.3.3 Conclusions and Generalizations of Results to Improper Transfer and Disposal
Scenarios for Generally Licensed Devices

When considering all reported non-reactor-type radiation accidents listed in Table 3.3.1, the
fraction-taken-in was found to range from 2E-4 to 2E-8. The internal contamination cases
upon which this range of values is based resulted largely from either industrial accidents
involving unsealed sources of radioactive material or intentional destruction of licensed
radiation sources.

When generalizing the results of this historical review, it is difficult to support the
"arbitrarily chosen" value of 0.3 for the fraction-taken-in for generally licensed devices used
in the ORAU Report. Thus, the most defensible values to use for the fraction-taken-in are
distributions in the range of 2E-4 to 2E-8, except for cases involving sealed tritium sources
in generally licensed devices.
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4.0 CONCLUSIONS

Work should be done in concert with NMSS staff to develop a risk framework that meets the
NRC’s regulatory decision making needs. Such a framework is proposed in this report, but
should be fine-tuned to meet the staff’s requirements.

Such a framework should include the probabilities of accidents occurring. The probabilities
should be expressed on a per-source, per-year basis, and include summation over accident
types and multiplication by the number of sources in use. Potential harm from accidents
should be assessed using distributions of coefficients, not point estimates, derived from
historical accidents, including fractions of source activity taken in, and probable external
doses (both local and whole-body) based on analyses such as those presented above.

Time-and-proximity factors for 231 individuals involved in 40 accidents reviewed by PNL
(excluding the large population accidents in Goiania Brazil and Juarez Mexico) averaged 30
hours at a meter, with a standard deviation of 100 hours at a meter, a geometric mean of
0.37 hours at a meter with a geometric standard deviation of 43. Collective time-and-
proximity factors were 12, 113, and 31 for the Goidnia, Indiana PA, and Korea-USA
accidents, respectively.

Fractions-taken-in were found to be in the range of 2 x 108 to 2 X 10 for many accidents
reviewed by PNL, many involving unsealed sources. Cleanup workers in Goiania had
fractions-taken-in in the range of 2 X 1015 t0 7 x 1011, while townspeople, including those
directly involved in the incident, had fractions-taken-in averaging 6 X 105, Roughly 98%
of individuals in the 60 accidents surveyed had fractions-taken-in of zero.
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6.0 TASK 6 APPENDIX

Table Task-6-Al. Individual dose equivalent values for the Indiana, PA accident.

(Svh t (SVvh @
at Indiana Regional Cancer Center [m*2/Bq]) im)
Indiana, Pennsylvania, on November 16, 1993, NUREG-1480 1.6E-13 0.021904
1.37E11 Bq (3.7 Ci) Ir-192 mSv  mSv mSv Sv F_p
Low High Avg. Avg. (h@ 1 m)
1 Table 6.3 Physician A 1.82 7.21 4.515 0.004515 0.206127
2 Table 6.3 T\RTT-A 8.2 0.0082 0.374381
3 Table6.3 RTT-B 1.1 0.0011 0.050219
4 Table 6.3 RTR 1.4 0.0014 0.063915
5 Table 6.3 Medical Physicist A 1.2 0.0012 0.054785
6 Table 6.3 Nurse A 6.3 0.0063 0.287619
7 Table 6.4 PatientC 0.09 0.1 0.095 0.000095 0.004337
8 Table 6.4 PatientD 0.09 0.1 0.095 0.000095 0.004337
9 Table 6.4 PatientE 0.09 0.1 0.095 0.000095 0.004337
10 Table 6.4 PatientF 0.09 0.1 0.095 0.000095 0.004337
11 Table 6.4 Patient G 0.09 0.1 0.095 0.000095 0.004337
12 Table 6.4 PatientH 0.09 0.1 0.095 0.000095 0.004337
13 Table 6.4 Patient | 0.09 0.1 0.095 0.000095 0.004337
14 Table 6.4 PatientJ 0.17 0.99 0.58 0.00058 0.026479
15 Table 6.4 Phlebotomist 3.5 13.9 8.7 0.0087 0.397188
16 Table 6.4 Office Manager 0.04 0.09 0.065 0.000065 0.002967
17 Table 6.4 Medical Secretary 0.04 0.09 0.065 0.000065 0.002967
18 Table 6.4 Tumor Registrar 0.04 0.09 0.065 0.000065 0.002967
19 Table 6.5 PatientK 24 4.3 3.35 0.00335 0.15294
20 Table 8.5 PatientL 24 43 3.35 0.00335 0.15294
21 Table 6.5 Administrative Aide A  0.09 0.58 0.335 0.000335 0.015294
22 Table 6.5 Administrative Aide B 0.09 0.58 0.335 0.000335 0.015294
23 Table 6.5 Laboratory Employee 0.08 0.23 0.1585 0.000155 0.007076
24 Table 6.6 Ambulance Driver 4.8 8.4 6.6~ 0.0066 0.301315
25 Table 6.6 Ambulance Aide 13.3 257 19.5 0.0195 0.890248
26 Table6.8 RNA 25 42 33.5 0.0335 1.529401.
27 Table 6.8 RNB 89 137 113 0.113 5.158875
28 Table6.8 RNC 38 63 50.5 0.0505 2.305515
29 Table 6.8 RND 3.6 5.5 4.55 0.00455 0.207725
30 Table 6.8 GPNA 88 136 112 0.112 5.113221
31 Table 6.8 LPNA 56 87 71.5 0.0715 3.264244
32 Table 6.8 LPNB 112 174 143 0.143 6.528488 -
33 Table 6.8 LPNC 56 87 71.5 0.0715 3.264244
34 Table 6.8 LPND 28 43 35.5 0.0355 1.620709
35 Table 6.8 CNAA . . 103 148 125.5 0.1255 5.729547
36 Table 6.8 CNAB 52 74 63 0.063 2.876187
37 Table 6.8 CNAC 155 223 189 0.189 8.628561
38 Table 6.8 CNAD 52 74 63 0.063 2.876187
39 Table 6.8 CNAE 103 148 125.5 0.1255 5.729547
40 Table 6.8 CNAF 52 74 63 0.063 2.876187
41 Table 6.8 CNAG 52 74 63 0.063 2.876187
42 Table 6.8 CNAH 3.6 55 4.55 0.00455 0.207725
43 Table 6.8 CNA| 4.3 6.2 5.25 0.00525 0.239682
44 Table 6.8 Maintenance Man A 19 38 28.5 0.0285 1.301132
45 Table 6.8 Dietician ‘ 3.6 6.3 4985 0.00495 0.225986

Gamma Gamma*Ac
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Table Task-6-Al, continued. Individual dose equivalent values for the Indiana, PA accident.

46 Table 6.8 Activities Director 48 22 13.4 0.0134 061176
47 Table 6.10 Relative A 54 .4 166 110.2 0.1102 5.031045
48 Table 6.10 Relative B 29.2 42 35.6 0.0356 1.625274
49 Table 6.10 Relative C ' 36.5 64.5 50.5 0.0505 2.305515
50 Table 6.10 Relative D 23.5 36.5 30 0.03 1.369613
51 Table 6.10 Relative E 219 315 26.7 0.0267 1.218955
52 Table 6.10 Relative F 219 315 26.7 0.0267 1.218955
53 Table 6.10 Friend A 23.5 9238 58.15 0.05815 2.654766
54 Table 6.11 Resident B 37.6 128 82.8 0.0828 3.780131
55 Table 6.11 Resident C 63.9 197 13045 0.13045 5.955533
56 Table 6.11 Resident D 23.1 84 53.55 0.05355 2.444759
57 Table 6.11 Resident E 11.2 154 13.3 0.0133 0.607195
58 Table 6.11 Resident F 275 317 29.6 0.0296 1.351351
59 Table 6.11 Resident G 18.3 22 20.15 0.02015 0.919923
60 Table 6.11 Resident H 342 395 36.85 0.03685 1.682341
61 Table 6.11 Resident [ 216 259 23.75 0.02375 1.084277
62 Table 6.11 Resident J 144 243 19.35 0.01935 0.8834
63 Tabie 6.11 Resident K 17.3 228 20.05 0.02005 0.915358
64 Table 6.11 Resident L 122 275 19.85 0.01985 0.906227
65 Table 6.11 Resident M 57.3 90.9 74.1 - 0.0741 3.382944
66 Tabie 6.11 Resident N 13.8 234 18.6 ©~ 0.0186 0.84916
67 Table 6.13 Driver A 1.7 0.0017 0.077611
68 Table 6.13 Driver B 25 52 3.85 0.00385 0.175767
69 Table 6.13 Driver C 0.34 0.36 0.35 0.00035 0.015979
70 Table 6.13 Supervisor A 13 513 32.15 0.03215 1.467768

71 Table 6.13 Safety Technician A 343 895 61.9 0.0619 2.825968
72 Table 6.13 Safety Technician B 269 684 47.65 0.04765 2.175402

73 Table 6.13 Other BFI 1 0.013 0.017 0.0148 1.48E-05 0.000676
74 Table 6.13 Other BFI 2 0.013 0.017 0.0148 1.48E-05 0.000676
75 Table 6.13 Other BFi 3 0.013 0.017 0.0148 1.48E-05 0.000676
76 Table 6.13 Other BFl 4 0.013 0.017 0.0148 1.48E-05 0.000676
77 Table 6.13 Other BFl 5 0.013 0.017 0.0148 1.48E-05 0.000676
78 Table 6.13 Other BFi 6 0.013 0.017 .0.0148 1.48E-05 0.000676
79 Table 6.13 Other BFI 7 0.013 0.017 0.0148 1.48E-05 0.000676
80 Table 6.13 Other BFl 8 0.013 0.017 0.0148 1.48E-05 0.000676
81 Table 6.13 Other BFI 9 0.013 0.017 0.0148 1.48E-05 0.000676
82 Table 6.13 Other BFI 10 0.013 0.017 0.0148 1.48E-05 0.000676
83 Table 6.13 Other BF! 11 0.013 0.017 0.0148 1.48E-05 0.000676

84 Table 6.13 Other BF1 12 11/29 0.004 0.007 0.00564 5.64E-06 0.000257
85 Table 6.13 Other BFI 13 11/29 0.004 0.007 0.00564 5.64E-06 0.000257
: Collective 2478 2.478 113.139

Average 29.16 0.02916 1.33105

Standard Deviation  40.75 0.041 1.860

Minimum 0.00564 5.64E-06 0.000257

Maximum  189.00 0.189 8.628561

No. Individuals 85 . 85 85
Geometric Mean 291 0.00291 0.13304
Geometric Standard Deviation 253 25.3 25.3
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Table Task-6-A2. Individual dose equivalents and Time-and-Proximity Factors for the 1990
Korea-USA 1?Ir Shipment Accident.

Inadvertent Shipment of a Radiographic Source form Korea to Amersham
Corporation, Burlington, Massachusetts, NUREG-1405, 1990
Ir-192 Korea: 1/18//90 - 2/11/90
INC S/N 1062 USA: 2/11/90 - 3/8/30
Gamma Gamma*Ac
(Svh t (Svih @

74.6 days [m*2/Bq)) 1m)
date days Act. (Ci) = 1.60E-13 0.02368
1/18/90 55 4.00"
3/8/90 6 2.54
3/14/90 0 2.40 2.49
F_p, hours
Source of data Who mrem rem Sv at a meter
Table 5.2 Nova Truck Driver 40 0.04 0.0004 0.016892
Table 5.2 Nova Cargo Unloader 1 330 0.33 0.0033 0.139358
Table 5.2 Nova Cargo Unloader 2 330 0.33 0.0033 0.139358
Table 5.2 Nova Unloading Forklift Operator 50 0.05 0.0005 0.021115
Table 5.2 Nova Unloading Checker 70 0.07 0.0007 0.029561
Table 5.2 Nova Shipping clerk 230 0.23 0.0023 0.097128
Table 5.2 Nova Shipping Supervisor 230 0.23 0.0023 0.097128
Table 5.2 Nova Asst. Shipping Clerk 150 0.15 0.0015 0.063345
Table 5.2 Nova Receiving Clerk 400 0.4 0.004 0.168919
Table 5.2 Nova Loading Forklift Operator 200 0.2 0.002 0.084459
Table 5.2 Nova Cargo Loader 1 470 0.47 0.0047 0.19848
Table 5.2 Nova Cargo Loader 2 470 0.47 0.0047 0.19848
Table 5.2 Nova Loading Checker 220 0.22 0.0022 0.092905
Tables 5.3 & 5.4 Covenant Senior Driver 34850 34.85. 0.3485 14.71706
Tables 5.3 & 5.4 Covenant Driver Trainee 27560 27.56 0.2756 11.63851
Table 5.4 Patriot Operator 5600 5.8 0.056 2.364865
Table 5.4 Patriot Warehouseman 1080 1.08 0.0108 0.456081
Table 5.4 USCS inspector 810 0.81 0.0081 0.342061
Table 5.4 Patriot Truck Driver 550 0.55 0.0055 0.232264
Table 5.5 Amersham Rad Tech A 20 0.02 0.0002 0.008446
Table 5.5 Amersham Rad Safety Spedcialist 30 0.03 0.0003 0.012669
Table 5.5 Amersham Rad Tech B 20 0.02 0.0002 0.008446
Table 5.5 Amersham Rad Safety Officer 15 0.015 0.00015 0.006334
Table 5.5 Amersham Hot Lab Supervisor 40 0.04 0.0004 0.016892
" Collective 73765  73.765 0.73765 31.15
Average 3073.5 3.07 0.0307 1.30
Standard Deviation 8801.9 8.80 0.0880 3.72
Minimum 15 0.015 0.00015 0.00633
Maximum 34850 34.85 0.3485 14.72
No. Individuals 24 24 24 24
Geometric Mean 259.58 0.260 0.00260 0.110
Geometric Standard Deviation 7.87 7.87 7.87 7.87
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Table Task-6-A3. Summary information for 40 accidents involving sealed sources and 231
individuals with known or estimated doses.

Whole

— — Body Time-
= o
Q- (S} @ and-
a < < : Proximity

3 g > 2 Gamma Factor
55 5 2 2 (Svth Gamma*Act. (hours ata

Code 3 2 P < < _[m*2/Bql) (Svih @ 1m) meter)
ALG78 78 1r-192 IndRad 25 9.25e+11. 1.60E-13 0.148 87.837838
ALG78 78 1Ir-182 IndRad 25 9.25E+11 1.60E-13 0.148 89.527027
ALG78 78 Ir-192  IndRad 25 9.25e+11  1.60E-13 0.148 81.081081
ALG78 781Ir-192 IndRad 25 9.25E+11 1.60E-13 0.148 74.324324
- ALG78 78 1r-192 IndRad 25 9.25E+11 1.60E-13 0.148 270.27027
ALG78 78 ir-192 IndRad 25 9.25E+11 1.60E-13 0.148 6.7567568
ALG78 78 Ir-192 IndRad 25 9.25E+11 1.60E-13 0.148 6.7567568
AUS70 70 Ir-192 IndRad 22 8.14E+11 1.6E-13 0.13024 1.23
AUS70 70 Ir-192  IndRad 22 8.14E+11 1.6E-13 0.13024 3.53
BAN8S 85 1ir-182  IndRad 50 1.85E+12 1.6E-13 0.296 8.45
CA79 79 192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.0120656
CAT79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.0241313
CAT79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.0422297
CA79 79 r-192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.08445395
CAT79 79 Ir-182  IndRad 28 1.04E+12 1.6E-13 0.16576 0.1025579
CAT79 79 Ir-192  indRad 28 1.04E+12 1.6E-13 0.16576 0.11764
CA79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.1870174
CA79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.3619691
CA79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576 0.3921332
CA79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576 1.3875483
CA79 79 Ir-192  IndRad 28 1.04E+12 1.6E-13 0.16576- 5.2787162
CZE66 66 1-131 Medical 225 8.33E+10 7.63E-14 0.006351975 0.002
CZE66 66 1-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.004
CZE66 66 1-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.006
CZE66 66 1-131 Medical 2.25 8.33e+10 7.63E-14 0.006351975 0.008
CZEE6 66 I-131 Medical 225 8.33E+10 7.63E-14 0.006351975 - ~ 0.01
CZE66 66 [-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.012
CZE66 66 I-131 Medical 225 8.33E+10 7.63E-14 0.006351975 ] 0.014
CZE66 66 I-131 Medical 2.25 8.33E+10 7.63E-14 0.006351875 0.016
CZE66 66 1-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.018
CZEE6 66 I-131 Medical 2.25 B8.33E+10 7.63E-14 0.006351975 0.02
CZE66 66 I-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.022
CZE66 66 |-131 Medical 225 8.33E+10 7.63E-14 0.006351975 0.024
CZEE66 66 1-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.026
CZE66 66 1-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.028
CZE66 66 1-131 Medical 2.25 8.33E+10 7.63E-14 0.006351875 0.03
CZE66 66 |-131 Medical 2.25 8.33E+10 7.63E-14 0.006351975 0.032
CZE73 73 Co-60 Tele 2973 1.10E+14 3.7E-13 40.7 0.0025
CZE73 73 Co-60 Tele 2973 1.10E+14 3.7E-13 40.7 0.0344
FRG68 68 Ir-192 IndRad 7.8 2.89E+11 1.6E-13 0.046176 32.4
FRG72 72 I-192 IndRad 29.73 1.10E+12 1.6E-13 0.176 1.7
FRG81 81 Co60 Tele 2595 9.60E+13 3.7E-13 35.52 0.0113
FRG81 81 Co-60 Tele 2595 9.60E+13 3.7E-13" 35.52 0.0056
IND68 68 Ir-192 IndRad 1.4 5.18E+10 1.6E-13 0.008288 156.85
ISRO0 90 Co-60  Steril 340541 1.26E+16 3.7E-13 4662 0.0032
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Table Task-6-A3 continued. Summary information for 40 accidents involving sealed sources
and 231 individuals with known or estimated doses.

Whole
- —_ Body Time-
. = o
9 o @ and-
= < < Proximity
3 3 2 2 Gamma Factor
5 B > = 2 {Sv/h Gamma*Act. (hours ata
Code s 2 3 2 £ _[m*2/Bal (Sv/h @ 1m) meter)
ITA75 75 Co-60  Steril 36000 1.33E+15 3.7E-13 492.84 0.0284
JOH58 59 Co-60 IndRad 1.75 6.48E+10 3.7E-13 0.0239575 1.04
JPN71 71 1r-192  IndRad 5.26 1.95E+11 1.6E-13 0.0311392 3.2113863
JPN71 71 Ir-192  IndRad 526 1.95E+11 1.6E-13 0.0311392 4.1748022
JPN71  711r-192  IndRad 526 1.95E+11 1.6E-13 0.0311392 4.8170794
JPN71 71 1r-192  IndRad 526 1.95E+11 1.6€-13 0.0311392 8.0284657
JPN71 71 Ir-192  IndRad 526 1.95E+11 1.6E-13 0.0311392 16.056931
JPN71 71 ir-192 IndRad 5.26 1.95E+11 1.6E-13 0.0311392 42.711438
KOR90 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0063345
KOR90 80 Ir-192  indRad 4 1.48E+11 1.60E-13 0.02368 0.0084459
KORSO 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0084459
KORS0 90 ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0126689
KORS0 90 1r-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0168919
KORS0 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0168919
KORSO 980 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0211148
KOR90 90 Ir-192 IndRad 4 1.48E+11 1.60E-13 0.02368 0.0295608
KOR90 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0633446
KORS0O 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0844595
KORS0 90 {r-192 IndRad 4 1.48E+11 1.60E-13 0.02368 0.0929054
KORS0 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0971284
KORS0 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.0971284
KORS0 90 Ir-192 IndRad 4 1.48E+11 1.60E-13 0.02368 0.1393581
KORS0O 80 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.1393581
KORS0 90 ir-192 IndRad 4 1.48E+11 1.60E-13 0.02368 0.1689188
KORS0 80 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.1984797
KORS0 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.1984797
KORS0 90 Ir-192  IndRad 4 1.48E+11  1.60E-13 0.02368 0:2322635
KORS0 90 1Ir-192 IndRad 4 1.48E+11 1.60E-13 0.02368 0.3420608
KOR90 80 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 0.4560811
KORSO 90 Ir-192  indRad 4 1.48E+11 1.60E-13 0.02368 2.3648649
KORS0 90 ir-192 IndRad 4 1.48E+11 1.60E-13 0.02368 11.638514
KOR9S0 90 Ir-192  IndRad 4 1.48E+11 1.60E-13 0.02368 14.717061
KY76 76 Ir-192  indRad 78 2.89E+12 1.60E-13 0.46176 2.06
LA78 78 Ir-192  IndRad 100 3.70E+12 1.60E-13 0.592 0.0845
MEX62 62 Co-60 IndRad 5 1.85e+11 3.70E-13 0.06845 175.31045
MEX62 62 Co-60 IndRad 5 1.85E+11 3.70E-13 0.06845 686.63258
MEX62 62 Co-60 [IndRad 5 1.85E+11 3.70E-13 0.06845 511.32213
MEX62 62 Co-60 IndRad 5 1.85E+11 3.70E-13 0.06845 419.28415
‘MEX62 62 Co-60 IndRad 5 1.85e+11 3.70E-13 0.06845 438.27611
MORS84 84 Ir-192  IndRad 16.2 6.00E+11  1.60E-13 0.096 10.416667
MOR84 84 Ir-192  IndRad 16.2 6.00E+11 1.60E-13" 0.096 26.041667
MOR84 84 Ir-192  IndRad 16.2 6.00E+11 1.60E-13 0.096 67.708333
MORS84 84 Ir-192 IndRad 16.2 6.00E+11  1.60E-13 0.096 83.88
MOR84 84 Ir-192 IndRad 16.2 6.00E+11 1.60E-13 0.096 106.5138
MORS84 84 Ir-192  IndRad 16.2 6.00E+11  1.60E-13 0.096 123.3923
MORS84 84 Ir-192 IndRad 16.2 6.00E+11  1.60E-13 0.096 139.457
MORS84 84 Ir-192  IndRad 16.2 6.00E+11 1.60E-13 0.086 156.6363
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Table Task-6-A3 continued. Summary information for 40 accidents involving sealed sources
and 231 individuals with known or estimated doses.

Whole

— — Body Time-
= o
2 o @ and-
i < < Proximity

3 g 2 2 Gamma Factor
5 T 5 2 2 (Sv/h Gamma*Act. (hours at a

Code 3 2 & < &£ [m*/Bq)) (Sv/h @ 1m) meter)
MORS84 84 Ir-192 indRad 16.2 6.00E+11 1.60E-13 0.086 177.0292
MOR84 84 Ir-192  IndRad 16.2 6.00E+11 1.60E-13 0.096 205.0817
MOR84 84 Ir-192 IndRad 16.2 6.00E+11  1.60E-13 0.096 260.42
NJ74 74 Co-60  Steril 120000 4.44E+15 3.70E-13 1642.8 0.0025
NJ77 77 Co-60  Steril 500000 1.85E+16 3.70E-13 6845 0.0003068
NOR82 82 Co-60  Steril 65720 2.43E+15 3.70E-13 899.7068 0.0445
NY83 83 Co-60 IndRad 25 9.25E+11 3.70E-13 0.34225 0.0015
NY83 83 Co-60 IndRad 25 9.25e+11 3.70E-13 0.34225 0.002
NY83 83 Co-60 IndRad 25 9.25E+11 3.70E-13 0.34225 0.0025
NY83 83 Co-60 IndRad 25 9.25e+11  3.70E-13 0.34225 0.003
NY83 83 Co-60 IndRad 25 9.25E+11 3.70E-13 0.34225 0.0035
NY83 83 Co-60 IndRad 25 9.25e+11  3.70E-13 0.34225 0.004
NY83 83 Co-60 indRad 25 9.25e+11 3.70E-13 0.34225 0.0045
NY83 83 Co-60 IndRad 25 9.25e+11  3.70E-13 0.34225 0.005
NY83 83 Co-60 IndRad 25 9.25e+11 3.70E-13 0.34225 0.0055
NY83 83 Co-60 IndRad 25 9.25E+11 3.70E-13 0.34225 0.0058
PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0002575
PAS2 92 ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021804 0.0002575
PAS2 92 ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PA92 92 ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021804 0.0006757
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021804 0.0006757
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PA92 92 Ir-192  Brachy 3.7 1.37e+11 1.60E-13 0.021904 0.0006757
PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PAG2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PAG2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0006757
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0029675
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0029675
PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0029675
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021804 0.0043371
- PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0043371
PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021804 0.0043371
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0043371
PAG2 92 Ir-192  Brachy 3.7 1.37e+11.  1.60E-13 0.021504 0.0043371
PAS2 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.0043371
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0043371
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.0070763
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.015294
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.015294
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.0159788

PA92 92 Ir-192  Brachy 3.7 1.37E+11° 1.60E-13 0.021904 0.0264792 .

PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.0502191
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.0547845
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Table Task-6-A3 continued. Summary information for 40 accidents 1nvolv1ng sealed sources
and 231 individuals with known or estimated doses.

Whole

- — Body Time-
= o
2 $) @ and-
ey < < Proximity

3 3 = Z Gamma Factor
% 3o 5 Z 2 (Svh Gamma*Act. (hours at a

Code ¥ 2 & < & [m*YBq])_(Sv/h @ 1m) meter)
PAG2. 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.0639153
PAG2 92 r-192 Brachy 3.7 1.37E+11 1.60E-13 0.021804 0.0776114
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021804 0.1529401
PAS2 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.1529401
PA92 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.175767
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.2061267
PA92 92 ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.2077246
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.2077246
PAS2 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.2259861
PA92 92 ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.2396822
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0:021904 0.2876187
PAS2 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.3013148
PA92 92 Ir-192  Brachy 3.7 1.37E+11 .-1.60E-13 0.021904 0.3743608
PA92 92 ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.3971877
PA92 92 ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.607195
PAS2 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 0.6117604
PAS2 92 |r-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 0.84916
PAS2 92 Ir-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 0.8834003
PA92 92 Ir-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 0.8902484
PA92 92 Ir-192 ’Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.9062272
PAG2 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 0.9153578
PA92 92 ir-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 0.9199233
PA92 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 1.0842768
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 1.2189554
PAS2 92 Ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 1.2189554
PA92 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 1.3011322
PA92 92 ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 1.3513514
PAS2 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 1.3696129
PAS2 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 1.4677684
PA92 92 (r-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904  1.529401
PA92 92 ir-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 1.6207085
PAS2 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 1.6252739
PA92 92 ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 1.6823411
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 2.1754018
PAS2 92 ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021804 2.305515
PAS2 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 2.305515
PAS2 92 Ir-182  Brachy 3.7 1.37E+11  1.60E-13 0.021904 2.4447589
PA92 92 ir-192  Brachy 3.7 1.37E+11 1.60E-13 0.021904 2.6547663
PAS2 92 Ir-192 - Brachy 3.7 1.37E+11 1.60E-13 0.021904 2.8259679
PAS2 92 1r-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 2.876187
PA92 92 [r-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 2.876187
PA92 - 92 Ir-192  Brachy 3.7 1.37E+11  1.60E-13 0.021904 2.876187
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 2.876187
PAS2 92 Ir-192  Brachy 3.7 1.37e+11  1.60E-13 0.021904 3.264244
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 3.264244
PA92 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 3.3829438
PAS2 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 3.7801315
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Table Task-6-A3 continued. Summary information for 40 accidents involving sealed sources
and 231 individuals with known or estimated doses.

Whole

R — Body Time-
= o
o o @ and-
> < < Proximity

3 3 > 2 Gamma Factor
% © 5 = 2 (Sv/h Gamma*Act. (hours at a

Code 2 3 < £ Im*2/Bal) (Svih @ 1m) meter)
PA92 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 5.0310446
PAS2 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 5.1132213
PA92 92 ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 5.1588751
PA92 92 Ir-192 Brachy 3.7. 1.37E+11  1.60E-13 0.021904 5.7295471
PAg2 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 5.7295471
PAS2 92 Ir-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 5.9555332
PAS2 92 1r-192 Brachy 3.7 1.37E+11  1.60E-13 0.021904 6.5284879
PA92 92 Ir-192 Brachy 3.7 1.37E+11 1.60E-13 0.021904 8.628561
PRC63 63 Co-60 IndRad 10 3.70E+11 3.70E-13 0.1369 14.609204
PRC63 63 Co60 IndRad 10 3.70E+11  3.70E-13 0.1369 29.218408
PRC63 63 Co-60 IndRad 10 3.70E+11  3.70E-13 0.1369 43.827611
PRC63 63 Co-60 IndRad 10 3.70E+11 3.70E-13 0.1369 58.436815
PRC63 63 Co-60 IndRad 10 3.70E+11  3.70E-13 0.1369 292.18408
PRC63 63 Co-60 IndRad 10 3.70E+11  3.70E-13 0.1369 584.36815
PRC80 80 Co-60  Steril 53000 1.96E+15 3.70E-13 725.57 1.89
PRC85 85 Cs-137 IndRad? 10 3.70E+11  9.25E-14 0.034225 3.35
PRC86 86 Co-60 (1) 6888 2.55E+14 3.70E-13 94,29672 3.83
PRC87 87 Co-60 Steril 89000 3.29E+15 3.70E-13 1218.41 7.3
PRC92 92 Co-60 Expt 12 4.44E+11  3.70E-13 0.16428 8.143138
PRC92 92 Co-60 Expt 12 4.44E+11 3.70E-13 0.16428 8.677649
PRC92 92 Co-60  Expt 12 4.44E+11  3.70E-13 0.16428 9.118739
PRC92 - 92 Co-60  Expt 12 4.44E+11 3.70E-13 0.16428 9.521521
PRC92 92 Co-60 Expt 12 4.44E+11  3.70E-13 0.16428 9.912457
PRC92 92 Co-60  Expt 12 4.44E+11  3.70E-13 0.16428 10.31026
PRC92 92 Co-60 Expt 12 4.44E+11 3.70E-13 0.16428 10.73358
PRC92 92 Co-60 Expt 12 4.44E+11  3.70E-13 0.16428 11.20769
PRC92 92 Co-60  Expt 12 4.44E+11  3.70E-13 0.16428 11.77738
PRC92 92 Co-60 Expt 12 4.44E+11 3.70E-13 0.16428 12.55044
PRCS2 92 Co-60  Expt 12 4.44E+11 3.70E-13 0.16428 14
PRC92 92 Co-60 Expt 12 4.44E+11 3.70E-13 0.16428 60.87168
PRCO2 92 Co-60 Expt 12 4.44E+11  3.70E-13 0.16428 91.30752
PRC92 92 Co-60 Expt 12 4.44E+11 3.70E-13 0.16428 121.7434
SAF77 77 Ir-192 IndRad 6.76 2.50E+11 1.60E-13 0.04 2.5
SAF77 77 Ir-192 IndRad 6.76 2.50E+11 1.60E-13 0.04 4.25
SAF77 77 Ir-192 IndRad 6.76 2.50E+11 1.60E-13 0.04 29
SAL89 89 Co-60 Steril 18000 6.66E+14 3.70E-13 246.42 0.013
SAL8Y9 89 Co-60  Steril 18000 6.66E+14 3.70E-13 246.42 0.018
SAL8S 89 Co-60  Steril 18000 6.66E+14 3.70E-13 246.42 - 0.034
SCO68 69 Ir-192 IndRad 25 9.25E+11 1.60E-13 0.148 4.05
TN71 71 Co-60 Expt 7700 2.85E+14 3.70E-13 105.413 0.0247
TRK76 76 Co-60 Tele 2260 8.36E+13 3.70E-13 30.93%4 0.0001118
TX72 72 Cs-137 IndRad 4 1.48E+11 9.25E-14 0.01369 730
UK77 77 1Ir-192 IndRad 21.6 8.00E+11 1.60E-13 0.128 0.78
UK81 81 Cs-137 Brachy 0.12 4.44E+09 9.25E-14 0.0004107 0.487
WA76 76 Am-241 Dfnse 343 1.27E+13 7.57E-15 0.096165142 0.052
Wi61 61 Co-60  Expt 200 7.40E+12 3.70E-13 . 2738 0.913
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Table Task-6-A3 continued. Summary information for 40 accidents involving sealed sources

and 231 individuals with known or estimated doses.

Whole
. —_ Body Time-
o O @ and-
2 = = .
= < < Proximity
3 9 > 2 Gamma Factor
5% 5 2 2 (Sv/h Gamma*Act. (hours at a
Code £ 2 3 1 < Im*2/Bql}_(Sv/h @ 1m) meter)
Minimum 0.0001118
Maximum 730
Average 30
Std Dev 100
GeoMean 0.37
GSD 42.53
Median 0.46
Mode 6.76E-04
Number
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APPENDIX G: PRELIMINARY RISK ANALYSIS FOR SELECTED SOURCES

A full implementation of the risk analysis described in Section 2 of the Task 7 Final Report
is beyond the scope of work of the current project. However, a sample risk analysis is given
below.

G1.0 RADIOLOGICAL PROPERTIES OF RADIONUCLIDES REGISTERED BETWEEN
1987 AND 1992

Data provided to PNL by S. L. Baggett (Baggett 1993) included 24 valid radionuclide names.
Table G-1 lists those radionuclides as row labels in column 1, in order of increasing atomic
number. The specific dose equivalent rate constant! for each nuclide (or chain, in the case
of 226Ra) is given in the next column in units of rems per hour at 1 m from 1 Ci (Unger and
Trubey, 1981). The next two columns list the most restrictive ALI values for inhalation and
ingestion, respectively. There is no ALI for 85Kr. The half-life for each nuclide is given in
the center column.

Since distributions of source strengths and numbers of sources in service with activities below
20 millicuries (the limit of the ORAU report) are not available, a source strength of 20 mCi
was arbitrarily chosen as a reference value in Table G-1. Also, for simplicity, the "worst
plausible case" reference value for the time-and-proximity factors, F,, of 1000 hours at one
meter was chosen (730 was the highest observed) for use in Table G-1. Similarly, a "worst
plausible case" reference value of the fraction-taken-in, F,, of 10* was chosen for use in
Table G-1.

Column 7 shows the dose equivalent in rems for external exposure for 1000 hours at 1 meter
away from an unshielded 20 mCi source. Columns 8 and 9 show the committed effective
dose equivalent in rems for intakes of 10—4 of a 20 mCi source, i.e., 2 uCi, for inhalation
and ingestion, respectively. Note that these columns can be interpreted as doses in millirems
for 1 hour at a meter and 1077 fraction-taken-in, both more central values from the PNL
analysis presented in Appendix F, Task 6.

The sixth column of Table G-1 gives the ratio of the value in column 7 divided by the value
in column 9. The column 6 values are independent of source strength. Column 6 values are
a ratio of external exposure hazard (dose) to intake hazard (dose) under the 1000 hours at a
meter and 10 scenarios. Figure G-1 is a bar plot of Column 6 values. For 8Kr, there is
no ALI even though it poses an external hazard; for 93Nj, 55Fe, 3H, 210g;, 106Ry, 14C, and

' 1Although it would be desirable to use effective dose equivalent rate constants, none have been
published in the peer-reviewed literature. Calculations of such constants, based on the methods of
the ICRP and ICRU, as shown in Appendix A of the Task 7 Final Report, lead to unrealistically
high numbers for low-energy photon emitters if "bare" sources are assumed (e.g., 241 Am).
Further research is needed in this area. Thus, the work of Unger and Trubey ( 1981), based on
ANSI/ANS-6.1.1-1977, has been used for dose equivalent rate constants.
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“Figure G-2. Committed effective dose equivalent from ingestion of 10 of a 20 mCi source
(vertical axis) as a function dose equivalent from external exposure for 1000 hours at 1 meter
from an unshielded 20 mCi source. The relative doses are seen to be widely variable.

G2.0 NUMBER OF DEVICES

Numbers of sources are given in Table Task-3-1B for by Device Code. For this analysis,
Device Code D, Gamma Gauges, is chosen for radionuclide 137Cs, which includes 2493
sources with average activity 883 mCi. Table G-2 shows a possible (hypothetical)
distribution of numbers of sources and activities to give the correct total and average. It
would be best to have exact numbers from a full database.



Table G-2. Possible (hypothetical) distribution of numbers of sources and activities for 137
gamma gauges for a total of 2493 sources and an average of 883 mCi per source, as shown
in Table Task-3-1B.

Activity (mCi) Number
1 500

10 500

100 559

1000 800

10,000 134
TOTAL 2493

G3.0 RATES OF DEVICE INVOLVEMENT
G3.1 RATES OF INCIDENTS

Table Task-3-8 shows that there were 6 incidents in ORAU Category B (Regulatory Guide
10.10 Device Code D) over a 10 year period, 5 incidents involving 137Cs. Assuming that
one out of two incidents is reported, this gives a rate of (6 incidents reported) X (2 incidents
occurring per incident reported) + (10 years) = 1.2 incidents per year for all Device Code
D devices. Using the total number of Device Code D sources in Table Task-3-2, 24,679,
and 'correcting for the fraction of Device Code D sources that are 137Cs, one calculates

(1.2 incidents per year) X (2493 / 24,679) = 0.121 incident per year for 137Cs Device Code
D devices.

One could argue from Table Task-3-8 that the rate for cesium sources is predominant, that
is, cesium sources account for 5/6 of all incidents. Using this logic would yield a rate of

(1.2 incidents per year) x (5/6) = 1.0 incident per year for 137Cs Device Code D devices.
This analysis uses the latter value.

G3.2 NUMBERS OF DEVICES PER INCIDENT

| Table Task-3-7 shows 9 devices were involved in the 6 incidents listed in Table Task-3-6,
for a rate of 1.5 device per incident.

G3.3 RATE OF DEVICE INVOLVEMENT IN INCIDENTS

The rate of device involvement in incidents is the product of the number of incidents per
year and the number of devices per incident, (1.0 incident per year) X (1.5 devices per
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incident) = 1.5 devices involved in incidents per year.

G4.0 SEVERITY OF INCIDENTS

There are several aspects to severity.

G4.1 FRACTION OF INCIDENTS RESULTING IN LEAKING SOURCES

In Table Task-3-6, 19 out of 114 incidents resulted in leaking sources, although none of
these involved Device Code D (ORAU Category B) gamma gauge sources. One could argue
that such sources are made to withstand leaking. Alternatively, Table Task-3-7 shows that
75 of 300 devices involved in incidents leaked, primarily static eliminators and ORAU
Category L sources. For this value, 0.125 of incidents result in a leaking source.

G4.2 NUMBER OF PERSONS INVOLVED IN INCIDENT

Most incidents involve 1 person, but more may be involved. For intakes, Table 3.1.1 for
Task 6 showed the distribution of numbers of persons involved in accidents, as summarized
in Table G-3. There are 4364 persons involved in the 60 incidents, using 77 persons (instead
of the value of 20 in Table 3.3.1) for Goinia.

Due to the difficulty of incorporating different numbers of persons with different fractions-
taken-in and different time-and-proximity factors, the accompanying analysis considers only
1-person incidents.



Table G-3. The distribution of numbers of persons involved in incidents.

Number of Persons Frequency of
Involved in Incident Occurrence
1 34
2 9
3 3
4 1
5 3
6 2
11 1
16 1
22 1
24 1
28 1
77 1
94 1
4000 1

G4.3 DISTRIBUTION OF FRACTIONS-TAKEN-IN

These data are also taken from Table 3.3.1 of the Task 6 Report. The fractions-taken-in are
4355 values, expanded from Table 3.3.1, with the omission of the Swiss accident of 1985
(which involved an unsealed 3H source and a, very high fraction-taken-in, namely, 0.02).
The average fraction-taken-in was 1.34 X 10‘7, with a standard deviation of 4.17 X 10°C.
The latter two parameters were used to define a lognormal distribution.

G4.4 DISTRIBUTION OF TIME-AND-PROXIMITY FACTORS

These factors were modeled using a lognormal distribution with mean of 30 hours at 1 m and
a standard deviation of 100 hours at 1 m, based on the results presented in Table Task-6-A3.

G4.5 DISTRIBUTION OF SOURCE REMOVAL FROM SHIELD

A scenario of the source removal from the shield was assumed to occur in 0.5 of incidents.
This is an arbitrary figure that is probably an overestimate.
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G5.0 PRELIMINARY PROBABILISTIC RISK ANALYSIS RESULTS
The output of a 1000-trial Crystal Ball simulation is attached at the end of this appendix.

External dose equivalent per year was modeled as (Incident Rate [devices/year]) X (Source
Activity) X (Probability of Removal from Shield) X (Time-and-Proximity Factor) X (Specific
Dose Equivalent Rate Constant), where the factors in italics were sampled from distributions
described above. The mean dose was 6.81 rems per year from incidents (recall that many of
these sources have activities of 10,000 millicuries, as described in Table G-2) with a
maximum of 1056 rems. Had the source activities been limited to 20 mCi, the highest dose
would have been 20/883 as large, or 24 rems.

Committed effective dose equivalent (CEDE) from ingestion intakes was modeled as
(Incident Rate [devices/year]) X (Source Activity) X (Probability of Leakage) % (Fraction-
Taken-In) X (5 rems CEDE/ALI) X (1 ALI/0.1 mCi), where the factors in italics were
sampled from distributions described above. The mean dose was 0.4 mrem with a maximum
of 154 mrem. Had the source activities been limited to 20 mCi, the highest dose would have
been 20/883 as large, or 3.5 millirems.

G6.0 DISCUSSION

This analysis is preliminary and was made to demonstrate the proof-of-principle. The
methods should be reviewed and refined, and calculations for extremity doses, non-stochastic
effects, and collective doses should be made for each nuclide and each Device Code listed in
Table Task-3-1. It should be determined whether there is a need to restrict the data to
source strengths less than or equal to 20 mCi as was done in the scope of work for the
ORAU Report. There is a need for detailed data on numbers of devices by source type (the
Regulatory Guide 10.10 Device Code is not adequate), isotope(s), dates placed in service,
activities, and design. These data should be available for each of the 500,000 or so sources
now in use.

It was discovered that incorporating realistic scenarios (e. g., different fractions-taken-in and
different time-and-proximity factors for each individual in multiple-person incidents) is more
difficult than expected, the remaining funds did allow us to complete this extra task.

G7.0 ADDITIONAL REFERENCES FOR APPENDIX G

Baggett, S. L. 1993. Letter to D. J. Strom of Pacific Northwest Laboratory dated
November 2, 1993. Washington, DC: Sealed Source Safety Section, U.S. Nuclear -
Regulatory Commission.

Unger, L. M., and D. K. Trubey. 1981. Specific Gamma-Ray Dose Constants for Nuclides
Important to Dosimetry and Radiological Assessment. ORNL RSIC-45. United States
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G8.0 SAMPLE PROBABILISTIC RISK ANALYSIS: CRYSTAL BALL REPORT

Forecast: External Dose

Summary:

Display Range is from 0.00 to 150.00 rems
Entire Range is from 0.00 to 1,056.46 rems

After 1,000 Trials, the Std. Error of the Mean is 1.53

Statistics:
Trials
Mean
Median
Mode

Standard Deviation

Variance
Skewness
Kurtosis

Coeff. of Variability

Range Minimum
Range Maximum

Range Width
Mean Std. Error

Value .

1000
6.81E+00
0.00E+00
0.00E+00
4.84E+ 01
2.34E+03
1.44E+01
2.62E+02
7.10E+00
0.00E+00
1.06E+03
1.06E+03
1.63E+00

Cell C13
.851 4

Forecast: Collective External Dose

Frequency Chart

.638

.425

.213

Probability

000 1l

>
0.00

37.50 75.00 112.50

rems

991 Trials Shown
- 843
632
-
e
421 o
o=
o
=
210 Q
0
4
150.00
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Appendix G

Forecast: Collective External Dose (cont'd) Cell: C13
Percentiles:

Percentile rems

0.0% v 0.00

2.5% 0.00

5.0% 0.00

50.0% 0.00

95.0% A 21.48

97.5% 50.46

100.0% 1,056.46

End of Forecast
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Appendix G

Forecast: Intake Dose
Summary:
Display Range is from 0.00E+0 to 1.50E-2 rems
Entire Range is from 0.00E+0 to 1.54E-1 rems
After 1,000 Trials, the Std. Error of the Mean is 1.74E-4
Statistics: Value
Trials 1000
Mean 3.99E-04
Median 0.00E+00
Mode 0.00E+00
Standard Deviation 5.51E-03
Variance 3.04E-05
Skewness 2.33E+01
Kurtosis 6.22E+02
Coeff. of Variability 1.38E+ 01
Range Minimum 0.00E+00
Range Maximum 1.54E-01
Range Width 1.54E-01
Mean Std. Error 1.74E-04
Forecast: Collective Intake Dose
Cell C14 Frequency Chart . 993 Trials Shown
.965 . 958
724 718
£ . my
E 482 a79 3
2 _ &
S 241 239 3
Q.
.000 ‘ ‘ ‘ ‘ 0
0.005}+o 3.75E-3 - 7.50E-3 1.13E-2 1 .;05-2
rems
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Forecast: Collective Intake Dose (cont'd)

Percentiles:

rcentil

0.0%
2.5%
5.0%
50.0%
95.0%
97.5%
100.0%

End of Forecast

Appendix G
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rems
0.00E + 00
0.00E + 00
0.00E + 00
0.00E + 00
4.95E-05
6.15E-04
1.54E-01

Cell:

c14



Appendix G

Assum
Assumption: Time-and-Proximity
Lognormal distribution with parameters:
Mean 30.00
Standard Dev. 100.00
Selected range is from 0.00 to + Infinity
Mean value in simulation was 33.57
Assumption: Fraction-Taken-In
Lognormal distribution with parameters:
Mean -19.26
Standard Dev. 2.62

- Selected range is from -Infinity to + Infinity
Mean value in simulation was 0.00

Fraction-Taken+n

Time-and-Proximity

.08

{log space)
(log space)

Assumption: Probability of Leakage

Custom distribution with parameters:
Single point 0.00
Single point 1.00
Total Relative Probability

Mean value in simulation was 0.14

Page G2-5

248,14

482.21

738.28

Cell: C9
q

Cell: C8

Cell: C7
ive Pr
0.875000
0.125000
1.000000



Appendix G

Assumption: Probability of Leakage (cont'd) Cell: C7

Probabllity of Leakage

-25.00 -12.50 0.00 12.50 25.00

Assumption: Device Activity Cell: C6
Custom distribution with parameters: Relative Pr
Single point 1.00 0.200562
Single point 10.00 0.200562
Singie point 100.00 0.224228
Single point 1,000.00 0.320899
Single point 10,000.00 0.053751
Total Relative Probability 1.000000

Mean value in simulation was 764.28

Device Activity
- !
Assumption: Probability of Removal from Shield ' Cell: C11
Custom distribution with parameters: Relative Pr
Single point 0.00 0.500000
Single point - 1.00 0.500000
Total Relative Probability 1.000000

Mean value in simulation was 0.47
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Appendix G

Assumption: Probability of Removal from Shield (cont'd)

Probability of Removal from Shield

500 r

.375

.250 |

.125 |

.000

-25.00 -12.50 0.00 12.50

Assumption: Number of Persons
Custom distribution with parameters:
Single point 1.00
Total Relative Probability

Mean value in simulation was 1.00

Number of Persons

-24.00 -11.50 1.00 13.50

End of Assumptions
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25.00

Cell:

Cell:

Relative Prob,
1.000000

1.000000

C11

C10

e 1 T o



