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NOTICE: The pro ject that is the subject of this report was approved by the 
Governing Boa rd of  the National Resea rch Council , whose members are drawn from 
the counc ils of the National Academy of Sciences , the Nat ional Academy of 
Enginee ring , and the Institute of Medicine. The members of the committee 
responsi ble for the report were chosen for their special competence& and with 
rega rd for appropriate balance. 

Thi s report has been reviewed by a group other than the authors according to 
procedures approved by a Report Review Committee consi sting of members of the 
National Academy of Sciences , the Nat ional Academy of Engineering , and the 
Institute of Medicine. 

The Nat ional Research Counc il was established by the National Academy of 
Sciences in 1 91 6  to associate the broad community of science and technology 
wi th the Academy's purpose s  of furthe ring knowledge and of advising the 
federal government. The Council operates in accordance with general policies 
determined by the Academy under the authority of its congre ssional charter of 
1863,  which establishes the Academy as a private , nonprofit , self-governing 
membership corporation. The Counc il has become the principal operating agency 
of both the National Academy of Sciences and the National Academy of 
Engineering in the conduct of their services to the government , the public , 
and the scient ific and enginee ring communi ties. It is administered jointly by 
both Academies and the Institute of Medic ine. The Nat ional Academy of 
Enginee ring and the Institute of Medicine were established in 196 4 and 1970 , 
re spectively , under the charter of the Nat ional Academy of Sciences. 

The study repo rted here was supported by Contrac t DNA-001-85-C-000 2 between 
the Nat ional Academy of Sciences and the Defense Nuclear Agency. 
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PREFACE 

In 197 7 ,  the Centers for Disease Control reported that a la rger than 
expected number of cases of leukemia had occurred among soldiers who had 
participated in Sho t Smoky , a 195 7 military exe rcise that was part of 
Operation Plumbbob ( Caldwell et al . , 1980) . A hearing conducted by the 
Commit tee on Veterans Affairs of the u.s. Senate on January 2 0 ,  1979 , 
emphasi zed the need for additional information on the part ic ipation of 
Department of Defense personnel in the atmospheric nuclear testing program and 
for information on the radiation doses they received . The Defense Nuclear 
Agency (DNA) was given primary responsibility for conducting a Nuclear Tes t  
Personnel Review (NTPR) , with the objectives o f  identifying all participants 
in all atmosphe ric nuclear tests and estimating the radiation dose received by 
each. DNA asked the National Research Council to review and comment on the 
scient ific aspects of the methods used by the NTPR for dete rmining radiation 
dose s .  

Thi s report was prepared by the Committee on Dose Assignment and 
Reconst ruction fo r Service Personnel a t  Nuclea r Weapons Test s ,  which was 
assembled by the Board on Radiat ion Effec ts Research of the Research Council ' s  
Commis sion on Life Science s .  The Commi ttee ' s  purpose was to advis e DNA on 
whethe r the methods used in the NTPR to assign doses of radiation are 
comprehensive and scientifically sound and to recommend improvements if 
needed . The charge to the Committee did not require it to make judgments 
about the biologic significance of the radiation exposure of pa rticipants at 
the atmospheric weapons test s , nor did it di rect the Committee to conduct 
audits of dose assignments or recons tructions for specific individual s .  

In the ini tial phase of the Committee ' s  review , i t  was found that the 
methods used by DNA were outlined ( Append i x  A) , but the details of the methods 
used were found only in compilations of informat ion about the individual 
test s ,  scient ific report s that dealt wi th specific questions that requi re 
study , and many relevant memoranda . The document s that were relevant to the 
scope of the Commi ttee ' s  review are listed in Appendix B .  

Unfort unately , DNA had not prepared a single report that summarized the 
essential information with which it has been necessa ry fo r the Committee to 
deal. A summary report would have organi zed the essential information into a 
more manageable form ,  so that the details of the dose assignment procedures 
could have been summarized succint ly , the special problem encountered could 
have been identified and di scussed , and the unce rtainties involved in the dose 
e stimates could have been asse ssed . 
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In the absence of a summary report , the Committee staff was asked to 
review the mass of material accumulated by DNA and select the documents that 
should receive detailed study by the Committee . The Committee at all times 
had knowledge of the titles of all documents and from time to time requested 
that addi tional ones be made available for study . In addition, the Committee 
met on a number of occasions with DNA staff and contractors , and some members 
of the Committee had frequent telephone conferences concerning specific items 
of inte rest . 

Thi s report would not have been possible without the assi stance of 
several individuals . Samuel B. McRee served as  Research Council staff office r 
for the duration of the report . Norman Grossblatt edited the report , and 
Dori s  Taylor and Dorothy Powell assisted in preparation of the text . David 
Auton , Robert Devine , and Paul Boren of the Defense Nuclear Agency provided 
access to all document s the Committee wished to review and coordinated 
brief ings by the service NTPR teams and their cont ractors , principally Science 
Applications International Corporation and Advanced Resea rch and Applications 
Corporation.  Finally , the Committee ' s  report benefited great ly from comments 
by its reviewers , coo rdinated by Reuel Stallone&.  We thank all these 
cont ributors . 
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EXECUTIVE SUMMARY 

Between 194 5 and 1962 , about 20 3 , 000 milita ry personnel , including 
civi lian employees of the Department of Defense , participated in atmospheric 
nuclear weapons tests conducted at proving grounds in the southwestern part of 
the United States and in the Pacific Ocean . The Defense Nuclear Agency ( DNA) 

has been ass igned the responsibility for developing radiation dose estimate s 
for all the part icipants at the tests . The decision to undertake the 
dose-assignment program was prompted by c laims made by ve te rans and their 
families that the participants ' health was damaged by exposure to ionizing 
radiation during or after the weapons test s .  DNA instituted a program of do se 
assignment , known as the Nuclear Test Personnel Review ( NTPR) , and asked the 
National Resea rch Council to review the scient ific aspects of the program . 
The Board on Radiation Effec t s  Research in the Research Council's Commission 
on Life Sciences the reupon formed the Commi ttee on Dose Assignment and 
Reconst ruction for Service Personnel at Nuc lear Weapons Test s .  

The NTPR involves the collection and proces sing of an extrao rdinary amount 
of info�t ion , and a major problem encountered by the Committee was that no 
single report summari zes the scope of the NTPR , the procedures used , and the 
uncertaint ies involved in the dose assignment s .  I t  was not feasible for the 

Committee to review all the mate rial used by DNA in the NTPR . After 
consultation with DNA, a list of all report s used in the dose-assignment 
project was examined . The Committee then selected a number of the report s 
that described the various methods used in the dose assignment procedures . 
The reports submit ted to the Committee for review and the formal presentations 
we re devoted primari ly to methods used by the Navy NTPR team , which are 
different in detail from but similar in ove rall design to those used by the 
other service teams . The re fore , comment s and conc lusions concerning the 
scient ific credibi lity of the dose assignments are applicable mainly to the 
107 , 000 Navy personnel ( 53% of the total) for whom the Navy NTPR methods were 
used and are applicable to othe r personnel to the extent that the Navy NTPR 
methods were used for them . 

The princ ipal sources of inf ormation on external radiation exposure are 
fi lm-badge records that have been compiled into a maste r file by the Reynold s  
Elect rical and Engineering Company , which has been involved in test si te 
management for many years . This file contains more than 230, 00 0 entries on 
about 143 , 000 of  the 203 , 000 personnel . The design of the film badges , the 
methods of film processing , and the densitometric techniques and calibration 
procedure s were relatively crude during World War II , but improved substan­
tially during the 18-yea r pe riod during which atmosphe ric weapons tests  
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were conduc ted . On the basi s  of studies conducted by the National Bureau of  
Standards under controlled conditions during t he 1950s , it is es timated that 
the film-badge data have a positive bias of about 45% ( i . e . , the badges read 
too high) ,  and t hat t heir random unce rtainty is about + 100% between the 
minimal detection level and 100 mR and about + 40% above 100 mR for gamma 
radiation exposure . Meas urement of beta radi ation exposure was nonexistent or 
of uncertain quality during the period of atmosphe ric testing , and external 
beta doses are not routinely calculated . The Committee notes in this 
connection that the dose from external beta radiation would be limited to the 
skin and would be great ly attenuated on those pa rts of the body covered by 
clot hing . 

The Committee found that the procedures used to estimate external 
radiation doses we re reasonably sound . The procedures followed by DNA to 
estimate external doses depend on the kind and amount of info rmation 
available . In the ideal case , a complete f ilm-badge record is  available , but 
i t  cannot always be ascertaine d  that the film-badge records accurate ly reflect 
a person ' s total exposure throughout his participation in t he nuclear test s . 
In t he least favorable case , no fi lm-badge data are available , and the 
estimate can only be inferred from other information ; in s uch cases , the dose 
i s  reconst ructed from information on a person ' s  work schedule and records of 
survey me ter measurement s .  When an unbadged pe rson belonged to a group of 
which some membe rs wore film badges ,  t he dose assigned by the Navy to that 
person was the 95th pe rcentile dose received by group members to whom badge s 
we re assigned . Thi s procedure has the effec t of inc reasing the dose estimates 
for most ve terans whose dose was assessed in t his way . 

The NTPR has developed procedures that permit satisfactory estimates to be 
made of the exte rnal doses received by t hese participant s .  The re a re 
uncertainties in the dose estimates , but it appears t hat 99% of the personne l 
received doses of less than 5 rems , which i s  approximate ly the ave rage dose 
received by the general population during the last 30 years from exposure to 
natural radiation and the use of ioni zing radiation during medical 
procedures . The Commi ttee believes that NTPR effort s in the fut ure would be 
more productive if  t hey were designed to dete rmine , with a high degree of 
certainty , whet he r  the dose received by a given person is  less than some 
stated cutoff .  The choice of a cri te rion dose is arbi tra ry ,  but 5 rems can be 
just i f ied on the bas i s  that an ave rage part icipant would receive about that 
dose to hi s whole body from natural background rad iation ove r  a period of 50 
years , o r  in 30 years from background plus medical and dental x rays . 

Methods used to assi gn inte rnal doses associated with inha lation or 
ingestion of rad ioactive material were in general based on unsupported 
assumptions . The methods often attempted to relate inte rnal dose to the 
magnitude of external rad iation and tended to ove restimate possi ble internal 
doses .  The re is considerable evi dence that , wi th the exception of doses to 
t he thyroid , doses to any organ from internal emitters were far smaller than 

-2-
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the external dose. The Commi ttee came to this conclusion from follow up data 
obtained from Bikini natives , Japanese fishermen , and veterans who had been 
exposed to fallout from Shot Smoky . For these groups , modern methods of 
radiochemical analysis  of urine and whole-body counting make it possible 20 or 
30 years after exposure to set upper limits of dose commitments as low as 500 

mrems from exposure to strontium-90 and plutonium-239 . 

Although the Commit tee concentrated only on methods, it found no evidence 
that the NTPR teams had been remiss in carrying out their mandate . I f  any 
bias exists in the estimates ,  it is probably a tendency to overestimate the 
mos t likely dose , especially for internal emitters or when the statistical 
procedure for assigning dose is used . The Committee does recommend that DNA 
prepare a comprehensive document that summarizes the procedures used and makes 
estimates of the uncertainties involved .  Although the Committee also believes 
that estimates of internal doses could be improved , it hesi tates to recommend 
a large effort to do so , in view of the minor impact on total doses expected .  
No matter what improvements are implemented , the Commit tee believes that 
further efforts to improve methodology are more likely to be frui tful if 
concent rated on doses expected to be at the higher end of the scale , for 
example above 5 rems.  

-3-
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1 

INTRODUCTION AND BACKGROUND 

SCOPE OF REPORT 

This report reviews the methods that the Department of Defense ( DOD) 

developed and applied to estimate the radiation doses accumulated by DOD 
personnel as a result of their participation in atmospheric nuclear weapons 
tests in 1945-1962 . During those years , about 203 , 000 military and civilian 
DOD personnel part ic ipated in 235 a tmospheric tests of nuclear weapons . 

The Defense Nuclear Agency (DNA) has been given primary responsibility by 
the DOD for developing these dose estimates . Each of the armed services has 
attempted to identify all its military and civilian personnel who pa rticipated 
in the atmospheric test s and is providing DNA and its contractors with 
whatever data are available concerning radiation doses to test pa rticipant s ,  
a s  well as other useful information . 

HISTORY OF THE TESTING PROGRAM 

The first test of a nuclear explosive , Ope ration Trinity , occurred at a 
remote si te in New Mexico on July 16 , 19 45 ,  and showed that the wartime 
program known as the Manhattan Engineering Dist rict had succeeded in 
developing an atomic bomb. Radioactive fallout from that test resulted in 
skin injury to cattle grazing downwind of the test . As far away as Iowa , corn 
shocks that were used in the manufacture of paper for packaging x-ray film 
became contaminated by fallout , and some of the film was late r found to be 
spot ted because of this contamination ( Webb , 19 49 ) . The next two nuclear 
explosions were the strikes against Hi roshima and Nagasaki in August 19 45 .  
These were exploded suffic ient ly high above the ground that relatively minor 
amounts of fallout occurred . 

Operation Crossroads , the first series of tests to provide information on 
the biologic and environmental effects of fallout , was conducted during July 
1946 at Bikini Atoll in the Pac ific Ocean. A nuclear explosive ( Shot Able) 

with a yield of 23 kilotons was dropped from a plane on July 1 and detonated 

520 fee t above a target fleet of 90 ships assembled in Bikini Lagoon . Five 
ships we re sunk by the explosion . There was little residual radioactivity , 
but most of it  was a re sult of neutron activation ,  rathe r than of fallout , and 
it decreased rapidly ; nearly all the remaining ships could be boarded within a 
day after the detonation .  

-4-
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The second device of the se ri es ( Shot Bake r) was exploded 90 feet below a 
vessel anchored in the midst of  the fleet . About 1 million tons of 
radioac tive water that was thrown into the air settled on many of the ships of 
the ta rget flee t , and other ships were enveloped by a base surge ,  a shock wave 
radiating from the explosion.  Radioactive contamination of the lagoon water 
and ships by Baker was so great that a planned thi rd shot was canceled . 

In the spring of 1948 , a series of three tests  known as O peration 
Sandstone was conducted in the Paci f ic , a t  Enewetak Atoll in the Marshall 
Island s . 

The USSR exploded its first atomic bomb in August 1948 . This quickened 
the pace of  U. S .  weapons development , both to evaluate new devices and to 
study the i r  effects . The dif ficulties and high costs  of tests  in the Pac if ic 
led to a sea rch for a sui table location in the continental United State s . In 
1950 , a site was chosen northwest of Las Vegas , Nevada , on part of an Air 
Fo rce bombing and gunne ry range . 

The Nevada Test Site ( NTS ) was first used for nuclear weapons test ing 
du ring January and February 1951 and again during October and Novembe r of t hat 
year. Because not all tests  could be conducted at the Nevada site , 
const ruction of f i ring a reas and suppo rt facili ties was also begun at the 
Pac i f ic Proving Grounds ( PPG) , which were based at Enewetak Atoll , but also 
include d the a rea of Bikini . Four tests we re conducted at Enewetak in Apri l 
and Hay 1951 during Ope ration Greenhouse and two tes t s  in Novembe r 195 2 during 
Ope rat ion Ivy . The f i rst la rge the rmonuclear device , Shot Mike , with a yield 
of 10. 6 megatons ( Mt ) , was exploded in O perat ion Ivy on Novembe r 1 ,  1952 . 

On Ma rch 1, 1954,  a 15�t device , Shot Bravo of Ope ration Cast le , was 
exploded at the surface of an island in Bikini Atoll . The fal lout from Bravo 
cove red a la rge a rea to the east of  Biki ni and resulted in heavy exposure of 
three groups of persons : 23 Japane se fishe rmen aboard a shi p about 90 miles 
from the explosion; Marshallese resident s of Rongelap , Uti rik, and Ai linginae 
Atolls ; and 28 Ame rican servicemen on Rongerik Atoll . 

A few special-purpose tests we re conduc ted at locations othe r than the PPG 
or the NTS . One such test was the one-de tonation O peration Wig wam in May 
1955,  whi ch took plac e 6, 510 feet below the su rface of the Pacific Ocean , 
approximat ely 500 miles sout hwest of San Diego . Its  primary purpose was to 
stud y the radiation and pressure phenomena associated with a deep unde rwate r 
detonation .  The re was also a series of t hree small high-a lt itude te st s 
de tonated above the South Atlantic  Ocean during Ope ration Argus in August and 
Septembe r 1958 . Othe r  high-alti tude shots  were detonated above Johnson Island 
in the Pacific , 1 , 200 kilometers southwest o f  Honolulu . The la rgest o f  these 
was the 1962 te s t ,  Starf i s h  Prime , detonated at an alt i t ude of 400 kilometers , 
which  had a yield of 1 . 4  Mt . 

-5-
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Testing of nuclear explosives at both the PPG and the NTS continued at 
intervals until 1962 , when a tes t-ban t reaty between the United States and the 
Soviet Union prohibi ted further atmosphe ric detonations , but allowed 
underground test s ,  if whatever venting occurred would not be de tected beyond 
the borders of the country that conducted the test . 

All U . S .  nuclear weapons tests were conducted unde rground afte r 1962 . 
Because DOD personnel were rarely exposed to ionizing radiation by these 
test s , the unde rground detonations are not relevant to the NTPR or to thi s  
re port . 

POSSIBLE MECHANISMS OF PERSONNEL EXPOSURE 

Milita ry  pe rsonnel can be exposed to radiation from nuclear weapons tests 
in seve ral ways ; each must be considered separately . 

Exposures within seconds after detonation were usually less severe than 
those which occurred later. Di rect radiation , including both gamma rays and 
neutrons, was minimi zed either by distance or by the shielding provided by 
bunke rs or trenches ( Goetz et al . ,  1980 ) . The base surge doe s not carry 
radioactive mate rial itself , but i t  can resuspend radioactive mate rial 
deposited on the ground by fallout from previous test s .  

Most o f  the exposure* of milita ry personnel was due to fallout , rathe r 
than to radiation from the explosion itself . The amount and nature of fallout 
varied from test to test and were determined la rgely by the size , weapon 
design , and alt i tude of the explosions . At some locations , personnel who were 
requi red to enter the target area , either to pe rform special tasks or as pa rt 
of group maneuvers , might have been exposed to radioactive fallout , eithe r  
directly (externally) o r  through inhalation o r  ingestion of radioactive dust . 
The external exposure to fallout would have been to beta or gamma radiation .  

A small number o f  personnel ass igned to cloud tracking and sampling had 
potential for both external and internal exposure to radiation. The airc raft 
used in cloud tracking requi red servicing when they returned to their base ; 
the personnel involved in such activities were exposed to the radioactive dust 
that often accumulated on the leading edges of the ai rcraft . 

Among the largest groups of personnel with a potent ial for se rious 
exposure were those who boa rded the contaminated ships after Shot Baker of the 
Crossroads series to measure radiation and develop methods of decontamination .  

*In thi s report , exposure is used in its gene ral dictionary sense , and not as 
the name of a specific quantity whose unit i s  the roentgen (see the final 
section of this chapter) . 
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SOURCES OF EXPOSURE OTHER THAN NUCLEAR TESTS 

To gain pe rspective on the magnitude of the radiation doses being 
est imated for the nuclear weapons test participants and the uncertaint ies in 
these dose s ,  it is important to review other sources of radiation exposure . 
Eve ryone is exposed to ioni zing radiation of natural origin , including cosmic 
radiation from outer space , external gamma radiation from te rrestrial sources , 
and radiat ion from radionuclides in the human body (U . N .  General Assembly , 
1982 ; National Research Council , 1980) . 

Primary cosmic radiation ente rs the vicini ty of the earth isot ropically 
and at a generally constant rate . Cosmic radiation contains extremely-high­
energy nuc lear particles , but most  of the ioni zation encountered by humans 
comes from the secondary radiation formed when cha rged pa rticles of the 
primary radiat ion are absorbed by the atomic nuclei of the earth ' s  
atmosphere . As a result of this absorption , the cosmic-ray exposure of people 
living near sea level is less than that of people living at high alt i tudes . 
For example , the annual dose at Santa Fe , New Mexico , i s  more than twice the 
annual dose at New O rleans , Louisiana . At sea level in the Uni ted States , the 
average dose of cosmic radiation pe r person is slightly less than 30 
mrems /year. 

Some radioactive substances are always found in body ti ssues, mos t 
important ly radionuclides of potassium-40 and carbon-14,  but also rubidium-87 . 
The average rad iation dose per person from substances occurring naturally in 
the human body is  about 25 mrems /year . 

Rad iation sources outside the human body inc lude uranium , thorium , and 
potassium ,  which are di stributed throughout the surface of the ea rth .  The 

average rad iation dose per person from external terrestrial sources is about 
26 mrems /year, but this value va ries widely from place to place , depending on 
environmental conditions , such as local rocks and soils . 

The total radiation dose to most part s of the body from all naturally 
occurring sources is the refore about 80-1 00 mrems /year.  The lungs often 
receive considerably larger dose s ,  because of inhalation of the naturally 
occurring radioactive gas radon and its decay products , whose concent ration 
tends to be higher in the air inside homes than in outdoor air . The higher 
indoor concent rat ion has recent ly become more pronounced , because of tighte r 
sealing of building s .  The average dose to  the bronchial epithelium has 
recently been estimated to be 3 , 000 mrems /year in the Uni ted States ( NCRP , 
19 84 ) . 

People are also exposed to a number of man-made sources of ionizing 
radiat ion ; the largest dose comes from medical and dental procedure s .  The 
average dose from medical uses of ionizing radiation has been est imated at 
nearly 100 mrems /year in the United States (National Resea rch Counc il, 1980) . 
However, not all the population is exposed to thi s type of radiation, medical 
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procedures rarely lead to irradiation of the whole body , and the dose depends 
on the procedure . Radiation exposures during medical or dental procedures a re 
not often recorded in the form of individual radiation histories . 

It seems intuitively e vident that more attention should be given to 
maximizing the accuracy of estimates of higher doses than to improving the 
accuracy of lower doses . The higher doses are more likely to cause adverse 
health effects. Less obvious is how to arrive at a criterion for defining a 
dose below which less attention is justified . Although any single crite rion 
is necessarily arbitrary unless a thre shold for health effects can be 
demonstrated , it is useful to estimate how much radiation a pa rticipant might 
receive under ordinary circumstances in the years after his exposure at a 
nuclear test . Suppose that a participant were 20 years old at the time of his 
participation and lived to age 7 0 .  He would accumulate a dose to his whole 
body of about ( 5 0  years ) (lOO mrems /year ) or about 5 rems . Alternatively , a 
partic ipant at a 1955 test would have accumulated an average of about 5 rems 
by 1985 from the combination of background radiation and typical medical and 
dental radiation .  Also , 5 rems/year has been the annual ave rage dose 
permi tted during the working lifetime under the recommendations of the 
International Counc il on Radiation Protection ( ICRP) . The ICRP reached this 
conclusion on the basis of the rationale that the risks from such exposure 
would be no greater than the risks that exist in industries ( e . g. , electronics 
or service indus t rie s) that traditionally have enjoyed good safety record s . 

RADIATION QUANTITIES AND UNITS 

Care has been taken to preserve a clear conceptual distinction between the 
quantities and their units .  In 19 45 ,  when the first test of a nuclear weapon 
was conducted , all x-ray and gamma-ray measurements we re expressed in units of 
a quantity related to the ionization produced by these kinds of radiation in a 
specified mass of air .  This quantity , the roentgen (R) , was used as a measure 
of both dose and exposure . To measure the effect on man of ioni zing radiation 
othe r  than x rays or gamma rays , the rep (roentgen equivalent--physica l ) was 
used , and later the rem ( roentgen equivalent--man) , with the unders tanding 
that , for photons and beta rays , the nume rical value of a given quanti ty of 
radiation expre ssed in reps ( later rems) would be approximately the same as 
that expressed in roentgens . For other types of radiation , such as neutrons , 
modifying factors ( such as the biologic effec tiveness of neut rons relative to 
photons ) had to be applied to this nume rical value . 

The quantities used to measure radiation have changed seve ral time s .  In 
the course of its review of va rious report s ,  the Committee encounte red the 
terminology that was in vogue during the period of atmosphe ric nuc lear weapons 
testing .  No attempts were made to conve rt the units of that pe riod to those 
now in use , because the changes in concepts and terms over the decade s would 
not affec t the conclusions drawn by the Commi ttee . Currently accepted 
concepts and terms can be found in report s of the International Commission on 
Radiation Units and Measurement s (Wyckoff , 1980) . 
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2 

SOURCES AND RELIABILITY OF INFORMATION ON DOSES 
FROM EXTERNAL RADIATION 

DNA ' s  Nuclear Test Pe rsonnel Review ( NTPR) is concerned with the 
identification , proces sing , and re t rieval of an extraordina ry amount of 
information. Approximately 40 summary report s have already been prepared that 
describe the ac tivities of and the radiation doses received by more than 
203 , 000 service personnel . In the course of preparing these report s ,  the NTPR 
located and used several collections of original document s ( Defense Nuclea r  
Agenc y ,  1984 ) . The Committee did not attempt t o  review all the material used 
by DNA during the NTPR , but , after consultation with DNA and a general review 
of the available reports and othe r documents , selec ted important document s 
that described the methods used by the NTPR for detailed study . The Commi ttee 
also had the bene fit of seve ral briefings and conferences with personnel of 
DNA and its contractors and with representatives of ve terans organizations . A 
summary of the procedure was published in the Fede ral Register and is 
reproduced in Appendi x  A. The document s provided to the Commi ttee by DNA a re 
l i sted in Appendix B .  

The work o f  the Committee was impeded by the lack o f  an overview report 
that summari zes the NTPR . Without such a report , it was di fficult for the 
Committee to grasp fully the scope of the NTPR , trace its procedures in 
detail,  and assess the unce rtainties associated with dose assignment s . 

Assignment s of external doses were based eithe r  on data obtained by 
personal dosimeters ( f i lm badges o r  pocket ionization chambers ) or on 
reconstructions based on radiation surveys that described the radiation 
envi ronment over  space and time and on knowledge of the movement of people 
through that envi ronment . 

SURVEY INSTRUMENTATION 

Assessment of the radiation environment , an important basis for the 
reconstruction of personnel exposure , relied heavily on the record s of 
survey-instrument readings provided by teams of radiologic monitoring crews . 
A preliminary report by a DNA cont rac tor (Nelson and Brady ,  1984 ) briefly 
di scussed and summari zed important features of the va rious po rtable 
radiation-survey inst ruments used and included estimates of the accurac ies of 
data gathe red by the va rious instruments and a list of  refe rences from which 
further informat ion may be obtained.  
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ACCURACY OF SURVEY INSTRUMENTS UNDER LABORATORY AND FIELD CONDITIONS 

The uncertainties inherent in survey-meter readings taken under labo ratory. 
condi tions a rise from the dependence of ins trument response on photon ene rgy , 
lack of compatibility of i nst rument scale s between one range and anothe r, 
statistical fluctuations in relatively weak signals ,  and high background 
noise .  The accuracy of survey-meter response in the field i s  not likely to 
match the accuracy under ideal laboratory conditions , because in the 
laboratory the orientation of the instrument s relat ive to the radiation sourc e 
i s  acc urately de te rmined , temperat ure and atmosphe ric pressure can be 
cont rolled , and the ene rgy charac te ristics of the radiation source and its 
intensit y a re known . 

Day ( 1951 )  has provided correction factors measured in the laboratory for­
ionization-chamber and Ge iger-counter types of surve y me ters e xposed to x and 
gamma rays ove r a wide range of dose rates and spec t ral qualities.  He found 
the dependence of the survey-meter re sponse on the ene rgy of inc ident 
radiation to be particularly pronounced for survey inst rument s  of the 
Geiger-counter type . On the basis of the assumptions that , fo r the nuclea r 
tests , the survey meters had been cali brated wi th x or gamma rays of an ene rgy 
in the vicinity of 1 Me V and that roughly 10% of the di rect and fallout 
radiation fields consisted of x rays with ene rg ies below about 0 . 2  MeV ( Gates 
and Eisenhaue r ,  1955 ; Goetz et a l . , 1979 ; Smale , 1981) , the uncertainty due to 
energy dependence of the response would amount to +10% for ionization-chambe r 
survey instruments and +30% for Ge iger-counter instrument s .  The plus sign 
signifies the tendency of the instrument to ove restimate the radiation. 

Day (1951) also obtained results from which one can deduce that the 
incompati bility of the instrument scales at different dose rates could have 
added an unce rtainty of + 25% to the readings of Geiger-counter ins trument s 
and � 10% to those of ioni zation-chambe r inst rument s ,  if no at tempt had been 
made to preadjus t the scale s .  Diffe rences in tempe rature and barome tri c  
pressure between the cali bration and the field envi ronment s could have added a 
fu rther unce rtainty of + 2 0% ,  and diffe rences in the di rection of radiat ion 
inc idence could have caused a posi tive bias ( readings too high) by 10% , on the 
basi s of assumption that t he ins truments of the 1950& we re capable of meeting 
pre sent-day requirement s ( International Elec trotechnical Commission , 1972) . 
The uncertainties due to instrument dead time can be conside red to have been 
neglig ible . 

CONCLUSI ONS REGARDI NG SURVEY-INSTRUMENT RECORDS FOR NUCLEAR TESTS 

On the basi s of the preceding analysi s ,  the Commi ttee estimates t he 
s urvey-me ter readi ngs at nuclear test s to be high by up to 40% for Geiger 
counters and up to 20% for ionization instruments and to have a total random 
uncertainty of + 30% and + 20% , respectively, for Geiger counters and 
ionizati on-chamber ins trument s ( See also appendix C) . Thi s error mus t be 
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conside red in addition to the unce rtainties in the reconstructed doses for 
personnel wi thout complete film-badge record s ,  because the uncertainty 
analysis of t he dose reconstruction was based on the assumption t hat no erro r 
was assoc iated with the survey record s .  

PERSONNEL DOSIMETRY 

Fi lm badges we re the primary personnel dosimetry instruments used 
t hroughout the peri od of atmospheric testing to provide a permanent record of 
individual doses of external gamma radiation . Pocket ioni zation chambers we re 
sometimes used to moni tor dose s received in t he field . The se dosimeters , 
although useful , we re less s ui ted to t he field environment t han  we re film 
badges . 

Exposure information can be obtained di rec tly from film-badge records to 
t he extent that badges we re i s s ued to personnel . Many pe rsons received two o r  
more film badges during their participation in the tests . Others were iss ued 
no film badge or we re issued a badge for onl y pa rt of thei r pa rticipation . 
The radiation dose of some of these persons could be inferred from badges worn 
by ot her membe rs of their unit s .  For others , some or all of the dose had to 
be reconst ructed from records compiled from radiation surveys . 

USE OF FilM BADGES 

Film-badge dosime t ry prac tices for nuc lear-test personne l changed 
conside rably ove r  t he years . In the early 195 0s ,  badges we re i ssued to only a 
few  members of any group of part icipant s .  By the end o f  the atmosphe ric 
te sting program in 1962 , film badges we re being iss ued to all test personnel . 

The dosimetry programs at t he various test s  were managed by different 
groups with different technical expe rti se ; the diffe rences in expe rtise were 
due in part to improvement s in techniques ove r the years . The Eas tman type K 
film packet , bea ring two crossed lead s t rips , was used mainly a t  the ini tial 
Pac ific tests , Ope ration Crossroads and Ope ration Sand stone . Optical-density 
measu re ments unde r the lead f i lter we re used for the evaluation of the photon 
exposure s . After 19 51, Du Pont type 5 02 f i lm was used extensively. It is 
less sensitive than ei ther Eas tman type K or Du Pont type 508 film (also used 
in later t ests) , according to Nelson and Brad y (1984) , but does not fog as 
readily . The Du Pont type 502 film was used f i rst with a cadmi um f i lter and 
later wit h  a lead filter cove ring part of the film packe t . Evaluation of 
photon dose was usua lly based only on readings obtained unde r the filter a rea . 

A more sophi st icated type of film badge that incorporates seve ral filte rs 
and was capable of distinguishing roughly between photons of diffe rent 
energies in the pre sence of beta part icles was used for the first time at 
Ope ration Pl umbbob in 19 5 7 .  
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It should be noted that all the packets  contained a less sensi tive backup 
film ,  sometime capable of measuring radiation doses up to 500 R .  This f ilm 
was intended to be read only if the sensi tive film was sat urated . It was 
seldom used , because the doses received were usually low enough to be reco rded 
by the more sensi tive film . Cal ibrations in the field were perf ormed with 
radium early in the program , and later with cobalt-6 0. 

ACCURACY OF FILM DOSIMETRY UNDER LABORATORY AND FIELD CONDITIONS 

Early in the weapons te sting program , the National Bureau of Standa rds 
( NBS ) was asked by the Atomic Energy Commission to undertake laboratory 
evaluations of the film badges used du ring the nuc lear weapons te st s (National 
Bureau of Standards , 1952 , 1958 ) and to arrange for performance studies of 
pe rsonnel dosimetry services offe red by other laborato ries , some of which used 
film badges similar to those used during the nuclear weapons test s ( Ehrlich 
and McLaughlin , 1953) . A review of the NBS test result s ,  which are cons istent 
wi th t hose of othe rs ( Nelson and Brady ,  198 4) , is given in Appendix C .  

Th e  NBS tests showed that dose can be ove res timated by as much a s  40% in 
the pre sence of rad iation with energy less than about 0 . 2  MeV ( see Table C-1 , 
Appendix C) . The extent to which this effect could have int roduced a bias a t 
the weapons tests depends on the type of f ilm used , the badge filters , and the 
gamma-ray spectrum encounte red . Assuming that the badges had been calibrated 
wi th ro ughly 1-MeV photons and that only about 10% of the direc t and fallout 
radiation consisted of radiation below about 0 . 2  MeV in ene rgy ( Gates and 
Eisenhauer,  1955 ; Goetz et al . , 1979 ; Smale , 1981 ) , the effec t would result in 
an ove restimation of dose of 30- 40% . 

The NBS test s also showed that the uncertainties int roduced by variations 
in film-processing techniques and in the measurement of optical density ranged 
from about + 25% for doses above 100 mR to + 100% in t he vicini ty of the 
minimal de tectable dose (abo ut 1 0  mR for Eastman type K film and 30  mR for Du 
Pont type 502 film) ( Table C-2 , Appendix C ) . The se results are applicable 
under laboratory conditions of ambient temperature and relative humidity and 
for calibrated radiat ion beams perpendicular to the film-badge surface 
(Appendix C) . 

In f ield use , whe re the di rection of inc idence va ries , expos ure estimates 
a re lowe r than fo r pe rpendic ular incidence by an amount that increases wi th 
decreasi ng radiation ene rgy and depends on the atomic numbe r  and thickness of 
the metallic filters ove r the f ilm surface s ( He rz ,  1969 ) . For a given type of 
radiat ion,  e rrors in the irradiat ion of the calibration films developed with 
the films used in the field can range from + 5% to + 20% . Heat and high 
re lative humidi ty , dependi ng on the ir range-and combinat ion during i rrad iation 
and storage , can cause fogging or  fadi ng of the undeveloped film , introducing 
an additional uncertainty estimated as + 10% for f ilms read daily and + 30% 
fo r films read weekly . The total of these effects could have been the

-
cause 
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of an additional unce rtainty of + 10% t o  ± 30% , depending on whether the f ilm 
badges were read daily or weekly7 

CONCLUSI ONS REGARDING FILM-BADGE DOSIMETRY RECORDS FOR NUCLEAR TESTS 

On the basis of the data presented in the preceding section , the Committee 
conclude s that the film-badge exposure est imates have a posi tive bias that 
makes them high by up to 40% , because of the ene rgy dependence of the f ilm and 
an additional random uncertainty of between +110% and -100% for gamma-ray 
exposures between the minimal detection level and about 100 mR. For higher 
exposure , above 100 mR, the random uncertainty is about + 40% and + 30% for 
weekly and daily film readout , re spectively , in addition-to the posi tive bias 
of up to 40% (Appendix C ) . 

The use of film badges for beta dosimet ry during the period of atmospheric 
weapons testing was not uniform . At s ome test s ,  badges were read only unde r 
the metallic filters ; the refore , no information was obtained on beta dose . At 
Operation Sandstone , films we re also read in a reas out side the filters ; 
howeve r, the readings in these areas were assigned to beta dose , rathe r  than 
to beta plus gamma dose , which, in the presence of low-energy photons , 
resulted in a serious ove restimation of beta dose ( Nelson and Brady , 1984) . 
Thus , fi lm-badge es timates of beta exposure might be nonexis tent in some eases 
or of uncertain qual i ty in othe rs .  In thi s connection ,  the Committee notes 
that the dose would be reduced or often eliminated on port i ons of the body 
cove red by clothing or equipment . The Committee concludes that the absence of 
rel iable fi lm-badge records for beta doses does not represent a se rious 
difficulty ,  because exte rna l  beta doses were reduced by clothing . 
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3 

METHODS OF ASSIGNING EXTERNAL DOSES 

The methods used by NTPR teams provide an estimate of exte rnal dose for 
each partic ipant . The procedures depend on the information available . Where 
a complete film-badge record is available , it is used for assigning the gamma 
dose . When the film-badge record is incomplete , there are two possibi li ties : 
a person did not wear a film badge , or  the badge record i s  missing ,  but was 
as signed to a group in which some f ilm badges were issued ; or no film badges 
we re worn, or no badge records s urvive , for any of the people in the group to 
which the person was assigned . I f  the film-badge record is  incomplete , the 
mis sing po rtion of the exposure i s  estimated by recons t ruc ting the dose or 
inferring the dose from film-badge records of othe r participant s ,  as described 
in Appendi x  A. 

About one-thi rd of the part icipant s had external dose assignment s based 
enti rely on film-badge records ; about two-thi rd we re based on dose recons truc ­
t i ons or a combi �tion of film-badge records and dose recons t ruction. A few 
assignment s we re based on infe rence of dose from film-badge records of others 
( see Table 1) . 

Assignment of external doses from neut rons or beta radiation is based on 
dose reconstructions , because they we re not recorded by film badge s .  

ESTIMATES FROM AVAILABLE FILM-BADGE RECORDS 

When estimating external doses from fi lm-badge record s ,  i t  is  necessa ry t o  
determine that the ent i re period o f  potential exposure is cove red b y  film­
badge record s .  Troop movement a re taken from locations o f  unit s  and from 
i nterviews with participant s . Thi s task was complicated by the practice of 
t ransferring individuals into or out of units during a test se rie s .  
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TABLE 1 

Methods Used to Assign External Doses of Gamma Radiation 

Dose Assign-
ment a Based Dose 

Dose Assign- on Dose re- Assign-
Total ment a Based Cons truction Based on 
Number of Only on Film and Film-Badge Othe r 

Armed Service ParticiEant sa Badae Record s records  Methods 

Ma rine Co rps 11 , 500 3 , 500 8 , 700 100 

Air Force 26 , 500 17 , 300 9 , 000 1 , 000 

Army 59 , 000 21 , 000 39 , 000 2 , 400 

Navy 107,000 37 , 400 75,000 6,400 

TOTAL 204 , 250 79 , 200 131 , 000 9 , 900 

anose assignment s based on film-badges record s , dose reconstructions , and 
other methods total to more than number of pa rticipant s ,  because dose 
assignment s for some participant s are based on two methods .  
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INFERRING DOSE FROM FILM-BADGE RECORDS OF OTHER PARTICIPANTS 

For some unit s ,  f ilm-badge data we re available for most pa rticipant s .  
However, f ilm-badge data were missing or incomplete for some membe rs of these 
unit s .  The NTPR teams used different procedures to assign doses to these 
part ic ipant s .  The Marine Corps and Army teams favored dose reconstruc tions , 
but the Navy and Air Force teams inferred doses from the film-badge data on 
other  members of the uni t .  Before such ext rapolat ions were performed , the 
activi ties of the unit were reviewed to ensure that an unbadged pe rson had the 
same potent ial for exposure as membe rs of the unit that were badged . The Navy 
team assigned the unbadged pe rson the 95th percentile dose for the uni t ,  
whereas , the Air Force team assigned the highest recorded dose . Both 
approaches , although ensuring that a pa rt icipant was not penali zed by lacking 
missing film-badge data , probably inferred a higher dose than the participanr 
received . 

In a few cases ( less than 0. 1% of film-badge records) , the film-badge 
record was judged to be erroneous .  Defective film-badge data can result from 
moisture caused by mechanical failure of the badge cove r, processing errors , 
or othe r  factors . Howeve r ,  a bias can be int roduced each time a reviewer 
concludes that a badge was defective . Great care must be exercised in thi s  
re jection process . The Navy practice of using a three-person board for each 
dose assignment is commendable and should be considered by othe r NTPR teams . 

ESTIMATES BASED ON DOSE RECONSTRUCTIONS 

When film-badge records were missing or incomple te , the estimates had to 
be made by other means . The basic steps were to estimate the radiation field s 
over time and space , determine the movement s of test part icipant s through 
radiation field( s) , and calculate the dose received for each pe riod . An error 
analysi s was performed for the recons truc ted doses .  When film-badge data were 
avai lable ,  they were compared with the reconstructed dose s .  

Radiation fields were determined from data on the particular test or 
se ries of test s .  Prompt radiation was dete rmined by transpo rt equations that 
used data on the characteristics of the weapon , and atmosphe ric conditions . 
Prompt radiation cont ributed to the dose received by some personnel at the 
Nevada test s , but not at the Pacific test s ,  because the personnel were aboard 
ship several miles from the explosion . 

Re sidual radiation resulted primarily from fallout . Survey-meter data 
were obtained during the test s ,  to determine where personnel access should be 
limited or prohibi ted . These readings were ext rapolated to the areas and 
times of inte rest . In the Pacific test s ,  measu rements were made of 
contaminated seawater and ships . During Nevada test s ,  residual radiat ion 
fields also resulted from neutroninduced activitie s .  Examples of dose 
reconstructions are shown in Table 2 .  
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Troop movement s through the radiation fields were obtained from records  of 
ship and unit movement s .  Althoush unit movements were known , detailed 
movement s or actions of individuals were often not recorded .  When detailed 
information was lacking , it was assumed that normal pract ice , such as routine 
ship watches ,  was followed . 

The uncertainty of dose reconstructions was analyzed .  The analysi s 
conside red unce rtainties int roduced by necessary assumption and uncertainties 
in the dat a ,  such as the time and place of troop movement s ,  decay rate , and 
extrapolation of survey-meter readings . Unce rtainty of the dose 
reconstructions varies from test to test , depending on the quantity and 
quality of available data . The uncertainty analysis provides a quantitative 
estimate of the uncertainties of spec ific element s of the reconstructions . 
Although these estimates seem reasonable , the uncertainty within the 
survey-meter readings ( see Table C-6 ) is not included .  Including the 
uncertainty in survey-meter readings would lead to somewhat higher es timate s 
of uncertainty.  
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Table 2 

Examples of Reconstructions of E%ternal Doses 

Operation Date 

Pac ific Tests : 

Crossroads 1946 

Greenhouse 1958 

Ivy 1952 

Nevada Tests : 

Upshot-Knothole 1953 

Plumb bob 
( Taskfo rce 
Warrior) 

1957 

Dose Reconstruction and Dat a Used 

Contaminated target ships : survey-meter readings on 
ta rget ships , time spent on them 

Contaminated seawater: meter reading of sea water,  
time spent on deck 

Hull contaminat ion : contaminated seawater, shielding 
factor for ship , time spent on deck and below deck 

Contaminated ships : survey-meter reading of fallout 
on decks of ships , shielding facto r for ship , time 
spent on deck and below deck 

Contaminated ships : readings on fallout samples 
collected on 10 ships , shielding factor, time 
spent on ship 

Fallout : survey-meter readings ,  decay fac tor, troop 
movement s  

Prompt radiat ion,  neut rons and gamma : weapon 
characte ri stic s , radiation transport equations , 
shielding from trench 

Fallout field : survey-meter readings , fallout from 
six shot s conside red , decay factors for each shot 
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4 

METHODS OF AS SIGNING INTERNAL DOSES 

REVIEW OF DOSIMETRY MODELS 

The internal deposi tion of radioactivi ty is difficult to estimate 
accurately , even for well-documented exposure conditions . Under the 
conditions experienced by mili tary participant s in nuclear weapons test s , for 
which the re are few relevant measurement s ,  this task is generally impossible .  
One can often , however, calculate approximate upper limits of potential 
radiation dose s .  

Inhalation and ingestion were the most important exposure pathways .  Minor 
deposition by absorption through skin or  puncture wounds was also possible , 
but these pathways are normally important only when people have contact with 
large quantities of highly radioactive material in soluble forms . The 
Committee believes that the only routes of notable internal exposure of 
pa rticipants in nuclear weapons tests we re inhalation and inges tion . 

INHALATION 

DNA estimated organ doses of inhaled radioactivity (Lee et al . , 1983; 
Science Applications , Inc . 1983) with currently accepted dosimetry models 
recommended by the International Commi ssion on Radiological Protection ( ICRP , 
1979 ) . These calculat ions begin when that radioactivity enters the body and 
end with detailed est imates of doses to individual organs . Unfo rtunately , the 
extent of detail and specificity in the procedures can obscure the large 
unce rtainties involved in estimating quantities of radionuclides that ente red 
the bodies of test participant s 20-40 years earlier. Moreove r, no actual 
measurements of the concent rat ions of radioactivity in air are available . 

Est imates of air concent rations of radioactivi ty were sometimes based on 
ambient radiation measurements made with po rtable survey inst rument s .  In 
othe r  case s ,  they were based on film-badge dosimetry measurement s by assuming 
that exposures were to both radioactivi ty in the air and that falling out on 
nearby ground surfaces . The se methods involve assumptions about relationships 
between ai rborn and deposi ted fallout that are not scientifically valid , and 
their reliabi lity , even for establi shing upper limits of internal radiat ion 
doses , is unknown . For example , fallout radioactivi ty might have been in the 
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form of particles that we re too large to be inhaled , as in the heavy fallout 
exposures of people on Rongerik and Rongelap and on the Japanese fishing boat 
Lucky Dragon ( Eisenbud , 1973) . Particles greate r than 200 um in diameter a re 
not readily inhaled , but they can have 104-1 o6 times the radioactivity of 
a 2 um part icle , depending on whether radioactivi ty is proportional to surface 
area or mass . Thus , the la rger part icles could dominate external radiation 
doses but cont ri bute little to internal organ doses .  

In one study , the concentrations o f  radioactivity t o  which participant s  
were exposed were estimated from ambient radiation doses ( Lee e t  al . , 1983 ) . 
Particle si zes and terminal settling veloci ties were estimated from the 
stabi lizat ion height of the mushroom cloud and the time required to arrive at 
the site of exposure . Pa rticles were estimated to be spheres about 200 um in 
diameter. Such particles would not cause large radiat ion doses to the lung , 
because few of them would be inhaled , they would be deposited high in the 
respiratory tract , and they would be cleared rapidly by mucoc iliary action. 
Most of the large particles cleared from the respi ratory tract in this way 
would be swallowed , causing some exposure to the gastrointest inal tract and 
pos sibly resulting in absorption of some radioactive element s .  

De spite the assumption that the fallout consi sted of spheres having a 
median diameter of 200 um , a part icle diameter of 2 . 5 um was later used for 
calculat ion of internal dose . This is inconsistent and probably resulted in 
la rge overestimates of radiation exposure s .  

The fallout particles near weapons test part icipants could also have been 
smaller than estimated . For example , portions of the fallout clouds could 
have taken indirect paths before reaching the areas of troop maneuvers ,  
thereby providing more than the estimated time for smalle r particles to 
descend . Ve rtical convective motions , rather than gravitational settling , 
might also have cont rolled the deposition of pa rticles and brought small 
part icles down more quickly (and larger one s more slowly ) than would be 
estimated with a fal lout model that depended solely on particle si ze . Both 
these factors could lead to higher calculated ai r concentrations of respirable 
radioactivity than those repo rted--but , again ,  this is  uncertain .  

An additional difficulty in calculating internal doses is that particle 
solubili ties were estimated without any empi rical basis . The chemical 
propert ies of the part icles were assumed to be those used by the ICRP Task 
Group on Lung Dynamics fo r pure compound s (ICRP ,  1979) , which are not 
representative of the complex chemical mixtures formed in a fallout cloud . 
For example , the high temperatures might form relatively insoluble particle 
mat rices that could trap more soluble radioactive compounds ; this could lead 
to markedly diffe rent doses and organ-dose distribution pat terns than those 
report ed . 
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INGESTION 

Radiation exposure by ingestion was largely ignored in the design of 
monito ring programs when the tests we re in progress . For the dose 
reconst ruc tions , food was assumed to be protected from contamination by 
fallout , except for minor amounts of radioactivity that might have accumulated 
while it was exposed to the atmosphe re during meals . 

Some fallout radionuclides , notably iodine-1 31 ,  could have been present in 
food obtained from local sources , such as milk produced in southern Utah. 
After some weapons test s ,  especially Shot Harry in 1953,  local milk containing 
several microcurie& of iodine per liter might have been consumed at the Nevada 
Test Site  ( U . S .  Department of Ene rgy , 1983) . Recent calculations by the Dose 
Assessment Advi sory Group supported by the DOE indicated that some Utah 
residents could have received t hyroid doses as large as several hundred rems 
from ingesting iodine in milk. Doses from ingested radiost rontium and othe r  
fission products have been estimated b y  the Dose Assessment Adviso ry Group t o  
be much smaller than t he  dose from iodine . 

Li ttle at tention was paid to measurements of fallout radioiodine in the 
envi ronment before 1957 , part ly because inst rumentat ion for conveni ent 
measurement had not been developed . Radionuclides transpo rted through food 
chains might not always be the most important sourc e of exposure by 
inges tion . Di rect ingestion of dust deposi ted on su rfaces can be an impo rtant 
pathway for exposure , probably involving transfer f rom soiled hands to food , 
smoking mate rials ,  or other object s put into the mouth .  Thi s might be 
import ant for some adults  living under f ield conditions . Such exposure of 
mi lita ry pa rticipants in nuclear weapons tests to radioactive fallout probably 
cannot be measured . 

SUMMARY OF ESTEMATED RADIATION EXPOSURES 
FROM INTERNALLY DEPO SITED RADIONUCLIDES 

One NTPR study di scussed above focused on internal dose s calculated for 23 
groups of pe rsonnel that seemed to have se rious po tential for inte rnal 
deposi tion of radioac tivity ( Lee et al . , 1983) . The 23 groups , chosen to 
illus trate a va riety of exposure conditions , included about 10 , 00 0  men among 
the total of more than 200 , 000 military part ic ipant s in the test s .  About 
6 , 000 we re estimated to have received thyroid doses over 1 rem , but fewe r than 
500 ove r 10 rems .  The highest estimated thyroid dose was 60 rems ;  such doses 
we re received by men who were exposed on Ronge rik Atoll after Shot Bravo of 
Operation Castle . 

Other organs , such as bone and large int est ine , received substant ially 
smaller doses than the thyroid . About 1 , 50 0  men might have received 
gast rointest inal tract dose s that exceeded 1 rem , of which 120 exceeded 10 
rems . Fewe r than 40 0 men we re estimated to have received 50-year bone-dose 
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commi tment s that exceeded 1 rem , and the highest of these doses was estimate d  
to  have been the 5 . 3  rems received by four men during an excavation operation 
at the Trinity si t e .  

O f  all mili tary personnel , the 2 8  men who were stat ioned on Rongerik were 
exposed t o  the highest concentrations of fallout . TWo independent estimates 
of the internal-organ doses of the se personnel have been made ( Lee et al . , 
1983 ; Science Applications , Inc . , 1983) . The first assumed 100% inhalation of 
fallout part icles , whose si ze s ,  as noted earlier,  were estimated on the basi s  
of the time of arrival of the fallout and the known height a t  which the cloud 
stabili zed . The second estimate was based on analyses of fission products  and 
plutonium in urine collected from the exposed personnel . For the reasons 
given earlier, the Committee believes that dose est imates based on direct 
estimates of mate rials inhaled requi re so many unve rif iable assumpt ions that · 

li ttle credibility can be assigned to them . The re are also se rious 
unce rtainties in the estimates based on the limited data from urinalysi s ,  but 
the Committee concludes that greater credibi lity can be assigned to them . The 
results of the two methods for estimating dose a re compared in Table 4 .  The 
two columns of numbe rs are roughly similar,  although est imated doses to the 
thyroid and lower intestine based on urinalysis are highe r than those based on 
the inhalation model . By both methods of est imation ,  doses to the othe r three 
o rgans are much lowe r than those to intes tine or thyroid . 

Organ 

Bone 
Lung 
Thyro id 

Compa rison of 50-Yea r Organ-Dose Commi tments to Pe rsonnel 
S tationed on Rongerik Atoll from Fallout During 

Operation Castle , Est imated by Envi ronmental 
Modelling and from Urinalysi s 

Est imated Dose , rems 
Environmental Modelinga Urinalysi s Datab 

Lower la rge intestine 
Testes 

1 . 4-3 . 9  
1 . 1-2 . 1  
22-59 
11 -29 
0 . 07-Q . l8 

0 . 57-Q . 76 
0. 10-0. 14 
120-170 
35-54 
0 . 29-Q . 39 

aDat a  from Lee et al .  (1 983) 
bnata from Science Applicat ions , Inc . (1983) 
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The amounts of radioac tivity inhaled or ingested by military participant s 
in the nuclear test s that took place between 194 5 and 1962 cannot now be 
estimated without bioas say information. Reliable information on how much 
radioactivity was inhaled or ingested and on ita movement to other o rgana is  
lacking .  Thus , the NTPR dose calculat ions for internally deposi ted 
radioactivity a re not conside red by the Commit tee to be scientif ically 
defensible . Whole-body count s and urinalysis can still be done today and used 
to estimate the magnitudes of exposures to strontium and plutonium and , by 
inference , to other radionuc lide s ,  if these exposures resulted in substantial 
uptake of fallout radionuclide s . 

Nonetheless , the important conc lusion can be drawn that thyroid doses due 
to radioiodine absorption we re probably the highest internal doses received . 
Radioiodine results primarily in thyroid exposure , because radioiodine doses 
to othe r pa rts of the body a re about 0 . 1% of that delive red to the thyroid . 

MEANS OF VALIDATING INTERNAL-DOSE ESTIMATES 

Because of the la rge uncertainties in estimating inte rnal deposi tion of 
radioactivi ty in nuclear weapons teat part ic ipant s ,  some dose-model validation 
is necessary . One available method of di rect validation is to measu re 
long-lived radionuclide s deposi ted .in bone . For example , ingested or inhaled 
strontium is absorbed from the blood and deposi ted in bone ; after 20 years , 
about 12% of the ini tial deposi t remains and is eliminated in urine at a 
frac tional rate of about 2 x lo-4 per day ( ICRP , 1973 ) . Current bioassay 
methods could be used to estimate exposu res to strontium that occurred 2 0  
years ago , if the exposures resulted i n  dose commi tment s great er than about 
1 . 5-5 rems to bone . 

Recent analyses of urine samples from 16 part icipants in Shot Smoky have 
shown the mean daily excre tion rate of strontium-9 0 to be 0 . 63 + 0 . 3 3 ( SD )  
pCi /day ( Toohey e t  al . , 1981 ) , which was not different from the

-
excre tion rate 

for seven cont rol subjects  ( 0 . 66 + 0 . 33 pCi of strontium-9 0 per day) . Thus , 
the servicemen exposed at Smoky excreted no more st rontium-9 0 t han cont rol 
subjects who were exposed to the small amounts of fallout pre sent in the 
general envi ronment . If the st rontium-9 0 body burdens of the servicemen were 
100 n Ci  or mo re 2 0  years ago , e vidence of such exposures could be de tected by 
this method . Because the permissi ble body burden for radiat ion workers is 
2 , 000 nCi , the method would pe rmit detec tion of body burdens that we re 
o riginally only 5% of the current limi t .  Measurement s of plut onium were 
similarly negati ve . 

The analysi s perf ormed by NTPR has neglected important informat ion on 
internal exposure s that is available from studies of at least two groups o f  
nonmi li tary personnel heavi ly exposed t o  fallout af te r Sho t Bravo o f  the 
Castle se rie s .  These include 6 7  Marshallese who were then livi ng on Rongelap 
and the Japane se fishermen aboard the Lucky Dragon. Published information on 
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the internal contamination of the Rongelap natives and Japanese f ishermen 
indicates that , except for the thyroid , internal doses were smaller than 
exte rnal dose s ( Cona rd ,  1975 ; Kumatori et al . , 1980 ) . The moa t dramatic 
example is that of the 23 Japane se fishermen who 11 ved for 13 days on a boat 
that was estimated to have been contaminated with fresh (4-hour) fallout at 50 
Ci /m2 ( Tajima , 1956 ) . The fishermen received near-lethal doses of external 
gamma radiation and developed seve re beta burna from fallout part icles 
deposited on their akin. They received high doses to the thyroid from 
absorbed radioiodine , but doses due to absorption of other radionuclidea were 
minor , according to the result s of urinalysis and postmortem radiochemical 
analysi s of tissues from one fishe rman who died about 6 months after the 
fallout occurred . S tudies of a second fisherman , who died more recently , 
produced no evidence of increased radionuclide deposition (Kumatori et al . , 
1980 ) . 

Analyse s of about 3 , 000 u rine samples collected during Operat ion 
Cross roads from personnel with possible internal contamination are also 
relevant . Stafford Warren , who was responsi ble for radiat ion safety during 
that operation , related that only alight increases in beta activity we re 
observed in these urine samples ( Warren , 1946 ) . David Bradley , a physician 
assigned to the radiologic monito ring group during Operation Cross roads ,  also 
referred to these samples in his published diary ( Bradley , 1948 ) . His ent ry 
on August 2 0 ,  1946 , 2 6  days afte r Shot Bake r, stated that the number of  
urinalyses was approaching the 3 , 000 mark with "

no def inite evidence of 
radioactivity . "  Every effort should be made to find the o riginal reco rda of 
these urinalyses .  Newer methods of bioassay permit the development of useful 
upper bounds on the dose commitment s from long-lived radionuclide a ,  such as 
plut onium-238 and atrontium-90 .  
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5 

CONCLUSI ONS 

The COmmittee ' s findings and the oppo rtunities that exist for improving 
the NTPR program are listed below.  

The methods used by the NTPR team to assign external gamma doses are 
generally reasonable and make appropriate use of available data . They provide 
a data base and a system of dose assignment that will permit estimat ing the 
external doses received by persons who participated in atmosphe ric tests of 
nuclear weapons . 

A key requirement of the dose assignment procedure is that it be possible 
for an independent party to understand how any individual dose assignment was 
produced and to ident ify readily the assumptions made and the uncertaint ies in 
the assigned dose . No summary report describes the procedures used and the 
unavoidable uncertainties involved in the assumptions made . This made it 
difficult for the COmmittee to follow the detailed procedures . To assi s t  
others who might wish to review the NTPR procedures in the future , a technical 
report should be issued that compiles , in summa ry form ,  the sources of 
information and the details of the dose assignment procedures and includes 
assessments of the ove rall unce rtainty in the dose assignment s . 

Additional effort s in data retrieval and analysi s ,  although possible , are 
not likely to improve materially the accuracy or preci sion of estimated 
external dose s .  Howeve r, to the extent that additional data retrieval and 
analysis are deemed necessary , prio rity should be given to improving the 
assignment s for personnel thought to have received the highe st dose s .  The 
COmmittee noted that about 99% of the estimated doses are smalle r thau the 
dose s received by the personnel from natural and medical sources of ioni zing 
radiation (about 5 rems in 30 years) . 

Do se assignments based on film-badge data are likely to be more accurate , 
on the ave rage , than those based on dose recons tructions . Fi lm-badge data 
have a posi tive bias of about 45% and a random uncertainty of about + 100% 
between the minimal detection level and 10 0 mR and about + 40% above-10 0 mR 
for gamma radiat ion exposure . 

-

The external dose from beta radiat ion was difficult to measure during the 
pe riod of atmosphe ric testing , because of limitations in the film badges then 
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in use . The characteri st ics of beta radiat ion are such that the dose would be 
limi ted t o  the akin and the dose received by pa rts of the body cove red by 
c lothing would be greatly reduced or eliminated . 

Data available from sources of. info rmation identified in thi s  repo rt lead 
the Committee to conclude that persona subjected to heavy fallout exposure 
sustained internal dose s that we re much smalle r  than their exte rnal dose s , 
except perhaps for dose s to the thyroid . The methods used by the NTPR teams 
to estimate internal doses a re not as well developed or as scientifically 
defensi ble as those used to estimate external dose s .  That i s  because of the 
lack of data on amount s of  radioactive material inhaled or ingested by teat 
part ic ipant s .  The lack of data places serious const raint s on any method of 
estimating internal dose s . Howeve r,  methods a re available that would at least 
place realistic upper limits on the internal dose s received , and the Committee 
suggest s that they be used in selected case s .  

Absolute uncertainty in the exte rnal dose estimates tends to increase with 
higher doses , but relative unce rtainty is generally greater at smaller dose s . 
High preci sion should not be attempted at dose s below 100 m rema ,  which is near 
the l imits of instrumental resolution . For example , a 100-mrem dose that bad 
an uncertainty of + 100% would have the same absolute uncertainty (100 m rema) 
as a 1 , 00 0  mrem dose that baa a + 10% unce rtainty . If the assigned doses are 
used to asse ss the probabi lity that a given case of disease is causally 
related to the radiation exposure s ,  the absolute unce rtaintie s ,  rathe r than 
the relat ive uncertainties , will be moat important . Effort s to narrow the 
unce rtainties of the la rgest dose estimates will be moat effective in dealing 
with thi s problem . I t  is more important to know that for a spec ific person 
the dose was below a crite rion dose , such as 5 reme , rather than achieving 
great accuracy or precision in estimating such a dose . 
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32 CPR Ch. 1 

APPENDIX A 

DEPARTMENT OP DEFENSE 
Defense Nuclear Agency 

Guidance for the De termination and Report ing of Nuclear Radiation Dose for DOD 
Pa rt icipant s in the Atmosphe ric Nuclear Test Program ( 1945-1962 ) . 

AGENCY: Defense Nuclear Agency , DOD 

ACTION : Request for comment s on proposed guidelines .  

SUMMARY :  We propose t o  establish guidance t o  DOD component s for the 
de termination and report ing of ioni zing radiation dose for DOD participant s in 
the atmosphe ric nuclear test program ( 1945-1962 ) .  These proposals are based 
upon a review of the existing film badge dosimetry data base and established 
scientific principle s .  The methodology by which a film badge dose or an 
absorbed radiat ion dose may be established for individual test participant s is 
outlined . The use of individual film badge data as well as reco rds existing 
for othe r individuals ,  radiological surveys , weapons effects data , and 
modeling techniques based the laws of the physical sciences form the basis of  
the guidance .  

DATES : All written comment s in response t o  this request are welcome and must 
be received by July 1 5 ,  198 2 in o rder to be conside red .  

ADDRESS : Wri tten comment s should be addressed to the Di rector, Defense 
Nuclear Agency , ATTN : NTPR , Washington , D . C .  2030 5 .  
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We will send a copy of the Fac t Sheet on the Nuclear Test Pe rsonnel Review 
Program to anyone requesting i t . Thi s fact sheet describe s  the background and 
scope of the program and some of the findings to date . Please send requests 
to Col . Thomas J. Haycraft at the address above . 

FOR FURTHER INFORMATION CONTACT :  Mr . Robert L .  Brittigan , Defense Nuclear 
Agency , ATTN : GC . Washington , D . C .  20305 (Telephone 202-325-7681) .  

SUPPLEMENTARY INFORMATION : 

Authori ty 

On March 26 , 1982 , the Uni ted Stat e·s Di s t rict Court for the District of 
Columbia f iled a Memorandum Order in the case of Gott v.  Nimmo , Civil Ac tion 
No .  80-9 06 . The order requires the Defense Nuclear Agency to promulgate 
"rules which establish methodologies and standa rds to calculate radiation 
exposure . "  A notice of appeal has been duly filed and , in the event the 
deci sion of the Di strict Court is reve rsed , this proposed rule will be 
withdrawn . 

Previous Act ions by the Department of Defense 

Between 194 5 and 196 2 the Atomi c Energy Commi ssion (AEC) carried out some 
235 a tmosphe ric nuclear test s , princ ipally in Nevada and the Pacific Ocean . 
An estimated 220 , 000 Department of Defens e ( DOD) personnel , milita ry and 
civi lian , were involved in this testing , and many were exposed to low levels 
of ioni zing radiation in the perfo rmance of va rious activitie s . The doses 
generally were well within establi shed radiat ion dose limi t s .  

DOD i n  Decembe r 1977 began a program of wide-ranging actions on behalf of 
the atmospheric nuclear test participant s .  The Defense Nuclea r Agency ( DNA) 
was appointed the DOD Executive Agency for thi s  effo rt . The Nuclear Tes t 
Personnel Review ( NTPR) program was establi shed by DNA to carry out these 
re sponsi bilitie s .  

DOD has made a commi tment to Congre ss to provide the recorded exposure , or 
to estimate the mos t probable exposure , for each tes t pa rticipant . The 
princ ipal i ssue addre ssed he rein is the method for calculating the nuc lear 
radiation dose for the individual pa rticipant s .  
Radiat ion Dose De terminat ion 

The basic means by which to measure dose from exposure to ioni zing 
radiation is the film badge . Of the es timated 220 , 000 Depa rtment of Defense 
part ic ipant s in atmosphe ric nuclear weapons test s , about 145 , 000 have film 
badge dose data available . The records have been conve rted to a standa rd 
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fo rmat and a re being provided to each milita ry service , which can use the film 
badge dose data to obtain a radiation dose for a particular individual from 
that service .  This i s  done upon request from the individual , the individual ' s  
repre sentat ive , the Veterans ' Admini st rat ion ,  or othe rs as authorized by the 
Privacy Ac t .  

From 1945 t hrough 1954 , the DOD and Atomic Ene rgy Commission ( AEC) policy 
was to issue badges only to a portion of the personnel in a homogeneous uni t 
such as a plat oon of a bat talion combat team , a Naval ship or an aircraft 
crew. Either one pe rson was badged in a group perfo rming the same function , 
or only personne l expected to be exposed to radiat ion were badged . Af ter 
1954 , the policy was to badge all personnel . But , some badges were unreadable 
and some record a  were lost or dest royed , as in the fire at the Federal Recorda 
Center in St . Loui s .  For these reasons the NTPR Program has focused on 
determining the radiat ion dose for those personnel ( about 7 5 , 000 ) who were not 
issued film badges or for whom film badge recorda a re not available . 

In order to determine the radiat ion dose to individuals for whom film 
badge data are not available , alternative approaches are used as circumstances 
warrant . All approache s require invest igation of individual or group 
activities and their relationship to the radiological envi ronment . 

Firat , if it  is apparent that personnel were not pre sent in the 
radiological envi ronment and had no othe r potential for exposure , then their 
dose is zero . Second , if some members of  a group had film badge readings and 
others did not--and if all members had a common relationship with the 
radiolog ical envi ronment--then doses for unbadged personnel can be 
calculated . Thi rd , whe re sufficient badge readings or a common relationship 
to the radiological envi ronment does not exist , dose reconst ruc tion is 
pe rformed . Thi s involves correlating a uni t ' s  or individual ' s  detailed 
activities with the quanti tively determined radiological envi ronment . 

The three approaches are de scribed as follows : A. Activities of an 
individual or his uni t are researched for the period of partic ipation in an 
atmosphe ric nuclear teat . Unit locations and movement s a re related to a reas 
of radiat ion. If  personnel were far distant from the nuclear detonations ( &) , 
did not expe rience fallout or enter a fallout area , and did not come in 
contac t with radioac tive samples or contaminated objec t s , they were judged to 
have received no dose .  

B .  Fi lm badge data from badged personnel may be used to estimate 
individual doses for unbadged personnel .  Fi rat , a group of pa rticipant s mus t 
be ident if ied that have certain common characte ristics and a simi lar potential 
for exposure to radiation . Such characte ristics a re : individuals mus t be 
doing the same kind of work , referred to as activi ty ,  and all membe rs of the 
group must have a common relationship to the radiological envi ronment in terms 
of time , location or other fac tors . Ident ification of the se groups is baaed 
upon resea rch of hi sto rical record a ,  technical repo rt s or corre spondence . A 
military uni t may consist of seve ral groups or seve ral uni ts may compri se a 
single group · 
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Using proven stati st ical methods , the badge data for each group is 
examined to dete rmine if it adequately reflect s the enti re group , is valid for 
use in stat ist ical calculations , or if the badge data indicate the group 
should be subdi vided into smaller groups .  

For a group that meet s the tests  described above , the mean dose , 
va riance and confidence l imits are dete rmined . An estimated dose equal to 95% 
probabili ty that the actual exposure did not exceed the estimate is assigned 
to unbadged pe rsonnel . This procedure is  stati s tically sound and will insure 
that unbadged personnel are assigned dose s much higher than the average /mean 
for the group . 

C .  Dose reconst ruc tion is performed if film badge data are unavailable 
for all or part of the pe riod of radia�ion exposure , if f ilm badge data a re 
part ially available but cannot be used statistically for calculations , spec ial 
activi ties are indicated for specific individuals ,  or if other types of 
radiat ion exposure s are indicated . In dose reconst ruction , the conditions of 
exposure a re reconst ructed analytically to arrive at a radiation dose . Such 
reconst ruction is not a new concept ; it is standard sc ientific prac tice used 
by health physicists when the circumstances of a radiation exposure requi re 
inve st igat ion. The underlying method is in each ease the same . The radiation 
envi ronment is characte ri zed in time and space , as a re the activi ties and 
geomet rical position of the individual . Thus , the rate at which radiat ion is  
accrued is dete rmined throughout the time of exposure , from which the total 
dose is integrated . An uncertainty analysis of the reconst ruction provide s  a 
calculated mean dose with confidence limit s .  the specific method used in a 
dose reconst ruction depends on what type of data are available to provide the 
requi red characte rizations as well as the nature of the radiation 
envi ronment . The radiation envi ronment is not limited to the gamma radiat ion 
that would have been measured by a film badge , but also inc ludes neutron 
radiat ion for personnel suffic ient ly close to a nuclear detonat ion , as well as 
beta and alpha radiation (internally) fo r personnel whose activi ties indicate 
the poss ibil ity of inhalat ion or ingest ion of radioac tive particle s .  

the first approach i n  subparagraph A above is  straightforwa rd ; the 
second in subparagraph B use s standard statistical procedures ; the thi rd 
approach in subparagraph C i s  di scussed in more detail in the section titled , 
Dose Reconstruction Methodology � 

General Procedures 

The following procedure s gove rn the approach taken in dose determinat ion : 

a .  Use individual film badge data whe re available and complete .  

b . Ident ify group activities and locat ions for period ( s)  of possible 
exposure . 
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c .  Quali tatively assess the radiat ion envi ronment in order to delineat e  
contaminated a reas . If no activi ties occurred i n  these areas , and i f  no othe r 
potent ial for exposure exist s , a no-dose-received estimate is made . 

d .  If partial film badge data a re available , define group( s)  of 
personnel with common activities and relationships to radiat ion envi ronment . 

e .  Using standa rd statistical method s ,  ve rify from the dis tribution of 
film badge readings whether the badged sample adequately represent s the 
intended group .  

f .  Calculate the mean dose with variance and conf idence limits , for each 
unbadged population . As sign a dose e qual to 95% probability the actual 
exposure did not exceed the assig�ed dose . 

g .  If badge data is not available for a statistical calculation , conduc t  
a dose reconst ruction . 

h .  For dose reconstruction ,  def ine radiat ion envi ronment through use of 
all available scientific data , e . g . , measurements of radiation intensity , 
decay , radioisotopic composi tion.  

i .  Quanti tat ively relate activi ties , shielding , posi tion , and othe r 
factors to radiation envi ronment as a function of time . Integrate dose 
throughout period of exposure . 

j .  Whe re possible , calculate mean dose with confidence limits ; othe rwise 
calculate best estimate dose or, if data a re too sparse , upper limit dose . 

k .  Compare calculations with available film record s  to ve rify the 
calculated dose s . 

1 .  Whe re identified as a cont ribution to total dose , calculate ini tial 
or internal radiation dose . 

Dose Reconst ruction Methodology 

A. Concept 

The specific methodology cons i st s  of the characte rizat ion of the radiat ion 
envi ronment s to which pa rticipant s ,  through all relevant activi tie s ,  we re 
exposed . The envi ronment s , both ini tial and residual radiat ion , are 
correlated with the activi ties of pa rticipant s to dete rmine accured doses due 
to ini t ial radiation , re sidual radiation and /or inhaled /ingested radioactive 
mate rial , as warranted by the radiation envi ronment and the specific pe rsonnel 
activitie s .  (5 , 6 ) Due to the range of activities , times , geomet ries , 

· 

shielding , and weapon characte ristic s ,  as well as the no rmal spread in the 
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available data pertaining to the radiation envi ronment , an unce rtainty 
analysi s is perf ormed . This analysis quantifies the uncertaint ies due to 
t ime /space va riations , group size , and available data . Due to the la rge 
amount s of data , an automated ( compute r-assisted) procedure is often used to 
facilitate the data-handling and the dose integration, and to investigate the 
sensi tivity to variat ions in the parameters used . The results  of the 
calculations a re then compa red wi th film badge data as they apply to the 
spec ific period of the film badges and to the comparable activities of the 
exposed personnel , in order to validate the procedure and to identify 
personnel activities that could have led to a typical dose s .  Radiat ion dose 
from neutrons and dose commi tments due to inhaled or ingested radioactive 
material are not detected by film badges . ( 5 , 6 ) Where required , the se values 
a re calculated and recorded separately . 

B .  Characteri zation of the Radiological Envi ronment 

Thi s step describes and define s  the radiological condi tions as a function 
of time for all locat ions of concern , that is , where personnel were positioned 
or where personnel activities took place . The radiation environment is  
divided into the two standard categories--ini tial radiat ion and resi dual 
radiation . 

The ini tial radiat ion envi ronment results  from seve ral types of gamma and 
neutron emissions . Prompt neut rons and gamma radiation a re emit ted at the 
t ime of detonation ,  while delayed neut rons and fission-produc t gamma ,  from the 
decay of radioactive products in the fi reball , continue to be emit ted as the 
f i reball rise s .  In cont rast to these essentially point sources of radiat ion , 
the re i s  gamma radiation from neutron inte ractions with air and soil , 
gene rated within a fraction of a second . (8 ) Because of the complexity of 
these radiation sources and their va ried inte raction prope rties with air and 
so il ,  it is necessary to obtain solut ions of the Bolt zmann radiat ion transport 
equation . ( 9 )  The radiation envi ronment thus derived includes the effect s of 
shot-spec if ic parameters such as weapon type and yield , neut ron and gamma 
output , source and target geome try ,  and atmosphe ric conditions . The 
calculated neut ron and gamma radiat ion envi ronment s are checked for 
consistency with exi sting measured data , as available . In those few cases 
displaying signi ficant discrepanc ies that cannot be resolved , an envi ronment 
based on extrapolation of the data is used if it leads to a la rger calculated 
dose .  ( 7 )  

The residual radiat ion envi ronment i s  divided into two gene ral 
components--neutron-activated mate rial that subsequently emit s ,  ove r a pe riod 
of time , beta and gamma radiat ion ; and radioac tive debri s from the fission 
reaction o r  from unf is sioned mate rial s that emit alpha , beta , and gamma 
radiat ion. ( 8 )  Because residual rad iat ion decays , the cha rac terizat ion of the 
residual environment i s  defined by the radiation intensity as a function of 
type and time . Rad iological survey data are used to determine specific 
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int ensit ies at times of personnel exposure . Interpolat ion and extrapolation 
are based on known decay characteri stics of the individual mate rials that  
c omprise the re sidual contamination.  ( 5 , 7 )  In those ra re cases where 
insufficient radiation data exist to adequately define the residual 
envi ronment , source data are obtained from the appropriate weapon design 
laboratory and applied in standard radiation transport code s  ( 10 , 11 , 12)  to 
determine the ini t ial radiat ion at specific distances from the burs t . This 
rad iation , together with mate rial composition and characteri stic s ,  leads to a 
description of the neut ron-ac tivated field from each locat ion and time of 
inte rest .  In all cases , observed data , as obtained at the time of the 
operation ,  are used to calibrate the calculat ions . 

C .  Activi ties of Ba rticipant s 

This step use s offic ial historical record s ,  augmented by personal 
interviews whe re gaps exist , to depict a scenario of activi ties for each 
individual or def inable group . For military uni t s , whose operat ions were 
closely cont rolled , the scena rio is  usually well defined . The same i s  true 
for obse rve rs , ( 7 ) who were rest ricted to specific locat ions both during and 
afte r the nuclear burst s .  Ships'  locations and activities are usually known 
wi th a high degree of precision from deck log s .  Airc raft tracks and alti tudes 
a re also usually well defined . Personnel engaged in scientif ic experiment s 
of ten kept logs of their  activi t ies ; moreove r, the locations of their 
experiments a re usually a matter of record . Whe re the reco rds a re 
insuffic iently complete for the degree of precision required to de termine 
radiation exposure , participant ' s  comments are used and reasonable judgements 
are made to further the analysis ( 13 ) . Possible variations in the activities , 
as well as possible individual deviations from group activities ,  with respect 
t o  both time and location,  are conside red in the uncertainty analysis of the 
radiation dose calculations . 

D .  Calculation of Do se 

The ini t ial radiat ion dose s to close-in personnel ( who were normally 
posi tioned in t renches at the time of detonation) are calculated from the 
above-ground envi ronment by simulat ing the radiat ion transport into the 
trenche s . Va rious calculational approaches ,  ( 10 , 14 )  standa rd in health 
physic s ,  are employed to relate in-trench to above-trench dose s for each 
source of radiation . Detailed modeling of the human body , in appropriate 
posture s in the trench, is performed to calculate the gamma dose that would 
have been reco rded on a film badge and the maximum neutron dose . ( 15 )  The 
neut ron , neut ron-gene rated gamma , and prompt gamma dose s are accrued during 
such a sho rt time interval that the posture in a trench could not be alte red 
significant ly during the exposure . The fission-product gamma dose , howeve r, 
is delive red over a pe riod of many second s .  ( 5 )  The refo re , the possibility o f  
indivi dual reorientat ion ( e . g . , standing up) in the trench i s  considered . 
( 7 , 1 5 )  
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The calculation of the dose from residual radiation follows from the 
characterized radiat ion envi ronment and personnel activities . Because 
radiation intensi ties a re calculated for a f ield (i . e . , in two spatial 
dimensions ) and in time , the radiation intensi ty is determinable for each 
increment of personnel activity rega rdless of di rec tion or at what time . 
( 5 , 7 )  The dose from exposure to a radiation field is obtained by summing the 
contri bution ( product of intensity and time) to dose at each step . The dose 
calculated from the radiat ion field does not reflec t the shielding of the film 
badge affo rded by the human body . This shielding has been determined fo r 
pert inent body posi tions by the solution of radiation transport equations as 
applied to a radiation field . ( 5 )  Conversion factors a re used t o  arrive a t  a 
calculated film badge dose , which not only facilitates comparison with f ilm 
badge data,  but serves as a substitute for an unavailable film badge reading . 

The calculat ion of the dose from inhaled or ingested radioactivity 
primarily involves the determination of what radioi sotopes entered the body in 
what quant ity .  Published conve rsion factors ( 17 , 18 )  are then applied to the se 
data to arrive at the radiation dose and future dose commitment s to inte rnal 
organa . Inhalation or ingestion of radioac tive material is calculated from 
the radioactive environment and the processes of making these mate rials 
inhalable or ingestible . Activities and processe s that cause material to 
become airborne (such as wind , decontamination or traff ic ) a re used with 
empirical data ( 19 , 20)  on part icle lof ting to determine airborne concentra­
tions under spec ific c i rcumstance s .  Volume tric breathing rates and durations 
of exposure are used to calculate the total material intake . Data on 
time-dependent weapon debris  isotopic composition and the above-mentioned 
conve rsion factors are used to calculate the dose commitment to the body and 
to spec ific body o rgana . ( 6 , 22 )  

E . Uncertainty Analysis 

Because of the uncertaint ies assoc iated with the radiological data or 
calculations used in the absence of data , as well as the unce rtainties with 
re spect to personnel activities , conf idence limits are determined whe re 
pos sible for group dose calculations . The unce rtainty analysis quantifies the 
errors in available data or in the model used in the absence of dat a .  
Confidence limit s a re based o n  the unce rtainty o f  all relevant input 
parameters , and thus vary with the quality of the input dat a .  They also 
consider the pos sible range of doses due to the size of the exposure group 
being examined . Typ ical sources of error include orientation of the weapons , 
specific weapon yield s , ins trument erro r, fallout intensity data , time( s )  at 
which data were obtained , fallout decay rate ,  route of personnel movement s ,  
and arrival /stay t imes for specific activitie s .  ( 5 , 7 )  

F . Comparison with Fi lm Badge Records 

Calculations of gamma dose were compared with f ilm badge records for two 
milita ry units at Operations PLUMBBOB to in :tially validate this  methodology . 
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Where all parameters relating to radiation exposure we re identified , di rect 
comparison of gamma dose calculations with actual film badge readings was 
possible . Resultant correlations provided high conf idence in the methodology . 
( 5 , 6 ) 

Film badge data may , in some case s ,  .be unrepresentat ive of the total 
exposure of a given individual or group ; neve rtheles s ,  they a re extremely 
useful for direct comparison of incremental dose s for spec ific periods , e . g . , 
validating the calculations for tha remaining , unbadged pe riod of exposure . 
Moreove r, a wide dist ribution of film badge data often lead s to more 
definitive pe rsonnel grouping for dose calculations and to further 
inve st igation of the reason( s)  for such dist ribut ions . ( 5 )  In all cases ,  
pe rsonnel film badge data a re  not used in the dose calculations , but rathe r 
are used solely for comparison wit� and validat ion of the calculat ions . For 
dose reconst ruction accomplished to date , comparison bas been favorable and 
within the conf idence limit s  of the calculations . ( 5 , 6 ) 
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APPENDIX B 

DOCUMENTS PROVIDED BY DNA 
THAT DESCRIBE 

METHODS OF AS SIGNING DOSES TO MILITARY PERSONNEL
* 

Berkhouae , L . , S .  E .  Davi a ,  F .  R .  Gladeck , J .  H .  Hallowell , c .  B .  Jone s , E .  J .  
Ma rtin , F .  w .  McMullan , and M .  J .  Osborne . Operation CROSSROADS : 1946 . 
DNA 6032F .  Prepared by Kaman Tempo for the U . S .  Defense Nuclear Agency . 
Washington , D . C . : Department of Defense , 1984 . 544 pp .  

Dose Assessment Group . Various sets  of minutes . 

Edwards , R . , J .  Goetz , and J .  Klemm . Analysis of Radiation Exposure , Task 
Force  Razor. Exerc ise Desert Rock VI , Operation TEAPOT. DNA-TR-8 3-Q7 .  
Prepared by Science Applications , Inc . , for the u . s .  Defense Nuclea r 
Agency.  Washington , D . C . : Department of Defense , 1983 . 68 pp . 

Frank , G . , J .  Goet z , J .  Klemm , C .  Thomas , and R .  Weit z .  Analysis of Radiation 
Exposure , 4th Marine Corps Provi sional Atomic Exerc ise Brigade , Exerc ise 
Desert Rock VII , Operat ion PLUMBBOB . DNA 5774F . Prepared by Science 
Applications , Inc . for the U . S .  Defense Nuclear Agency . Washington ,  
D . C . : Depa rtment of Defense , 19 81 .  80 pp . 

General Electric Company-TEMPO DASAIC . Compilat ion of Local Fallout Data from 
Tes t  Detonations 194 5-1962 Extracted from DASA 1251 . Volume I -
Cont inental U . S .  Tests . DNA 1251 -1-EX . Prepared for the u . s .  Defense 
Nuclear Agency . Washington , D . c . :· Depa rtment of Defense , 1979 . 334 pp . 

*
The document s listed in this appendix are available for review at the 

Defense Nuclear Agency , Washington , D . C .  2030 5 or the Civilian 
Inf ormation Center, Department of Energy , Nevada Operations O ffice , Las 
Vegas , Nevada . In addi tion , a ae ries of volumes de s cribing the 

atmospheric test ing program has been dist ributed to ove r  700 l ocations 
(public libra rie s ,  VA regional centers ,  etc . ) . 
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Goet z ,  J .  L. , D .  Kaul , J .  Klemm , and J .  T. McGahan . Analysis of Radiation 
Exposure for Task Force Warrior, Shot Smoky , Exerc ise De se rt Rock 
VII-VII I ,  Operation PLUMBBOB . DNA 4747F . Prepared by Science 
Applicat ions , Inc . , for the u . s .  Defense Nuclear Agency . Washington ,  
D . C . : Depa rtment o f  Defense , 197 9 .  114 PP • 

Goetz , J . , D .  Kaul , J .  Klemm , J .  McGahan , and R .  Weitz . Analysis of Radiation 
Exposure for Troop Observers . Exercise Dese rt Rock VI , Ope ration 
TEAPOT . DNA 5 354F . Prepared by Science Applications , Inc . , for the U . S .  
Defense Nuclear Agency . Washington , D . C . : Depa rtment of Defense , 1980.  
98 pp . 

Gri ssom , H .  P .  Memorandum for the Record . Document s Pe rtaining to Dose 
Assignment Methodologies ; review of . (With 29 enclosures dated 28 
January 28 , 1978 t o  December 27 ,  1983 .  Department of the Navy , Office of 
the Chief of Naval Operations . December 30 , 1983 . 

Harri s , P . , c .  Jordan , C .  Lowery , A .  Nelson , S .  Obe rmiller, and S .  E .  Weary . 
Atmosphe ri c Nuclea r Weapons Test s (1945-1962 . Exposure Crite ria , Film 
Badge , and Decontaminat ion Summary . Draft Report . JAYOOR report No . 
2126-4-1 . Prepa red by JAYOOR for the u . s . Defense Nuclear Agency . 
Washington ,  D . c . : Department of Defense , 1980 . 73  pp . 

Harri s ,  P. S . , C .  Lowe ry ,  A .  G. Nelson , S .  Obe rmille r,  W .  J.  Oze rott , and E .  
Weary . Shot Smoky , a Test of the PLUMBBOB Series , 31 August 1957 . DNA 
6004F . Prepa red by JAYOOR fo r the U . S .  Defense Nuclear Agenc y .  
Washington , D . C . : Department o f  Defense , 1981 . 1 5 6  pp . 

Hawthorne , H .  A. , Ed .  Compilation o f  Local Fallout Data from Test  Detonations 
1945-1962 EXtracted from DASA 1251 . Volume I I .  Oceanic u . s .  Test s .  DNA 
1251-2-EX . Prepared by the General Electric Company-TEMPO DASIAC fo r the 
u . s .  Defense Nuclear Agency . Washington ,  D . C . : Department of Defense , 
197 9 . 3 51 PP • 

Lee , H . , E .  Franco , R .  Pet t i john , S .  Parsons , R .  Donahue , and L .  Cubi t .  Organ 
Doses from Radionuclide Intake by Nuclear Test Pe rsonnel , 1945-1962 . 
Prepared by Advanced Research and Applicat ions Corporation for the U . S .  
Defense Nuclear Agency . Sunnyvale Calif . : Advanced Resea rch and 
Applicat ions Corporat ion, 1983 . 379 pp . 

Ma rtin , E .  J. , and R .  H .  Rowland . CASTLE Se rie s , 1954 .  
by Kaman Tempo for the U . S .  Defense Nuc lear Agency . 
Depa rtment of Defense , 1982 . 530 pp . 

DNA 6035F . Prepared 
Washington,  D . C . : 

Nelson , A .  G . , and W.  J .  Brady . Radiac Inst ruments  and Film Badges Used at 
Atmosphe ric Nuclear Test s .  Draft Report . Prepared by JAYOOR for the 
U . S .  Defense Nuclear Agency.  Alexand ria , Va . :  JAYOOR , 1984 . 47 pp . 
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Rohre r , S . , and H. Wi lkinson . Reference Manual : Background Materials for the 
CONUS Volume s .  DNA 6031F . Prepared by Science Applications , Inc . , fo r 
the U . S .  Defense Nuclear Agency . Washington ,  D . C . : Department of 
Defense , 1983 . 224 pp . 

Sc ience Applications , Inc . Compendium of 1982-1983 Dose Asse ssment s O ceanic 
Nuclear Test s .  McLean , Va . :  Scienc e  Applications , Inc . 116 pp . 

Science Applicat ions , Inc . Compendium of Priority Dose Asse ssment s Oceanic 
Nuclear Test s .  Science Applications , Inc . 1 71 pp . 

Science Applications International Corporation.  S tafford Warren Collection. 
Science Applications International Co rporation [ by 1985 ] . 17 PP • 

Thomas , c . , R .  Gminde r ,  J .  S tuart , R .  W�itz , J .  Goet z ,  and J .  Klemm . Analysis 
of Radiation Exposure for Naval Pe rsonnel at Operation GREENHOUSE . 
DNA-TR-8 2-15 . Prepared by Science Applications , Inc . , for the U . S .  
Defense Nuclear Agency . Washington , D . C . : Department of Defense , 198 2 . 
130 pp . 

Thomas , c . , J .  Goetz , J .  Klemm , and R .  Weit z .  Analysis of Radiation Exposure 
for Naval Pe rsonnel at Operation CASTLE . Draft Final . ( SAI-84 /1517 . 
Prepared by Science Applications , Inc . for the u . s .  Defense Nuclear 
Agency . McLean VA : Science Applications , Inc . , 1984 . 14 6 pp . 

Thomas , c . , J .  S tuart , J .  Goetz , and J .  Klemm . Analysi s of Radiation Exposure 
for Naval Pe rsonnel at  Ope ration SANDSTONE . DNA-TR-83-13 . Prepa red by 
S c ience Applications International Corporation for the u . s .  Defense 
Nuclear Agency . Washington , D . C . : Depa rtment of Defense , 198 3 .  50 pp . 

U . S .  Defense Nuc lear Agency . Guidance for the Determinat ion and Report ing of 
Nuclear Radiation Dose fo r DOD Pa rticipants in the Atmosphe ri c Nuclear 
Test Program (1945-1962 ) . Proposed Guideline s .  Fed . Regist . 
47 : 21853-2185 7 , 198 2 .  

U . S .  Defense Nuclear Agency . Nuclear Test Pe rsonnel Review Archival Sources . 
Draft . Washington , D . C . : Depa rtment of Defense , 1984 . 136 pp . 

U . S .  Department of Defense , Radiological Safety Section , Joint Task Forc e  One 
(Ope ration CROSSROADS ) .  Minutes of the Medico-Legal Boa rd convened 
August 3-13 , 1946 . 

We itz , R . , J .  S tuart , E .  Muller, C .  Thomas , H .  RDowles ,  A .  Landay , J .  Klemm , 
and J .  Goet z .  Analysis of Radiation Exposure for Nava l  Unit s  of 
Operation CROSSROADS .  Volume I .  Basic Report . DNA-TR-8 2-QS-VI. 
Prepared by Science Applicat ions , Inc . , for the u . s .  Defense Nuclear 
Agenc y .  Washington ,  D . C . : Department of Defense , 198 2 .  168 pp . 
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APPENDIX C 

AN EVALUATION OF THE QUALITY OF FILM-BADGE DOSIMETRY 
PRACTICES AT ATMOSPHERI C NUCLEAR TESTS 

To obtain information on the quality of film-badge dosimetry at tests of 
nuclear weapons , the Nat ional Bureau of Standards ( NBS ) , under contrac t to the · 
Atomic Ene rgy Commis sion , studied under labo ratory conditions two of the film 
dosimeters used in the field . NBS was the logical agency to conduct such a 
study , because it maintained (and still maintains) the U . S .  primary standa rd s  
for x-ray and gamma-ray exposure . 

One set of studies ( NBS , 1952)  determined the ene rgy dependence of the 
Eastman type K film badge and later of Du Pont type 502 film . Heavily 
f i ltered x-ray beams and cobalt-6 0 gamma radiat ion were used as sources of 
radiation . Photon incidence was essentially perpendicular to the film badge . 
Table C-1 summari ze s  the results of these measurement s .  

Table C-2 shows the results o f  an analysis o f  the unce rtainties in the 
interpre tat ion of small exposures--uncertaint ies due solely to variabi lity in 
photographic procedure s .  The result s bear out the es timates of unce rtainty 
given by others ( Nel son and Brady , 1984 ) . 

Table s C-3 and C-4 show performance in the labo rato ry of two of the 
dosimeters used during atmosphe ric nuclear test s ,  both incorporating Du Pont 
type 502 film as the mo re sensitive element . Dosimete r pe rfo rmance was tested 
by having the groups that developed the dosimeters send bat ches of them to 
NBS , whe re the badges were irradiated over a wide range of photon ene rgies and 
magni tudes of exposure . NBS then returned the irradiated dosimeters for 
processing and evaluation . 

Table C-3 s hows the results  of such a performance test of the cadmium­
shield dosimeters developed and used by the Los Alamos Scientific Laborato ry . 
Because the dosimeters were exposed only to photons , the evaluat ion could rely 
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TABLE C-1 

Changes in Sensitivity with Photon Ene rgy for Sensitive Component 
of Pe rsonnel Dosimeters Used Most Frequent ly During Mili tary 

Operations at Ea rly Atmosphe ri c Nuclear Test s8 

Approximate 
Effect ive Energy , 
MeV 

0 . 03 
0 . 07 
0 . 12 
0 . 17 
0 . 21 
0 . 50 
0 . 80 

b Data from Day (1948) . 

Approximate 
Ef fective Ene rgy , 
MeV 

0 . 04 
0 . 0 7  
0 . 12 
0 . 17 
0 . 21 
1 . 25 

Eastman Fi lm TyPe Kb 

Relative 
Under 0 . 72  mm of lead 
( '·lead cross ·· ) 

1 . 3  
1 . 2  
1 . 4  
1 . 5 
1 . 2 
1 . 0  
1 . 0 

Du Pont Fi lm Type 502 

Sensi t1 vi tyB---�-:­Without Lead 

5 . 5 
5 . 1  
3 . 0 
1 . 4 
1 . 2  
0 . 9 
1 . 0  

Relative Sensi tivi tyB
�-��--

Under 1 mm Under 0 . 7 2  mm 
o f  CadmiumC o f  Leadd 

Not available 
1 . 25 
1 . 95 
1 . 2 5 
0 . 98 
1 . 00 

Near zero 
1 . 2 2 
0 . 99 
1 . 0 2 
0 . 94 
1 . 00 

8Sens i t ivities  shown were computed relative to sensitivi ty obtained with 
highest effective photon energy used . 

boats from Day (1948 ) . 
coats from Ehrl ich ( 1952a ) . 
doata from Ehrlich ( 1952b ) .  
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TABLE C-2 

Uncertainty in Exposure Interpretation at Low Exposure 
Levels Due Solely to Variability in Photographic 
Processing and Densitomet ry Evaluation Procedures 

Type of Radiation 
Used 

Limits in reproduc­
ibility of densito­
meter readout of 
optical densi ty (D)  

Variat ion of  optical 
density (D) over film 
area 

Resulting uncertainty 
in exposure inte rpre­
tation at low level s 

Eastman Film Type Ka 

Filte red Bremsstrahlung 
1 . 4  MeV Exciting Potential 

D • + O . Ol 
corresponding to + 5 mR 

Not available , but 
probably similar to 
that for Du Pont 
film type 502 

10  mR + 10 mR 
50 mR + 1 0  mR 

aData from Nat ional Bureau of Standards ( 1948 ) . 
bData from Nat ional Bureau of Standards ( 1952) . 
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Du Pont Film Typeb 

Cobalt-60 Gamma 
Radiation ( 1 . 2 5 MeV) 

D • + 0 . 01 
corresponding to + 2 0  mR 

D • 0 . 02 - 0 . 03 

30 mR + 30 mR 
50 mR + 30  mR 
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TABLE C-3 

Objective Performance Test 
Los Alamos Scientific Laboratory , 195 3a 

Dose Ene rgy 

Actual Reported Actual Reported 
MeV keV 

2 . 00 1 . 80 0 . 21 200 
0 . 030 0 . 050 1 . 25 
0 . 100 0 . 110 1 . 125 200 
0 . 100 0 . 150 0 . 21 200 
0 . 500 0 . 440 1 . 25 200 
4 . 00 Appr . 5 . 00 0 . 07 200 
0 . 030 0 . 050 0 . 21 

0 0 . 050 
0 . 990 0 . 150 0 . 04 ,  o .  21 , 1 .  25 50 
0 . 500 0 . 400 1 . 25 200 
0 . 100 0 . 100 1 . 25 200 
0 . 100 0 . 170 0 . 21 200 
8 . 00 6 . 60 1 . 25 200 
2 . 00 1 . 70 1 . 25 200 
0 . 990 0 . 150 0 . 04 , 0 . 21 , 1 . 25 50 
2 . 00 1 . 80 0 . 21 200 
0 . 030 0 . 050 1 . 25 
0 . 030 0 . 070 0 . 21 200 
2 . 00 1 . 60 1 . 25 
0 . 030 0 . 050 0 . 07 100 
0 . 500 0 . 900 0 . 07 150 
8 . 00 Appr .  5 . 00 0 . 07 200 
0 . 500 0 . 900 0 . 07 150 
0 . 030 0 . 050 0 . 07 100 

aData from Ehrlich and McLaughlin ( 1953 ) . Identity revealed with permission 
of Los Alamos National Laboratory . 
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TABLE C-4 

Objec tive Pe rformance Test s ,  Lexington S igna l Depot , 1958 : 
Value of Dose in Roentgens 

ComElete Resul ts for the Pe riod Ma rch throush Ausust 1958 

March AEri l Mai June Juli Ausus t 
As s igned As signed As s igned As signed As signed As signed 
by NBS Re2orted bi NBS Re2orted bi NBS Re2orted !?z. NBS Reported by NBS Reported by NBS 

1 . 25 MeV 
0 . 300 0 . 2 7 5  0 . 050 0 . 090 1 . 50 1 . 50 0 . 005 0 0 . 200 0 . 345 2 . 07 
0 . 050 0 . 045 0 . 005 0 . 045 0. 100 0. 100 0 . 010 0 . 002 0 . 200 

0 . 020 0 . 020 0 . 005 

0 . 07-0 . 2  MeV 
0 . 120 0 . 11 5  0 . 540 0 . 745 0 . 020 0 . 020 0 . 01 0  0 . 004 0 . 060 0 . 100 0 . 020 
3 . 04 3 . 00 0 . 034 0 . 037 0 . 020 0 . 020 0 . 010 0 0 . 200 

0 . 054 0 . 100 1 . 50 1 . 50 0 . 005 0 . 003 0 . 01 0  
0 . 680 0 . 620 0 . 100 0 . 100 0 . 010 0 . 013 

0 . 005 0 
0 . 005 0 

0 . 04 MeV 
0 . 360 0 . 600 0 . 005 0 . 045 0 . 100 0 . 200 0 . 005 0 . 009 0 . 020 0 . 020 0 . 020 
0 . 061 0 . 070 0 . 200 0 . 400 0 . 020 0 . 035 0 . 010 0 . 002 0 . 005 

0 . 010 0 . 050 1 . 50 2 . 50 0 . 01 0  
0 . 020 

Mixed Ene rsies 
0 . 361 0 . 090 - - 0 . 400 0 . 525 

0 . 400 0 . 500 

Results for High Exposures for September 1958 through February 1959 

1 . 25 MeV 0 . 02 to 0 . 2  MeV Mixed Ene�ies 
As s igned Ass igned Assigned 
by NBS Reported bi NBS Re2orted bi NBS Re2orted 

11 15 . 0  15 14 . 9  15 1 9 . 6 
38 30 . 0  1 5  36 . 8  

&Data from Ehrlich ( 1982 ) .  Ident ity revealed wi th permission of u . s .  Army Ioni zing Radiat ion Dos ime t ry  Cente r ,  
Lexington , Ky . 
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in part on an ene rgy disc rimination based on the optical density in the area 
under the cadmium filte r, compared with the density in the uncovered a rea--a 
procedure that would not have been possi ble in field use , because of the 
presence of beta particle s .  

Addi tional data on dosimeter performance are shown in Table C-4 . They 
were obtained in 1958 from an NBS cooperative study in which the Lexington 
Blue Grass Depot (nov the u .s. Army Ioni zing Radiation Dosimetry Center) 
participated (NBS , 1958) . For thi s  study , the Lexington laborato ry used an 
improved multifilter badge that vas developed for nuclear tests and used 
ini tially during Operation Plumbbob in 195 7 .  This badge permits some ene rgy 
d i scriminat ion in the pre sence of beta part icle s .  

Al l  these results we re obtained for laboratory irradiations with radiation 
essent ially perpendicular to the film badges .  In field use , whe re angles of 
incidence vary , exposure estimates would be love r than those for pe rpendicula r 
inc idence by an amount that inc rease s with dec reasing radiation energy and 
depends on the atomic number and thickness of the metallic f ilters over the 
film surfaces ( Herz , 1969 ) . 

The uncertaint ies int roduced by ene rgy dependence of the film , photo­
graphic proces sing , tempe rature and relative humidity , and di rection o f  
radiat ion inc idence are summarized in Table C-5 . 

The data in Table C-5 show that film-badge readings have a bias to read 
highe r  than the " true" value by 45% , and if the dose is above 100 mR , have a 
random uncertainty of + 30% of the "true " value when read daily . The result 
of these uncertaint ies

-
is that 90 of 100 badges exposed to 1 . 0 R would be 

expected to read between 1 . 15 R and 1 . 75 R .  Results of a similar analysis of 
the uncertainty of survey-meter readings are shown in Table C-6 . 
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Table c-s 

Estimate d Unce rtainties in Field Measurements with Film Badge s  

Item 

Film cal ibration 
(with radium or 
cobalt-6 0)  

Photographic 
process ( develop­
ment , densi tome t ry )  

Diffe rence between 
:x and gamma ray 
during cali bration 
and in the field 

Difference between 
tempe rature and 
re lat ive humidity 
during film cal ibra­
tion and storage and 
during field use 
Diffe rence between 
direction of radia­
tion incidence 
during calibration 
and in the field 

Total ( rounded ) b 

Est imated systematic 
uncertainty 

( bias ) in assigned 
dose8 

+ 35% 

+ 10% 

+ 45% 

Est imated Random Uncertainty 

Do se between 
minimal detection 
level and 100 mR 

+ 20% 

+ 100% 

Read out 
daily , ± 10% 

Read out 
weekly ,  ± 30% 

Read out 
daily , + 100% 
Read out 
weekly , + 110% 

- 100% 

Dose greater 
than 
10 0 mR 

+ S% 

+ 25% 

Read out 
daily , ± 10% 

Read out 
weekly ,  ±30% 

Read out 
daily , + 30% 
Read out 
weekly , ± 40 

8Plus sign signif ies posi tive bias , i . e . , tendency to ove restimate dose . 
b lnd ividual random uncertainties were combined in quadrature ; individual 

systematic unce rtainties were added algebraically . 
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Table C-6 

Estimated Uncertainties in Field Measurements 
with Survey Instruments 

Estimated Systematic Estimated Random 
Unce rtaintl Uncertaintl ( Bias)& 

Csuse of Geiger Ionizationb Geiger IonizationC 
Uncertainty Counters Chambe rs Counters Chambers 

Difference between 
calibration and 
f ield spectrum + 30% + 10% 

Incompatibility 
of inst rument 
scalesC + 25% + 10% 

Diffe rences in 
temperature 
and ba rometric 
pre ssure during 
calibration and 
in field + 20% + 20% 

Diffe rences in 
direction of 
radiation incidenc e 
during calibration 
and in field + 10% + 10% 

Total ( rounded ) d + 40% + 20% + 30% + 20 

8Plus sign signifies posi tive bias , i . e . , tendency to ove rest imate dose . 
bBecause they are less sensi tive , ioni zat ion-chambe r inst ruments can be 

used only for dose rates greate r than 5 mR/h. Navy used ionization-chambe r 
instrument s more often than Geiger counters . 

CApplicable only when scales are not pread justed . 
dindividual random uncertaint ies were combined in quadrature ; individual 

systematic unce rtainties were added algebraically . 
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