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ABSTRACT

This report is an addendim to tha final Wport of Project U.1,
Operation CASTLE, Its purpos3 is to consider the physical factors

and dosinetry of the fallae on the Marshall Yslands fras the first
ahot of Operation CASTLE hoe. =

Data was summarize: fron field fiadiological Safety surveys, :
fallout radiochemical stidtes, and fallout gamma spectral measurce j

aentg, The influence of these and other facturs on an ovaluation of
gurvey meter response and total dose estinates waa considered, Esti-
mates of fallout duration tines and enercy distritution of the dose
fron a plane source were made and the effect of diffuse source=goonetry, .
on the depth-dose to air~-dosa relationship was considered, Superficial,-
doses fram soft parma and beta radiation were also considered,

Since the fallout incident created an initial emergency dusting
which data collection was of secondary importance, attempta to meco?
atruct ths avont have been uncertain, choof the cata was indicati
rather than exact. However, a fairly consistent estimate of external

gamma dosage was possible, aithou gh the question of beta exposure
remains mostly unanswered, It has been assumed that no significant
neutron or alpha particle exposure occurred, Internal doses from in-
haled or ingested materialand the bio-medical aspects of the incident

have been discussed in other CASTLE Project 4.1 reports,
It was concluded that: (1) the AN/POR-394 requires a correction

factor of about plus 20 percent in dose-rate readings mada under the
conditions described ; (2) dacay cf the70.835(3)th of the fallout is

believed expressible. by the factor of T (3) the external gamma
dose was delivered primarthy by radiation energies of 100, 700, and
1500 kev; (4) the beta dose was delivered by beta radiation of maxinum
energies of 0,3 and 1.5 Mev, mostly from fallout deposited on the skin
itself; (S) the exposures occurred betwesn 4 and 73 hours after the
detonation = the fallouts were probably of 12-hmrs duration; (6) dif-
fusa source fpeometry increased the midline dose by about 50 percent
caonpared to the midline dose which would have resulted from a hilatarel
narrow beam exposure of the same air-dose; (7) error in the estinates
4s believed to be less than 50 percent; and (3) total air ganna doses
were estimated as follows; Rongerik, 86 r; Rongelap, 182 r; Ailinginae,
8l r; and Utirik, 13 r,.
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FOREWORD

This report is ona of the reports presenting the results of the
34 projects participating in the “Military Effects Procram of Operation
CASTLE, For reacers interested in other pertinent test infornation,
reference is nade to #T-934, Report of the Commander, Task Unit 13,
Military Effects rro;ran. <shis suwumary. report includes the following
information of possible general interest,

(a) An cver~all description of each detonation, including yield,
heicht of ear eee LarG location, tiie of detonation, anbiont

atmospheric conditions at detonation tine, etc,, for the operation,
(b) Discussion of all project resul ts. o
(c) A sommary of each project, including objectives and results, o
(d); A cor:plete Listing of all reports covering the Military Efe 2 0 = og. .- /

fects Test Prosran. a Seeee
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CHAPTER 1

INTRODUCTION

The fallout on the Marshall Island atolls of Rongelap, Rongerik,
Ailinginae, and Utirik from the first shot of the series beginning
1 March 1954 created an initial emergency during which the gathering
of data was of secondary inportence, This fundamental fact has result-
ed in uncertainty in all attempts to reconstruct the circumstanees of.
the event. Calculation of the external doses received by the exposed.”cet ,
individuals has required that availabie information be supplemented
assumptions, Much of the information itself was necessarily more in r; ae
dicative than exact, In spite of these difficuities, the cooperation¥
of many individuals and groups made it possible to develop a fairly *.
consistent estimate of external gamma dosage, although the question ofa
beta exposure must remain m.stly unanswered,

It has been assumed that no significant neutron or alpha particle
exposure occurred, This, the main consideration in this report is the
total body gamma radiation exposure, Internal doses from inhaled or
ingested material have been discussed elsewhere (Reference 1),

‘Data which form the basis of the analysis were furnished by sever-
al sources which are listed in the References, These represent
measurements made both in the field and in the laboratory in the period
immediately following the exposure, Later information has also been
included wherever it was available, A summary of these results appears
in Reference 16, which covers the biological and medical aspects of the
incident,
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CHAPTER 2

FIELD DOSAGE DATA

2.1 EARLY DATA

When the exposures began, no monitoring personnel were in the
vicinity of any of the contaminated islands, One of the first indica»

tions of a fallout was visual, when a snow-like material was observed ..
in the air on each of the islands. The reports on the times of cae a
vation, although conflicting, serve to establish the time of arrival :°—
of the cloud at each island, except at Rongerik (see Chapter 6). a
the first evidences of a meen field was observed when a low-level

garma background monitoring instrument at the weather station began to”

register and then went off scale at 100 mr/hr at approximately H + 7.4
hours, Table 2.1 lists the readings of this instrument during the ;
half hour preceding this tine (Reference 2), These data are the only
information available on the initial rate of increase of gamma dose
rate on any of the islands, -

At the time of evacuation of the military personnel from Rongerik
on 2 March and the Marshailese from Xongelap, Ailinginae, and Utirik
on 3 March, dose rate readings were made on each island. This was done
with AN/PDR-39 radiation survey meters which were available at the time
and which had not been calibrated beforehand, Their operating condi-
tion was not known at the tine of use, The readings of these instru-

ments are given in Table 2.2, and constitute the earliest data on gamma
dose rates in any of the areas (Reference 3},

       

2.2 EXPOSURE CONDITIONS

Se far as is known, the individuals exposed on Rongelap and
Ailinginae remained outdoors and had no access to shelter of any kind
on the islands,. No measures were intentionally taken to protect the
skin, but clothing was worm to a degree sufficient to shield from most
of the deposited beta activity, In addition, much of the fallout skin
contanination was removed from some individuals, as a result of their 5
swinming and fishing in the lagoon at the time. On the other hand, the
heavy coconut oil hair dressing used by the Marshallese tended to con-
centrate radioactivity in the hair. The surface contanination on the
ground was apparently fairly uniform over the islands, so that the cale
culation of average ganma doses from this source appears justified,
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TABLE 2,1 ~ Radiation Intensity at Rongerik
Luring Early Fallout (Shot 1)

 

Time after H hour

(hr)
Garma Dose Rate

(mr/hr, background)
 

 

 

6.5 (1345 1 March)

6.87

6.91

6.95

7.04

7.12

7.20

7.29

7237  

0.06

0.18

0.70

2.7

3.6

10.5

30
60

100°

  

 
 

 

TABLE 2,2 = Early Dose Rate Data (2 to 3 Harch}

 

 

  

Island {Time after H hour (hr) Average Dose Rate (mr/hr)

| Rongelap | H + 36 1500

Rongerik H + 28,5 2000

Adlinginae H + 58 LLS

utirik H+55 160  
 

On Rongerik, the exposed individuals recognized the nature of the
fallout, put on protective clothing, and tack advantage of the partial
gauma shielding afforded by Butler-type tuildings in the area, staying

The radiation dose rate encountered by an

individual on this island thus depended on his whereabouts and probab~
ly varied by a factor of two between maximum and miniaum values in

The estimation of dose received by
any one individual of the Rongerik group was thus subject to consider=

indoors as far as possible,

different areas at a given tine,

 

able uncertainty, since no canplete record of movements was kept,
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However, a group of film lad,a readings was obtained covering a
range of values which vaiied with exposure conditions (Reference 3),
These readings are suinarized in Tatle 2,3, Several badges were worn

th outdoors and indoors. Oue badge which remained outdoors over the
28.S5-hour exposure reached tha upper limit of 93 r given in the table.
Several other uauges kept inside a refrigerator indcors gave the lowest
value of 33 r. Skin contamination in the Hongerik group appeared to
have been much reduced by the protective measures taken and the result-
ing beta doses appeared clinically to hava teen clearly lower than in
the other groups, e
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TABLE 2.3 = Pile Badge Readings on Hongerik
 

Location of Badges | Calculated Dose to Badges (r)
 Pee 4ee eeeee+

Indoors and Out hh to 52
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2.3 LATER SUHVEXS

During the period 3 to ll March, mre extended surveys of each of
the islands were made by a monitor! e team equipped with five AN/PDR=39 °
instruments (Referanea hh), Twenty-four hours previous to the departures

of the su rvey party, three of the instruments were calibrated on an
8O~curie Co source and cross checked at 0.320 r/hr, where they were
found to be in close agreement, Using these instruments, measurements
were made in the inhabited areas of all four islands at waist height
(approximately 3 feet above ground), Table 2.4 1s a summary of these
data, Since these later readings were made under better controlled
conditions than the emergency surveys at the times of evacuation given
in Table 2,2, the data of Table 2.), vere taken to be the best measure-
ment at a given tine of the gamma dose rates in air and were used in
the calculation of the total external canna dose.

No information existed on the qusntity of beta contamination on
the skin of any of the exposed individuals, Further, no experimental
data allowed any reliable calculation of the beta dose rate to an
individual fran fission products on the greund, Thus the only basis
for any estinate of external Leta dosage was data from other field
teats and fallout measurenents, This question is discussed further in
Chapter 6, and a rough estinata for possible beta dose from ths ground .
is made there,



 

TABLF 2,4 - Later Dose Rate Data (8 to 11 March)
 

Time after H hour Avg. Dose Rate

 

 

 

location (days) (nr/br)
Rongelap: - .

average H +7 3175

maxiuum 450

one point in village H+7 280

a +10 if

Rongerik: |

*average outdoors K+ 9 280

Snaxinum outdoors 300

Ailinginae:

average H+9 100

Utiriks

average H+8 ho

 

  
*Dese rate inside structures found

outside,

  
to be about # that
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CHAPTER 3

FALLOUT CHARACTERISTICS

3.1 EXPERIMENTAL DATA

In order to calculate a total gamma dose received by an indivi-
dual in an area where dose rate was measured at a given time, a value.
for the rate of change of radiation intensity during the exposure

period must te assumed, The latter quantity has often been approxie 7!>
) decay law. In this case.=mated using tha well known way-Signer (t74

however, it was known that large amounts of Np*39 and Np¢49 vere: to be.
expected in the fallout of the 1 March shot, making its early decay.
characteristics as well as its energy spec trum somawhat different from: G
those of previous detonations, It was therefore decided, that the -,
value of decay rate assumed to exist during the exposures should be
based, as tar as possible, upon experimental data fran this test,

Unfortunataly, no decay rates ware followed closely in any of the
imuediate areas where the exposures occurred, and it 1s known that the
radiochenical canposition and decay rate of the fission product mixture
usually vary both with place and time. However, carly decay rates in
he Bikini lagoon itself had been measured in a series of fallout
samples taken at other points nearer the site of the detonation
(keference 5). Since these values were the best data available, they
were used in the calculations and wera assumed to hold HO the fallout
on each of the islands,

The early samples showed a consistent pattern among various loca-
tions and a decay exponent (n) of tetween 0,8 and 0.9 in Equation 3.1,

A= ay(t/t)-n (3.1)
wheres: A= activity (d/m) at time t, |

This decay exponent (n) was found experimentally to fit the data
for the period H+ 5 to H+ 50 hcurs, The observed values are given
in Reference 5.

3.2 CALCULATED LECAY HATES

These decay ratgs were Spmpered with calculated values based on
the presence of Np and Np in the fallout mixture. The calenl
tions were made on the assumption that the.eeeeee as 39
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hours after detonation was 1,3 ¢/m per 104 fissions and that of
ue7k was 2.7 d/m per 1C4 fissiors srile the gross fission product de~
cay followed the "inter=Pallou exponents and its activity at} hours
was 13 d/m per 104 fissions (Refererce 6), This value of Np*3? activ~
ity foilgue from a calculated reutren capture-tc~fission ratio of 0.78
in the ue tanper.

Using the hal®life of 2.33 cays for Npe39 and 1k for uelO and

combining these cata with those for the total rate of decay of the fis~
sion products as ussuned above, a total activity curve was calculated,
This is illustrated in Figure 3,1, It is seen that a decay rate expo-
nent of 0,83 between H +h and H+ 23 hours; of 1.1 tetween H + 23 and
H+ igv hours; and 1.6 from H + 5 to about H+ 14 days fits these por-
tions of the curve, The presence cf the measured decay rates thus
agreed with other parameters of the detonation during the exposure aud
survey periods, Figure 3.1 was used in the dosage calculations, The
effect on dosage of the energy spectrum resulting from this composition
is discussed in Chapter h,
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‘necessary for different energy regions, Further, to estimate the dis~,

CHAPTER

GAMMA ENERGY-DOSE SPECTRUM

b.] FHOTON FLUX SPECTHIM

The fallout material deposited on the ground produced a large area
plane source of radiation, Before a total gamma dose could be calcu}
lated, it was “necessary to correct the dose rate readings in air takenz
with the survey instruments with the meter resporse factors found to bef

tribution of dose with depth in tissue required a knowledre of energy’
distribution of the incaning flux in a given exposure geometry,

For a source as large as these fallout fields, this enerzy distri<’
tetion will be a functicn both of the original source energy and the
enerry derradation effect of eos threyea intervenwidens air, A moh.

vere ” 14O

of evaluating the latter, which was due mainly to Compton scatteting in
air for the fission product eneryy region, has been presented in —
Reference 7. This technique was enployed here, Energy spectra of the .

CASTIE fallout itself has been measured with a scintillation spectrome~
ter on a series of cloud samples as early as H+ 4 days, ‘The data have
been published in Reference 8. The preliminary data on the earliest of
these, a 94-hourscld cloud sample, were used in the calculations sun-
eed in Reference 16, These are given in Table ).1 (Reference 9),
This 9k-hour sample from Shot 1 represents the closest approach to the
actual time during which the exposures occurred,

After the conclusion of the test series, analysis of early data
from other shots continued and later spectra for all shots were ana-
lyzed. None.of the other spectra are for times _as early as H + 9 hours,
For the later detonations the proportion of Np*39 (average parma -ener-=-
3 5, = 23 kev, WO percents E2 = 105 kev, 11 percent; By = 50 kev,

ts percent) in the fallcut samples was found to be much higher than
that given in Table 4.1, An extreme case, for example, is the data for

2 Shot h on 26 April at H+ 5.3 days which is given in Tatle b.?. Here
“e:": the low energy portion of less than 100 kev was measured as 60 percentSee of the total photon flux, Two later determinations on. another Shot 1
o sample (1-L, Tatle 3 of Keference 3) show these low energy proportions

as 55 percent at H+ 4.1 days and Sh percent at H + 5.2 days as well
(Tatles h.j and 4,4), Later data thus tended to show thatthe initial
estimate of low ener,y rediation was low, Hence, revised estinates of
the total doses will be presented here on the basis of the additional
data for which the counting statistics were tetter than on the Shot 1,
H+ 9hour sample, These Spectra, it must be emphasized, are for

 

   

  

  



 

sanples taken soon after the detonation in the cloud itself at some
cistance from the atolls (Keference 5), Again they represent the best
data available and, in the atsence of contrary evidence, had to be
taken as typical of the fallout on the islands,

TABLE 4.1 - Shot 1, H+ 9h Hr

 

 

 

 

  

 

 

Energy (Mev) Percent of Flux Cumulative Percent

—— tose
(See Text)

1.59 720k 100

1.37 0.99 83 !

1.27 0.80

0.96 2.70 80 tit A

0.84 3.71 6S | ee ;

0.76 | 15,11 | 7 ;

0,66 19,2) 6

0.50 12,15 1 :

0.27 4.82

0,22 6.00 2

0.10 | | 20.2h

0.068 $.0h 8

0,018 2.17   
 

4.2 DOSE-ENERGY DISTRIBUTIONS FOR PLANE SOURCE CEOMETRY

Te campute the proportion of total airdose due to a given energy
interval in the degraded spectrum which resulted from the cpectrum of
the original sample, the dose from the spectrum cue to the exitter dis-

tributed as an infinite plane source was calculated by surming the
contributions over all path lengths in air, By dividing the original
H+ 94 hour spectmm into 13 erergy regions and carrying out this froe-
ess (heference 7) for each, a cumulative dose versus energy curve
resulted, The cumulative doses are siven in Tables L.1, 4.2, and h.3. °
From these curves, a differential histoeram of percent cose versus

energy interval was determined which represents the percent of dose

- ° +

. Sa canied

* *



delivered to the surface of the exposed individual at a height of 3
feet above the plane by photons with energies in each of these inter-
vals (Figures 4.1, b.2, and 4.3).

The process ecnsists essentially of the follcuwing steps:
l. For each scurce energy, calculating the dose per photon con-

trituted by the unscattered portion of the radiation from each incre~
ment of source area, This requires an expression involving "true" and
total absorption coefficients in air, cxpcnential intagral, source
energy, and fracticn of dose cue to unscattered photens of that energy,

2. For each scurce energy, calculating a weichting factor (or
relative dose) by multiclying the dose per photon in Step 1, above, by

the number of source photons with that energy. ,
3. For each source energy, estimating the fraction of dose due

to source cnotons criginaily of that energy but cegraded by scattering
+4 wawmeians olen weto cncrgiss less than each of a set of arbitrarily chosen erergy val-
ues,

i, Computing the total dose due to all fhotons with energies up -

to each chosen energy value by summing the een of Steps 2 and 39 ae
above, for each of the criginal scurce energies, 8

The result ig an interral or cumlative airedose spectrum; ae5.3
  a plot of photon energy versus the air-cose resulting from all photons3Noeary

from zero to that energy. From this, a rough differential dose histo-%
gram is obtained by subtracting ordinates on the integral curve at the™:e—_

endpoints of each chosen energy interval, The use of graphical and
mumerical methods makes the technique quite applicable to the de termina-

tion of a number of such dose-enerpy distritutions.
Figure 4,2 of heference 16 depicts the differential air-dose dise

tribution for the Shct 1 H+ 9 hour data, in percent of dose per 0,05
Mey interval versus energy in Mev, Dose spectra based on the later
data differed chiefly in the low energy region. The relative dose due
to energy up to 100 kev averaged a bout hO percent as compared to 12
percent in the above cistribution, Three other dose distritutions

were calculated from Shet 4 and later Shot i data and are shown in
Figures 4.1, 4.2, and l.3. Figure 4.1, using the data of Tatle h.2,
is an extreme case with respect to the low energy component, All

other samples for all the shots lie tetween this and Figure 4.2 of
Reference 16. Figures h.2 and h.3 give the dose distributions for the
H + 4.1 and H + 5.2 day times on the other Shot 1 sample, Figure ,2
also indicates estimated error in portions below 0.3 Mev.

The dose spectra are all seen to greup roughly into three regions
with pesks at 100, 700, and 1500 kev, Since the spectra are those of
bh to S day old fissicn ;reducts, at which time the Np¢39 activity is
at its greatest relative value, the low energy proportion due to this
muclide is higher than it was at H+ 2 days when the Np?¢39 canponent
was still increasing (Figure 3.1). Based on this distritution, dosige
and meter corrections for the low energy region during the exposure

ried are therefore gencrous, During the several days before and
after this tine the general spectrum shape apparently did not vary
groasly in the higher enerzy regions, A total correction factor for

. the survey instrunents was therefore calculated for each of these spec-
tra and was assuned te hold for the period between fallout and surveys,

as 4s described in Chapter 5,
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TAELS L.2 = Shot h, 44+ 5,3 Days

 

 

Percent of Flux | Cumulative

 

    
 

 

 

 
 

 

Energy (Mev)
- Percent Dose

0 - 0.1 59.6 56

0.1 = 0,2 16.0

0.2 = 0.3 8.1 70

0. = 0.5 4,6. 76

0.6 = 9.7 4.3

0.7 ~ 0,8 4.0 90

0,8 - 0.9 1.0 92

1.5 -1.6 2.4 100

TABLE h.3 = Shot 1, H + 4,2 Days

Energy (Mev) © Percent of Flux Cumulative
Percent Dose

0,100 0.548 3

0.200 0.136

0.250 0.16 50

0.300 0.0h2

0.486 0.037 65
0.659 0.055

0.750 - 0.0L8 85

0.815 0,012 92

1,590 100 0.013   
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TABLE Lh. ~ Shot 1, H+ 5.2 Days

 

 

 

   

 

 
 

4.3

fallout or soil samples, -

Energy (Mev) Percent of Flux Cumulative
_ Percent Dose

0,035 5.97 10

0.65 11.53

0,100 36.47 36

0.135 3.81

0.210 10.9

0,250 5.23 52

0.285 4.05 "

0,320 2.21

0,486 5.13 65

0.659 6.35 |

0.750 5.06 83

0.815 1.82 89

1.590 1,88 100

BETA ENERGY

The beta radiation energy was not measured directly in any of the
However, fran available data on the radio-

chemical composition of the fallout (Reference 6), it has been esti-
mated that from 30 to 65 pergent of the beta radiation diring the ex-
posure period was due Ww Np‘’’, and had an average E,s,x of about 0.3

The balance of the radiation was of higher energy, with anMev,

average E,ay of atout 1,8 Mev, The half-value thickness in tisme for
the low energy component is about 80 microns, with a range of about
800 microns total. For the high energy component, the half-value thick-—
ness is about 800 microns and the range about 8000 microns. Since no
estimate could be made of the anount of material on the skin surface
or length of tine it remained there, only rough estinates based on
clinical evidence could be made of the skin beta doses, (See Reference
16).
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CHAPTER 5 °

METER RESPONSE FACTORS

(S,l ENERGE RESPONSE

The response of the survey meter to the spectra calculated in
Chapter 4 was evaluated in terns of a set of normalizing factors, one

- for each energy interval in the spectrum, 2y summing over the intere.7
vals and weighting each response factor by the fraction of totak
air-dose in that interval, a total response factor is obtained, ~°.°°4

Ts, if D} is a dose reading for radiation of a given onerey |
ky; is the normalizing factor for that energy,. then: .

kyD4 = fyD_ ee ane

 

Wheres f; = the fraction with the given energy of the total true dose D.

Hence:

pis Doj=0y fh
se

Solving for Ds 2
ee (5.2)

f
4.ry

The f4 may be taken from the dose-energy distributions in Chapter
lk and the k, from Figure 5,1, which is a plot of the response factors
found for tite earlier model of the AN/PDR=394, then called the AN/PUKe

T1B (Reference 10), This is believed to be essentially identical in
its response to the later models, For the spectrum used in the Refer=
ence 16 calculations, the total response factor was found to be 1.9h.
This value was uséd in the dose calculations of that report,

For the spectra show in the Figures 4.1 to 4.3, the total energy
response factors for all energies above 20 kev were found to be as
given in Table 5.1, The value of 1,12 for the H+ 5.2 day spectrua of
Shot 1 (Figure 4.3) is used in the revised dose calculations of this
report, since this spectrum represents the best data,

 

FnReea Rheaee a Ueate ogeeatPMgt  

.
a
B
S



F
A
C
T
O
R

T
O
N
O
R
M
A
L
I
Z
E

 

 

   
 

 

  
  

 

 

 

 

  

 

 

           
 

1.6

15 \ .

14 be. wm EC KPERIM CATAL

ow owe INTERPOLATED

1.3

1,2

ted

C089

Roa =

1.0 — ==)

o.3 ns

é
éf -

0.8 é
XS é

oO”
?

0.7

0.6
02 04 #+O6 O8 |0.04 0.06 0.08 0.1

, ENERGY (MEV)

Fige 5.1 Energy Response of Socvey Metor AN/TDR= TB

 

!

P
e
t
t
i
t
N
a



  

TASLE 5.1 = Total Enersy Response Factors for AN/POR-37A
 

 

 

 

    

. Specttrum Shape Total hesponse Factor F
F SSRTS SESEESSE d
1° Shot k (h-L) H+ 5.3 Lays 1.17
| (Fisure yl) 1

‘
| Shot 1 (2-1) H+ U.1 Days 1.96 {

(Figure h.2) 4

Shot 1 _L) H 2 Days 1,12
(Figure 4.3) 4

4

Shot 1 (1-L) H 94 Nours Leak
| (Fieure 4,2 of Referenca 16)
lo

5,2 CEOMETRY RESPONSE is

The response of the instrument is known to vary also with the -;aan chee
direction of incidence of the flux, tut no allowance was made for this:
factor in keference 16, An attempt has been made te correct for this .
effect by using the plots shown in Figure 5.2, This figure, taken
from Reference 10, is a graphical representation of the directional

- response to a lO-ng Radium source of a J1B instrument in the horizontal
and in two vertical planes, It was felt to be sufficiently accurate
to make the approximation shown in the graph by setting a straight line
Linit to the response vector in one revion and, further, to assume that

the response is cylindrically synnetric about the XX! axis, Maxinum
sensitivity, indicated by a vector length of unity, is then in the ok

direction cn the XX' axis, If a flux (F) per unit solid angle impinges
on the instrument at an angle 0 with respect to OX', the reading on the
meter will be (assuming that the response is linearly proportional to
flux intensity):

Dit = rD= rkF (5.3)

wheres k= proportionality constant
b= "true" air-dose
r = vector response factor

By the above approximation, the vector response factor (r) is
given by:

0£O<s costil = 73 +: h=0.6 sec 0

r=1 (5.4)~ fy A © A q

“S
h



 

TT

: T= L rae (5.5)

pe
Q

Using the above values of r, r= 0,923 i.€., the instrument is .
about 92 percent efficient, Thus the averase directional response cor-
rection factor is 1.99, inplying that the reading inside a homogeneous
cloud or over a homogeneous plane source is about Jere rcent low for
this average energy, which is roughly in the l-Mev region,

For the very low energy component below 100 key, it is not known
whether the relative directional respunse varies grossly fron the
above, It is assumed here that it does not, The doses calculated in

this report are therefore based!on this dblrectional correction, Com-
tining this geasetry faclur with the energy correction of Table 5.t
for the H + 5,2 day spectrum and Shot 1, a total correction factor of
1.22 results which was used in the air-dose calculations in Section
&.1 of this report,
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CHAPTER 6

DURATION AND TIME DISTRIBUTION OF DOSES

S$.) AVATLASIZC DATA

 

In Chapter 2, the only existing field data on dose rates and to=«
tal dose are sumeen The information dees not provide answers to

two important questions: (1) what was the time for each island at
which the fallout cloud arrived; 14.6., when did the radiation level on ©.
each of the islands rise above the normal background and (2) how steep-
ly and for how long did the radiation-level rise before it reached its.
maximum valve and decayed away at ‘the rate determined by its own com="'
position (discussed in Chapter 3}; 4.e., how heavy was the fallout at <2hue cl .
any tine it was occurring and how long did it last? Since only the © [8° Ut
tines of evacuation were direcily known, assumptions on both these
quesiions were basic to an estimate of total dose,

It would have been desirable to have had an instrument on at
least one cf the islands capable of recording enough data to answer
thesa questions, As it is, it was fortunate that there was even a low-
level monitoring instrument in operation on Rongerik (Table 2.1), al-
though its full scale capacity was soon exceeded by the rapidly

increasing dose rate of the fallout, The tine at which the fallout
beganwas at least quite definitely established on Rongerik and it co-
incided with the time at which the snow-like material was first seen,

Fer the other istands, therefore, the tines at which similar mate-
rial had been seen to commence falling could be taken as the beginning
of the radiation exposure times, It only remained to determine what
these tines had been,

Questioning the inhabitants of the other islands resulted in a
group of estimates of arrival time which were in fairly good agreement,
though the manner of questioning sometimes appeared to influence the
answers, However the tines estimated in this fashion were quite close
to those resulting from other information; i.e., the wind velocities
at the tine, the tine of beginning fallout on Kongerik, and the rela-
tive: distances of the other islands from Bikini, Only on Utirik was
no actual observation of the fallout made; the estinate of arrival
time there was made using only the tine of arrival on Kongerik and the
wind-and—distance-factors, The values of fallout and evacuation tines
used are sunnarized in Table 6.1,
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TAPLE 6,1 - Fallout and Evacuation Tines

 

  
  

 

  

Island Estinated Initial Evacuation Time
Fallout Tires (hours)

iL (hours) _

Rongerik H + 6,8 H+ 23.5 (6 men)
H+ 34 (20 men)

Rongelap 4+h H + SO (15 people)
H+ 51 (43 people)

ALlinginae H+ H+ 58

Utirik H + 22 ' H+ 55 to H+ B  
 

6,2 ESTIMATES OF FALLOUT DUATICN   
The rate of increase of radiation intensity, the time at which 18.

reached its maximum level cua to decrease of fallout, and the total 7;
duration of the fallout can cnly be estimated on circumstantial grounds, -
The data of Table 2.1 for Hongerik are not sufficient to warrant an ex-
trapolation over two orders of majnitude, It is unlikely that the
increase of intensity was sinply linear either on Kongerik or any of
the other islands, FPut, if the rate of increase is assumed constant
and extrapolated to a point for which subsequent decay alone would re-
duce the dose rate to the values found at later tines, a fullout time
of 16 hours on Hongerik, for exanple, is found to be a necessary conse-
quence (Curve a, Figure 6.1). That is to say, 16 hours would have
elapsed at such a constant fallout dose rate increase before the time
of maximum dose rate on the island would have uccurred =- the time at

which the fallout was increasing the radioactivity level at the sane

rate that radioactive decay was reducing it. For such a constant.
build up, this equality would have occurred only for an instant, (Point
A)), after which the fallout would have suddenly ceased,

The actial fallout must, of course, have had a variable rate of
increase and decrease, reaching a maximum and cradually decreasing to
the rate governed by decay alene, However, using the initial rats of
increase and crawing a more gradual maximun would place the cessation
of the fallout at an even later time (Curve b, Point Ag). Since the
visible fallout is telieved to have ceased some tine after midnight on
1 March or at about H + 16 hours (Point Aj), an increase in the rate

. of increase after a short time was almost certainly the case (Curves
c, d, and e), But the steepness of this rate of increase, the sharp
nesa cf the maximum point and the gradualnass of the fallout dimimtion
are unknown, so that. there is no direct evidence to show whether Curve
c or Curw a, for instance, is closer to representing the event.

There are, however, indirect indications. Moniter data fram pre=
vious muclear events have indicated that a radioactive cloud is not

xn . °

. Ena



 

 

uniformly high in activity threughcut, the first pertion being the nost
intense and the belance tailing off, Initially heavy fallout has been
reported to produce a peak of airtome racicactivity scen after its ar-

rival, with the airborne activity level then decreasing. The latter

part of a fallout, though still otnervable as dust, say then add only
a small fraction to the total dese cue toth to aercsol and material
already on the ground, especially if racicactivity was mainly confined
to the larger varticles “which fell out most quickly, ff this is th
case, the total ;henomenon wouic tend loware the effect of a shorter
fallout, and the total dose would then be test estimated by acovning,
the fallout to have becn complete in some shorter “effective” tire,
such as Curve f,

The Kon,erik film badye data in Table 2.3 may be used to derive
such an effective fallout time estimate. This procedure was followed,
The decay rate, eneryy spectzum, end aeter response discussed in Chape
ters 3 and S were used and the later dose rate measurenent on hongerik «.
(Table 2.4) was taken as a starting peint, The upper limit of, dose
found with the outdoor badge reacings (approxisately lcu r Table 6.13)-:
then resulted from assuming a lé-heur "effective censtant fallout® —.
time, This was, therefore, taken as a most pretalie tine and the re=™
sulting straight line midway between Curves a and fin Figure €,1 was
used in calewlating, the probable 12-hour cose for €ach island (Curve:
gd» Though this estimute differs appreciably from that of Ll har: .-
which was originally used as an effective time in Reference 16, the
later spectrun, cecay rate, and meler response Estinales wade a le-hour
value more plausible if the film tadge readings were accepted,

Keeping a l-kcur assummticn would have resulted in a dose sone
SQ percent higher than the cutdopr tadge readings shcwed. Since the
acezracy of the film badse readings was Lelieved to be tetter than 50
percent, the l2-hcur value was therefore used, as it is more consistent
with all the other available infermation, Nevertheless, the curation
of fallout still remains the least Imoxwn parameter of the exposures,
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CUAPTER 7

EXPOSURE GEOMETRY EFFECTS

in clinical and lahoraury ex_csures, the radiation flux usually
follows a marrow beam or ot least a point-source "divergent" peonetry.

vhen an airedesée is used to specify the eyposure conditions for a

thick tar,et, it is generally measured at the ;oint subsequently oc~

w

4 . at

cupied by the center of the proaimal surface of the patient ui exporiw: -

mental anical with respect to the source. For flela expesures such as
eccurred cn the islands, the raciation seurce is not a point and the

exposure  ~waretry is "diffuse" rather than "“diverjpent." 7
when a cloud or a large planar crea is the scurce, all surfeces

of the irreciated individual are "proximal," in the sense that the air-
cose measumec anywhere in the space subsequently occupied by the indi-

vicial is the same, It is this airedcese which is measured by a field
instrurent; it does net bear the same relaticnship to the skin dose

and depth cose as does the atir-cose measured in a puint source geom-

etry. if a tilateral exposure is made in the lateratcry, one-half the
ccse is usually given with ome side of the individual facing the source
ané one-half with the other. this is a closer appreach to the fiela

:
1

as
a)

‘geometry, but, if the air-dose has teen measurec at the center of the
Froximal surface as above, it is stil] not related to the depth dose
in the same way as is the fiele air-dese,

The ecses received ty the indivicusls on the islands were from
teth the cloud itself and the fallout dej;osited on the pround, it is
Lelieved likely, as discussed in Chapter 6, that the cloud dose was
only a s.ail ;art of the total dose and that the dose frem the plane
amine mee men BAM eetbas te A thn en ine we ned Sam Mf ae ee eee OB hl
etTeewea what eeee pyre vavite sete See be yphee ws ware

assumption cf early maximum activity and shurt effective fallout time
which was rade in Chapter 6 tor the maximum dose case, Alternatively,
if a long fallout actually cccurred, the source wouid have remained a
clcud longer and the cloud voluxe, rather than the curface distribe-
Sdon, woule have accounted for more of the totai dose, In either cuse,
Lt would arjearthat the -idline cuse, rather than the cose measured

in air, woud te the Letter conmon parameter in terms of which to pre-
Gict biclogical efrect. Since =cst existing data tacitly assures nar~
row leam peanetry, tunis distinction Lecanes impertant in relating

field air-coses and their counsepences to known clinical or exp-erimen=
tal results (Feferences 11, 12).
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lo EXPERIMENTAL SIMULATION AND CEOMETRY FACTOR

In such a diffuse field, the decrease of dose with depth in tis-
sue is less pronounced than that resulting from a bilateral exposure

to an Xeray beam and the relationship to airedose differs as noted in
the two cases, The result is that, for a given energy, the dose at
the center of the abdomen is considerably higher than a given proximal
air-dose would imply for the narrow-beam or point-source case,

Figure 7,1 illustrates the depth dose curve in a 36-cn diameter
cylindrical masonite phantom from an experimental simulation of the
fieldpee (reference 13) using a spherically oriented group of
36 Co™ sources, The phantom was placed at the center of the assembly.
This is compared to a conventional bilateral depth-dose curve measured
in the same phantcm and obtained with a single Co source, Both are
normalized to air~dose, but the average air-dose at all points later
occupied by the phantom surface is implicit for the diffuse case, while
the proximal air-dose is used in the Lilateral case,

Figure 7.2 is a similar comparison for 200-KVP, 0.S=mm, copper-=
filtered Xerays, with the diffuse geometry that of a plane rather than
spherical source assembly. This wes produced in this case by rotation
of the phantom and ion chamber in the beam of a stationary Xeray unit.
The useful beam angle of the unit was wide encwgh to include the whole
phantom, The averape air-dose around the circumference was here used
for the diffuse geometry and the proximal airedose again in the bilat-
eral exposure, It is evident that for both these energies (the effec-
tive energy of the X-ray beam being atout 90 KV), the diffuse-narrow
beam depth dose ratio for either 2 m radians (plane) or hw steradians
(volume) diffuse geometry is almost the same, That is, the midline
dose is about 50 percent higher and the Seem dese is 35 percent higher
than the same airedose (measured proximally) woulc imply in the narrow
beam bilateral exposure, It is therefore assumed that this approximate
factor will apply throughout the field exposures,

On this tasis the air-dose values calculated from the survey meter
readings (Table 8.1) should be multiplied by 1,5 in order to compare
the situation to that of a bilateral exposure to a source with the same
energy distribution but using a point source geometry and a proximally
measured air-cose, Alternatively, if a point source of higher energy,
say C060, were used bilaterally in the same way to simulate a field
exposure to only the higher gamma components, then the meter energy
correction factor woulc be unity, In this case, to specify a bilateral
exposure yielding a midline dose equal to that with diffuse geometry,
the point source air-dose should be the diffuse field air-cose meas-
ured with the meter anc multiplied by (1.09 x 1.5) only.

The doses are discussed further in Chapter 8,
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CHAPTER §

FOTAL DOSE ESTIMATES

8.1 CALCULATED VALUES

The total doses calculated for each of the islands for hypothet~
ical fallout times of 8, 12, and 16 hours are given in Table 3.1,
together with the coses calculated in heference 16, in order to illuge
trate the difference in the estimates due to the Later information. On wg
yamma spectra, meter response, snd decay rates, ae

The 12-hour fallout value is considered most probable, being rome
consistant with the Rongerik film badge data (see Section 6.2}, Doses..
based on this value are multiplied by the peometry factor discussed in <:
Chapter 7, in order to express them in tems of the air-dose fron a
source of similar energy under bilateral exposure laboratory conditions
which would have produced the same midline dose, A plot of dose rate
versus time based on Figure 3.3 was used and the total dose was graph-
ically determined by normalizing ordinates and dose rates for a given
time and measuring the area under curves similar to Figure 6,1, This
was done assuming all three fallout times far each island,

The air-dose rates measured at later times (Table 2.),) were multi-~
plied by the total correction factor for geometry and energy dependence
of the survey meter (see Section 5.2), Fallout beginning times and
evacuation times used were those of Table 6,1, It was found that doses
calculated using the decay exponents of Section 3,2 were in good aygree-
ment with those determined graphically, —

8.2 DISCUSSION

Figure 6.2 illustsales ine cumulative air-cose as a function of
time on Rongelap atoll, tased on the 12 hour fallout assumption. It
can be seen that the rate of delivery of the dose varied continuously,
the major portion being received at the kipher dose rate ;revatiling
in the mid-portion of the exposure period, By the time that 90 percent
of the dose had been received at H+ h} heurs, for evacple, the dose
rate had fallen to 2.7 r/hr, less than LC percent of its naxinua value
of 7.4 r/hr at H+ 16 hours. At H+ 16 eee 25 percent of the dose
had teen received, Thus the dose rate curing exposure differed marked-
ly fron that usually enccuntered usins Xeray units,

The dose values for konyerik given in Tatle 8.1 are 75 percent of
the canpited values, averaged for the 2d.5-and-2h-hcur exposures, This
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was felt to best express the average air-dose received by rersonnel
who spent roughly half their tine inside stmictures where the dose
rate wa3 later found to be roughly half that outdoors, On the other

islands no such shieldiny was present, and no recietion factor was ap
plied, The same procedure was followed for all the calculations,

TATTLE 8,1 -— Total Ganma Doses

 

 
 

 

Island Dose | L2—Hour 16-Your Ref, 16 12-Hour Bilateral

3-Hour Fallout Fallout (r) hir-dose ( Point
Fallout (r) (r) Source of Same

r Enercy) for Equal
| Midline Dose
} ( r}

pas : a2r pr ea eer ee ma 2

flonyertki 106 | 86 70 78 130

Roagelap 209 | 182 159 17S 270°: :
| F

Ailinginae 52 81 72 &9 120 othe

U tirik 15 | 13 12 Ly 20     
 

*See Section 8.2

8.3 SOFT GAMA AND EETA COMPONENTS

In addition to the total body gamna dose, the very soft ganna and
higher energy beta radiation from the plane source contributed to the
skin dose, Further skin irradiation resulted from local deposits of
fallout material on the body surface itself, The latter is impossible
to estinate, but the former may be roughly attempted as follows,

The beta dose rate in air at a height of 3 feet above the surface
of an infinite plane contaminated with nixed 2h-hour-old fission prod-
ucts is estimated to be about three times the air carma dose (Reference
1h). The midline ganma dose is approxinately 60 percent of the portion
oF ti aad Bae dose Uue VO loceiVY radiation or above ( heterence L3)}e

This portion, in tum, is estimated to be 60 percent of the corracted
ganma dose measured in air by a calibrated instrument, Tins, the dose.
at the surface of a phantom axposed to mixed fission product radiation
from an gxternal plane source might be expected to be about eight tines

(3/(0.4)*) the midline dose, if both occur at 3 feet off the ground,
Such a depth-dose mea surenent has in fact been mace expertnentally

ata previous field test (Keference 15), using a phantoa man exposed to
toth the initial and resiaqual radiation, The ‘decth=dos es for each sit-
uation are shown in Fisure 5,2 with all data as percent of the 3-cn
dose, with the diverging initial radiation froa the point of explosion,
the exit dose was seea to be 63 percent of the jJ-a1 dose. Out, with
the diffuse residual field of fission product radiation, e surface dose

39
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enaDia re

sone eight tines sreater than the 3-cn-and-coeper dosa fron the harder
ganna components was otserved, This is seen to be of the sane ord

of nmamitude as that estisated abow,
At heishts atove and below the 3-foot level, this surface dose‘ >

would becaie lower and hisher, respectively. Fut, since it is due to
soft radiation of short ranse, it probably would not exceed 50 tines
the 3-fcot air gamma dose or &0 times the sidline dose, even in cen-
tact with the ;round,

An estinate of sxin duse due  cround contanination for the

Rongelap case would result, for exayple, in a figure of about 2900 rep
tothe doraof the fcot, “4 rep at the hip level, and 305 rep at
the head if countimiois exposure with no shielding occurred. Sone re-
:ction in dose undoubtedly resulted froa shielding and novirent and

it seems crobaile that the external beta dose from local shin contuni«
nation far outweiphed in importaace that from the  ~round. This is

eiphasised by the protability that clothiag reduced the beta dese fron
the ground by 10 to co percent,
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CHariin 9

CONCLUSIONS

The AN/FLR-39A is ustinatal to re.
about plus 23 percent in dose-rate res

discussed,
The decay of the radicactivdi

Period is Lellevee to te express
The extemal rama dose was

wies of 100, TOO, and 1500 kev,

deliverod uySeta patiation of

ire a correction factor of

sigs ade under the conditions

 

gt
fe

ty of the fallout reithe exposure
Sie ty the factor 779
aelivered primarily by radia tion ener--
One hae dose was believed to be |

maxiczun energies of 0,3 and 1,3 ae

mosthy Cran fallout depusited on the sxin itself.
The exposures occurred betweeni and 73 hours after the detona- ge

tion, The fallouts were probably of atout lé-hours duration, =~ 2 7
Diffuse source seometry increased the midline dose by about 50

percent cimpured to the midline dose which would have resulted from a
bilateral narrow bean exposure of the sane air-dose,

Error in the estinates is believed to be less than 50 percent,
Total air ganma doses are esticated as fellows: Hongerik, 36 r;

iionpelap, 182 r; Ailinginae, 81 r; and Utirik, 13 r.
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