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ABSTRACT

This report is an addendum to the final ™ port of Froject L.1,

Gperation CASTLE, Its purvess is to consider {he physical factors

and dosimetry of the falluut on the '-Ears‘mll Tslands fras the first
ahot of O eraticen CASTLE oo :
Data was summarizes fx‘cm f1ald kadiological Safety surveys,
fallout radiochemical studies; and fallout gsmma spectral nmeasurca
aents, The influence of these and other fa;wrs on an oviluation of
survey meter response and total dose estimates waz considered, Esti-
matas of fallout durstion times and energy cigstritution of the dose

from a plane source wera rade and the effect of diffuse source-geometry. .

on the depth-dose to air-dosa relationsaip was considered., Superficial
doses from soft pamma and teta radiation were also considered,

Since the fallout incident creatled an initial emergency duning
which 2ata colleciien was of secondary irmportance, attampta to reco
struct tha avent have been uncertain, Mach of the data was iudicative
rather than exact, However, a fairly consistent estimate of extarnal
gamma dosage was possible, although the quesilon of beta exposure
remalns mostly unanswered, It has been assumed that no significant
neutron or alpha particle exposure occcurred, Internal dozes from in=-
haled or ingesied material and the blo-medical aspects of the incident
have been discussed in other CASTLE Project L.l reports,

It was concluded that: (1) the AN/PDR-39A requires a correction
factor of abont plus 20 percent in dose~rate readings madae under the
conditions described (2} dacay of the rad oac tivity of the fallout is
believed ex‘pmssihle by the factor of T-C0+«83; (3) the external gamma
dose was delivered primartly by radiat.ion energies of 100, 700, and
150C kev; (L) the beta dose was dellvered by beta radiation of maxlnum
energlas of 0,3 and 1.8 Wew, mostly from fallout ceposited on the skin
itself; (S) the exposures occurred betwesn U and 73 houra after the
detonation = the fallouts were probably of 12-hours duration; (&) dif=-
fuse source gromatry increased the midline dose by about 50 percent
conpared to the midline dose which would have resulted from a hﬂntevjel
narrow beam exposure of the same alr-dose; (7) error in tha estimates
is believed to be less than SO percent; and (8) total air gamma dosea

were estimated as follows: Rongerik, 86 r; Rongelap, 182 r; Ailinginae,
81 r; and Utirik, 13 r,

4 maw;g
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FOREWORD

This report is one of the reports presenting the results of the
3k projects participating in the Military Effects Program of Operatlon
Ci3TLE, For readers interested in other pertinent test informatdon,
reference is nade to wT-93k, Report of the Commander, Task Unit 13,
Military Effects Program. ihis swumary. report includes the following
information of possible general interest,

(a) An cver-all description of each detonatlon, including yield,
icht of Turst, pround zerc location, time of delomation, aumblent
atmospheric cuaditicns at detonation time, ete,, for the operation,

(b) Discussion of all proj=ct results,

{c) A szmary of each project, including objectives and results,

13

ha
[

(d) A complete listing of all reports covering the Military Ef- . 7

facts Test Procram.
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CHAPTZR 1 !

INTRODUCTION

The fallout on the Marshall Island atolls of Rongelap, Rongerik,
Ailinginae, and Utirik from the [irst shot of the series beginning
1 March 195} created an initial emergency during which the gathering
of data was of secondary importance, This fundamental fact has rasulte
ed in uncertainty in all attempts to reconstruct the circumstanees of - -
the event, Calculation of the external doses received by the exposed -
individuals has required that available information be supplemented b
assumptiona, Much of the information itself was necessarily more inw
dicative than exact, In spite of these difficulties, the cooperatio
of many indivicuals and groups made it possible to develop a fairly e
consigtent estimate of external gamma dosage, although the question of
beta exposure must remain m.stly unanswerad,

It has been assumed that no significant neutron or alpha particle
exposure occurred, Thus, the main consideration in this repert 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 wers furnished by sever-
al sources which are listed in the Raferences, Thess reprssent
measuremants made both in the field and in the laboratory in the period
irmediately 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, ’




CHAPTER 2

FIELD DOSAGE DATA

2.1 EARLY DATA

when the exposures began, no monitoring personnal were in the :
vicinity of any of the contanminated 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 cobser
vation, although conflicting, serve to establish the time of arrival s
of the cloud at each island, except at Rongerik (see Chapter 6), Here
the first evidence of a radiation fisld was observed when a low=level’
Zama background monitoring instrument at the weather station began to

‘register and then went off scale at 100 mr/hr at approximately H + 7.h
hours, Table 2.1 liata the readings of this instrument during the
half hour preceding this time (Reference 2), These data ars the only
information availatble 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 Marshallese from hwongelap, Allinginae, 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 calidrated beforehand, Their operating condi-
ticn was not known at the time 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 EXFOSURE CONDITIONS

So far as is known, the individuals exposed on Rongelap and
Allinginae remained outdoors and had no access to shelter uf any kind
on the islands, No measures were intentionally taken to protect the
skin, but clothing was worn to a degree sufficient to shield from most
of the deposited besta activity, In addition, much of the fallout skin
contamination was removed f{rom some individuals, as a result of their
swinming and fishing in the lagoon at the time, On the other hapnd, the
heavy coconut oil hair dressing used by the Marshallese tended to con=-
centrate radioactivity in the hair. The surface contamination on the
cround was apparenily fairly uniform over the 1slands, so that the cal-
culation of average gamma doses frum this source appears justified,

ke BB w n e e Sk B e




TABLE 2,1 - Radiation Intensity at Rongerik
Inring Early Fallout (Shot 1)

Time after H hour Garma Dcse Rate

(hr) (mr/hr, background)
6.5 (1345 1 March) 0.08

6.87 0.8

6.91 0.70

6.95 : 2.7

7.0k | 3.6

7.12 . . 10.5

7.20 | 30

7.29 . , 60

7.31 ' ' 100

TARLE 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
Allinginae H+38 bis
veirik H+55 ' 160

On Rongerik, the exposed individuals recognized the nature of the
fallout, put on protective clothing, and tock advantage of the partial
ganma shielding afforded by Butler-type tuildings in the area, staying
indoors as far as possible, The radiation dose rate sngcuntercd By an
individual on this island thus depended on his whereabouts and probab-
ly varied by a factor of two between maximum and ainisun values in
different areas at a given tine, The estimation of dcse received by
any one individual of the Rongerik group was tlus subdbject to consider-
able uncertalnty, since no emplete record of movemants was kept,

UL G TR TP SO PRIY YOS



Hwever, a giroup of film tadys readings was obtained covering a
range of values which vailed w=ith eajosure conditions (Reference 3), ;
These readings are suiazarized in Tatle 2,3, Several badges were worn

th outdoors and indoors. Oue badge which rumained outdoors over the
28.5-hour exposure reached the upper 1imit of 98 r given in the table, .
Several otl.cr Lauges kept inside a refrigerator indcors gave the lowest
value of 38 r, Skin contaminaticn in the Nongerik group appeared to
have besn much recduced by the protective neasures taken and the result-
ing beta doses appeared clinically to have teen clearly lower than in
the other groups,

B s

FENS RS

TABLE 2.3 - Filin Badge Feadings on Hongerik j
toesliimn off Badien | Celedlabed ego G Badise) ()
Indoors and Qut Ll to 52 |
Outdoors only 98 .
Inside Refriperator Indvors ’ 38v

2.3 LATER SUHVEXS

Duriug the period 3 to 11 March, more extended surveys of each of

the islands were made by a monitoring team equipped with five AN/PDR-39 °

sstruments (Referenca h)., Twenty-four hours previcus to the departure
of the survey party, three of the instruments were calibrated on an
80~curie Co" source and cross checked at 0,320 r/hr, wherc they were
found to be in close agreement, Using these instruments, measuremonts
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 wers made under better controlled
conditions than the emergency surveys at the times of evacuation given
in Tulde 2,2, ihe data of Table 2,4 were taken to be the best measure-
ment at a given tice of the yamma dose rates in air and were used in
the calculetion of the total extermal camma dose.

No infomation existed on the quantity of beta contamination on
the skin of any of the exposed individuals, Further, no experimental
data allowed any reliatle calculation of the bota dose rate to an
individual from fission products on the ground, Thus the only basis
for any estimate of external teta dosaje was data from other fleld
tasts and fallout measurenents, This quastion is discussed further in
Chapter 8, and a rough estimats for possible buta dose from thy ground -
is made thers,



TABLE 2.4 - Later Dose Fate Data (8 to 1l March)

Time after H hour| Avg. Dose Rate
Location (cays) (ar/br)

Fongelap: '

average H+7 375

maximum LS50

one polnt in village H+7 280

d + 10 i

Rongeriks

*avorage outdoors B+ 9 280

*naximum outdoors 300
Ailinginaes

average H+9 100
Utiriks

average H+8 Lo

*Dose rate inside structures found to be about § that

outside,




CHAFIER 3
FALLOUT CHARACTERISTICS

3.1 EXPERIMENTAL CATA

In order to calculate a total gamma dose received by an indivie
dual in an area where dose rate was measured at a given time, a valus -
for the rate of changa of radiation intenslty during the exposure ' oot
perlod must be assumed., The latter quantztg has often baen approxi- 7"
matad using tha well known Way-%igner {t~1+¢) decay law.  In this case
however, it was known that large amounts of Np?39 and Np?40 were to be
expected in the fallout of the 1 March shot, making its early decsy ..
characteristics as well as its energy spectrum somewhat different frum
those of previcus detonations, It was therefore decided, that the : "% .':ni. "
value of decay rate assumed to exist during the exposures should be ‘ .
based, as far as possible, upon experimental data from this test,

Unfortunately, no decay rates were followed closely in amy of the
imnediate areas where the exposures occurred, and it is known that the
radiochemical canposition and decay rate of the fission product mixture
usually vary both with place and time, However, carly desay rtatss in
the Bikini lagoon itself had been measured in a series of fallout
sanples taken at other points nearer the site of the detonation
(keference 5). Since these valucs were the best data available, they
were used in the calculations end wers assumed to hold for the fallout
on each of the islands,

The early samples showed a consistent pattern among varlous loca-
tions and a decay exponent (n) of tetween 0.8 and 0.9 in Equation 3.1,

A=4(t/)0 (3.1)
wheres A= activity (d/m) at time ¢, |

S AW RAAE Th o e SRR

This decay exponent {n) was found experirmentally to fit the data
for the pericd H+ 5 to H + 50 hcurs, The observed values are given
in Rafsrence S.

3,2 CAICULATED LECAY HATES

These decay r.&;a were p:red with calculated values based on .
the presence of Np““7 and Np 0" {n the fallout mixture, The caleul
tions were made on the assunpticn that the nhuu nhmdancc of 39




8 hours after detonation was 1,3 &/ per 10% fissions and that of
h was 2,7 d/m per 1CH filssions wrile the gross fission product de-
cay followed the ﬂl:nter-Pellcu expcnents and its activity at L hours
was 13 d/m per 1C% fissions (Eefersrce 6)., This value of Np239 active
ity follows from & calculated neutr:n capture-tc-fissicn ratio of 0,78
in the U220 tamper,

Using the halP-Life of 2,33 <Zars for ¥p239 and 1k for U2LO and
cunbining thess cdata with those for the total rate of decay of the fis-
sicn products as assuzed above, a ictal activity curve was calculated,
This is illustrated 4in Figure 3,1, It is seen that a decay rate expo-
rent of 0,83 betwsen H + L4 and H + 23 hours; of 1,1 tetween H + 23 and
H+ 1¢u hours; and 1.6 from H + S to about H + 1b days fits these por-
tions of the curve, The presence ¢f the measured decaj rates thus
gyrued with other ;""2‘“*““"‘ of the delonation &uring the siposure and
snrvey reriods, Figure 3.1 was used in the dosage calculations, The

effect on dosage of the energy specirum resulting from this composition
is discussed in Chapter U, ‘
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CHAFTER 4

GAMMA ENERGY-DOSE SPECTRUM

h.l FHOTON FLUX SFPRCTHIM

The fallout material deposited on the ground produced a large area
plane source of radiaticon, Before a total gamma dose could be calcu=
lated, it was’necessary to correct the dose rate readings in air talken
with the survey insiruments with the meter resporse factors found to b
-necessary for dif ferent energy regions, Further, to estimate the dis!
tribution of dose with depth in tissue required a knowledpe of energy
distribtution of the incaming flux in a given exgosure geometry, . -

For a source as large as thece fallout fields, this enery distri-ﬁ

tution will be a functicn both of the original sourca energy and the
enersy degradation effect of passage through intervening air., A metdh
of evaluating the latter, which was due mainly to Compton scattering in
air for the fission product enerygy region, has been presented i
Reference 7. This technique was employed 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+ L days, The data have
been published in Refercnce 8, The preliminary data on the earliest of
these, a 9h-hour-cld cloud sanple, were used in the calculations sime
marized in hefarance 16, These are given in Table 4.1 (Reference 9).
This 9L~-hour sample from Shot 1 represents the closest approach to the
actual time during which the exposures occurred,

After the conclusion of the test seriles, analysis of early data
from other shots contimuied and later spectra for all shots were ana-
lyzed, lone .of the other spectra are for times as early as H + 94 hours,
For the later datonations the proportion of Np23 (average garma -ener-

£} = Ziij kev, L0 percenty E3 = 105 kev, Ll percent; E3 = 50 kev,
ﬁ? percent) in the fallcut samples was found to be much higher than
.- that given in Table k.1, An extreme case, for example, 1s the data for
- Shot L on 26 April at H + 5.3 days which is given in Tatle 4,2, Here
_the low erergy portion of less than 100 kev was measured as &0 percent
~ of the total photon flux, Two later detemminations on.another Shot 1
. ‘sumple (1-L, Tatle 3 of Heference 8) show these low energy proportions
as S5 percent at H + L.l days and Sh percent at H + 5.2 days as well
(Tatles L,) and L4,L), iater data thus tended to show that the 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 + 94 hour sarple, Theae spoctra, it nust be emphasized, are for
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samples taken soon after the detonation in the cloud itself at some
distance from the atolls {Eeference S), Again they represent the best
dota available and, in the atsence of contrary evidence, had to be
taken as typical of the fallout on the islands,

TABLE k.1 - Shot 1, H + 94 Hr

Energy {(Mev) Fercent of Fl\; Cunulative Percent
L L ‘Bpse {See Text)

1.59 7.0k 100
.37 0.99 83 !
1,27 0.80 i
0.96 2.70 80
0.84 3.7 & 3 '
0.76 15.11 ‘ i
0,66 19,2l 36
0.50 12,15 21 )
0.27 L.82
0.22 6,00 5
0.10 : 20.24
0,063 5.0k 8
0,018 217

L2 DOSE-ENERGY LISTRIBUTIONS FUR PLANE SCURCE CEOMETRY

To conpute the proportion of total air-dose due (o a given ensrgy
interval in the degraded spectrum which resulted frocm the cspectrum of
the original sample, the dose from the spectrum due to the enitter dis-
trituted as an infinite plane source was calculated by surming the
centributions over all path lengths in air, By divicding the original
H + 94 hour spectrum into 13 erergy reglons and carrying eut this proc-
ess (heforence 7) for each, a curulative dose versus energy curve
resulted, The cumuiative doses are ypiven in Tables L.1, L.2, and hL,3, ¢ ’
From these curves, a differential histoyram of percent dose versus
energy interval was determined which represents the percent of dose
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delivered to the surface of the exposed individual at a height of 3
fect above the plane by Lhotons with erergies in each of these inter-
vals (Figqures L.1, k.2, and 4.3),

The process cusists essentially of the follewing stepss

1, For each scurce eneryy, calculating the dose per photon con-
trituted by the unscattered portion ¢of the radiation [rom each incre-
ment of scurce area., This requires an expression involving "true® and
total absorpilon coefficients in air, cxpcnentlal integral, scurce
energy, and fracticn of dose cdue Lo unscattersd phoiens of that energy.

2. For each scurce energy, calculating a weighting factor {or
relative dese) by multiplying the dose per photon in Step 1, above, by
trie numbter of scurce photons with that energy, :

3. For each source energy, estimating the ({racilen of dose due
to source rhotons originaily ol that energy but cegraded by scattering

to cnorgiss less tan sacth of a set of arbitrarily chosen erergy vale

ues, .

L, Computing the total dose due to all photons with energles up
to each chosen erergy value by summing the x_roduct. of Steps 2 and 3,
above, for each of the criginal scurce energies,

The result is an integral or cumlative alr-dose spectrum; i e.,
a plot of photon energy versus the air-dose resulting from all photons?
frem zero to that energy. From this, a rough differential dose histo-7'"
gram 1s obtained by subtracting ordinates on the integral curve at the™:
endpoints of each chosen energy interval, The use of graphical and
mumerical methods makes the technique quite applicable to the detemina-
ticn of a number of =such dose-enerpgy distritutions.

Figure 4.2 of keference 16 depicts the differential air-dose dis-
tritution for the Shct 1 H + 94 hour data, in percent of dose per 0,05
Mey interval versus energy in Mev, Dose spectra baced on the later
data differed ckiefly in the low eneryy regicn. The relative dose due
to energy up to 100 kev averaged about LO percent as compared to 12
percent in the above distribution, Three otler dose distrilutions
were calculated from Shct L and later Shot 1 data and are shewn in
Figures .1, L.2, and b,3. Figure L.1, using the data of Tatle L.2,
is an extreme case with respect to the low enerpy component, All
other samples for all the shots lie tetween this and Figure 4,2 of
Reference 16, Figures 4.2 and L.3 glve the dose distributions for the
H+ 4.1 and H+ 5.2 day times on the other Shot 1 sample, Figure 4,2
also indicates estimated ¢rror in portions below 0.3 Mev.

The dose spectra are all seen to grcup roughly intoc three reglens
with peaks at 100, 700, and 1500 kev, Since the spectra are those of
L to S day old fissicn jroducts, at which time the Np?39 activity is
at its greatest relative value, the low ernergy proportion due to this
ruclide is higher than it was at H + 2 days when the Np2J9 camponent
was still increasing (Figure 3.1). Based on this distribution, dosigse
and meter corrections for the low energy region during the exposure
pericd ars therciore generous, [uring the several days befors and
after this time the general spectrum shape apparently did not vary
groasly in the higher enersv regions, & total correction factor for

. the survey instruments was therefore calculated for each of these spec-

tra and was assuned to hold for the period between fallout and surveys,

" as is described in Chapter S.




TABLE L2 = Shot L, 4+ 5,3 Days

Percent of Flux

Cumulative

Energy (Mev)
Percent Dose
0 -0.1 59.6 56
0.1 = 0,2 1640
. 0.2 = 0.3 8.1 70
0.k - 0.5 L6 76
0.6 = 2.7 4.3
0.7 - 0.8 L0 90
0.8 = 0.9 1.0 92
1.5 - 1.6 2.4 100
TABIE L,3 = Shot 1, H + 4,1 Days
Energy (Mev) - Percent of Flux Cumulative
- "~ Percent Dose
0.100 0.5L3 N
0.200 0,136
0.250 0.108 50
0.300 0.0L2
0.k86 0.037 65
0.659 0,055
0.750 - 0.0L8 8s
0.815 0,012 92
1.590 0.013 100




TABLE L.l « Shot 1, H + 5.2 Days

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 S TRY
0.250 5.23 - 5
0.285 . b.05 o
0,320 2.21
0,186 5,13 e
0.659 6,35 |
0.750 5.06 83
0.815 1.82 89
1.590 1,88 100

4.3 BETA ENERGY

The beta radiation emergy was not measured directly in any of the
fallout or soil samples,  However, from available data on the radio=-
chemical composition of the fallout (Reference 6), it has been esti-
mated that from 3O to 65 percent of the beta radiation during the ex-
posure poriod was due io Np -/, and had an average Egax of about 0,3
Mev, The balance of the radiation was of higher energy, with an
average E; oy of about 1,8 Mev, The half-value thickness in tissue for
the low energy canponent is about 80 microns, with a range of about
800 microns total, For the high energy component, the half-value thick-
ness is adbout 800 microns and the rangs about 8000 microns, Since no
estimate could be made of the amount of matarial on the skin surface
or length of time it remained there, only raugh estinates based on
clinical evidence could be made of the skin beta dosea, (See Refereuca
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CHAPTER 5

METER RESPONSE FACTORS

S.1 ENERGI RESFONSE

The response of the survey meter to the spect.ra calculated in
Chapter 4 was evaluated in terms of a set of normalizing factors, cue
- for each energy interval in the spectrum, PBy surming over the 1nt.er- -
vals and weighting each response factor by the fracticn of tot.a.l
air-dose in that interval, a total response factor is obtained, -
Thus, 4f D{ is a dose reading for radiailon of a glven e'wrgy
ki is the nommalizing factor for that energy,. then;

k1D1= £4D ‘ 7 ' (5.1)‘
there: £y = the fractlion with the giveén energy of the total true dose D.

Hencet

D'=3yp;=Dy fi
%

Solving for D3 . .
te (5.2)

Z_fi
%,

The fy may be taken from the dose~energy distributions in Chapter
L and the k4 from Figure 5,1, which is a plot of the response factors
found for the earlier model of the AN/ FDR-394, then called the AN/ PO~
T1B (Reference 10), This is believed to be essentially identical in
its response to the later models, For the spectrum used in ths Refer-
‘ence 16 calculations, the total response factor was found to be l.Oh.
This value was uséd in the dose calculations of that report,

For the spectra shown in the Figures L.l to 4.3, the total energy
response factors for all energies above 20 kev wers found to be as
given in Table 5.1, The value of 1,12 for the H + 5.2 day spectrum of
Shot 1 (Figure L.3) is used in the revised dose calculations of this
report, since this spectrum represents the best data.
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TAZIZ 5,1 - Total Eneryy Response Facters for Al/FDR-1A

i

l Specirum Shape Total hesponse Factor

prre e e I S

i © Shot L {L-L) H + 5,3 Lays 1.17

{ (Figure u,l) -

|

i Shot 1 (2-L) H+ L.,1 Days 1.06

, (Figure L,2) ,

I Shot 1 (1-L) H + 5,2 DPays 1.12
(Figure 4.3)

! Shot 1 {1-L) H 1 %L Iburs 1.04

i\ (Figurc L.2 of Reference 16)

L

5,2 CEOMETRY F=SPONSE

The response of the instrument is known to vary also with the 33

direction of incidence of the flux, tut no allowance was made for thin "
factor in keference 16, 4n attempt has been made to correct for this -

effect by using the plots shown in Figure 5.2, This fipure, taken
from Refersnce 10, is a graphical representation of the directional

- response to a 10-ag Radium source of a I1B instrument in the horizomtal
and in two wvertical planes, It was felt to be sufficiently accurate

to make the approximation shown in the graph by setting a straight line
1imit to the response vector in one reygion and, further, to assume that
the response is cylindrically symmetric about the XX!' axia, Maximum
sen3itivity, indicated by a vector length of unity, is then in the 04
direction cn the X' axis, If a flux {(F) per unit solid angle impinges
on the instrument at an angle O with respect to 0X', the reading on the
meter will be (assuming that the response is linwarly proporticvnal to
flux intensity):

C' = rD = rkF (5.3)
wheres k = proportionality constant
D = "true" alr-dose

r == vector response factor

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

0<€0<2cos~ll = ™3 ¢ L4=0.6sec @

=1 (5.4)
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ki
T = fc.rdo (5.5)

f‘”dO
(-]

Using the above values of r, T = 0,923 i.e., the instrument is
about 92 percent effictent, Thus the average directisnal responsae cor-
rection factor is 1,09, implying that the reading inside a homogeneous
cloud or over a hanogeneous plane source is about 7-.zrcent low for
this average emerygy, which is roughly in the l<Mev region,

For the very low enerzy coumponent below 100 k2v, it is not known
whether the relative directional response varies proasly from the
above, It is assumed here that it does not, The doses calculated in
this report are therefore bused/on this directional correction, Com-
bining this geomeiry faclor with the enerygy correction of Table Y.t
for the H + 5,2 day spectrum and Shot 1, a3 total correction factor of
1,22 results which was used in *he air-dose calculatinns in Section
J.1 of this report,
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CHAPTER 6

DURATION AND TIME DISTRIBUTION OF DOSES

5,1 AVAILAELZ DATA ' i

In Crapter 2, the only existing field data on dnse rates and to-
tal dose are summarized, The infcrmation does not provide answers to
two important questions: (1) what was the time for each island at
which the fallout cloud arrived; i.e., when did the radiation level on'
each of the islands rise above the normal background and (2) how steep- -
ly and for hew long did the radiation-level rise before it reached its.:
maxinum value and decayed away at the rate determined by its own come:
positicn {discussed in Chapter 3}; i.e,, how heavy was the fallout at
any tize it was occurring and hcw long did it last? Since only the -
times of evacuation were direcily known, assumptions on both these
quesiions wers basic to an estimate of total dose,

It would have been desirable to have had an instrument on at
least one of the islands capable of recording enough data to answer
thesa questicns, 4s it is, it was fortfunate that there was even a low- ) .
level monitoring instrument in cperation en Rongerik (Table 2.1), 2le
though its full scale capacity was soon exceeded by the rapidly
increasing dose rate of the fallout, The tine at which the falleut
began was 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 islands, therefore, the timcs at which similar mate-
rial had been seen to coumence falling could be taken as the beginning:
of the radiation exposure times, It only remained to detemine what )
these tizes had been,- ‘ C

Questioning the inhabitants of the other islands resulted in a
group of estimates of arrival time which were in fairly pood agreement,
though the manner of questioning sométimes appeared to influence the
answers, however the times estimated in this fashion were quite close
to those resulting frcm other information; i.e,, the wind velocities
at the tine, tlie tine of beginning fallout on hongerik, and the rela-
tive distances of the other islands {rom Bikini, Only on Utirik was
no actual observation of the fallout made; the estimate of arrival
time there was made using only he time of arrival on Kongerik and the
wind-and-distance~fasters. The values of fallcut and evacuation tives
used are summarized in Table 6.1,
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TAFLE 6.1 - Fallout and Evacuation Times

Island Estimated Initial Evacuation Time
Fallout Ti-es (hours)
1 (hours}__‘ o
Rongerik H+ 6,8 i+ 23.5 (6 men)
H+ 34 (20 men)
Fongelap 4+ 4 H + 50 (16 people)
H + 51 (L3 people)
hllinginae H+ L H+ %8
Utirtk H+ 22 i H+ 55 o H+ T8

£,2 ESTIMATLS OF FALLQUT LLUMATICH

The rate of increase of radiation intensity, tha time at which i

£
reached {t3 maximum level dus to decrease of fallout, and the total =

duration of the fallout can cnly be estimated on circmnst.antial grounda.'f o

The data of Tatls 2,1 for longerik are not sufficient to warrant an ex-
trapolation over two orders of magnitude, It is unlikely that the
increase of intensity was siaply linear either on Rongerik or any of
the other islands, But, if the rate of increase is assumed constant
and extrapolated to a point for which subsequent decay alone would re-
duce the dose rale %o the values found abt later times, a fallout time
of 16 hours on Hongerik, for example, is found to be a necessary conse-
quence (Curve a, Figure 6.1). That is to say, 16 hours would have
elapsed at sucﬁ)a constant fallout dose rate increase before the time
of maximum dose rate on the island would have cccurred - the time at
which the falleut was increasing the radiocactivity level at the same
rate that radioactive decay was reducing it., For such a constant ‘
build up, this equality would have occurred only for an instant, (Point
4y), after which the fallout would have suddenly ceased,

The actnal fallout must, of course, have had a variable rate of
increase and decrease, reuchimz a maximum and eradually decreasing to
the rate governed by decay alene, However, uaing the initial rats of
increase and drawing a more gradual maximum would place the cessation
of the fallout at an even later time (Curve b, Foint A3). Since the
visible fallout is believed to have ceased somecime after midnight on
1 March or at about H + 18 hours (Point 43), an increase in the rate
of 1ncrease after a short time was almost cerbamly the case (Curves
¢, d, and 8). But the steepness of this rate of increase, the sharp=
nos3 cf the maxinum peint and tho gradualnass of tha fallwit dimimution
are unknown, so that. there is no direct evidence to show whether Curve
¢ or Curvo s, for instance, is closer to representing the event,

There are, howewver, indirect indicatiocns. Monltor data Zrom pre-
visus muclear event.s have indicated that a radioactive cloud is not
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uniformly high in activity threu ughcut, the first pertien belng the most
inwense and the tezlance wailing off, Initially heavy fallcut has been
reported to p*odx.ce a peak of aiztarme rac‘ic»actlvlty sgen after its ar-
r:va.l with the airtorne activiiy level then decreasing. The latter

part of a fallcut, though 3till consn :-vaLle as dust, may then add only
a small fraction to the total dose cdue Yoth to aerosol and malerial
already on the ground, especizlly if racicactiviiy was mainly coafined
to the larger r'*’(.;clee which fell out most quickly, If this is th
case, the total [henomencn wouid tend tewarc the effect of a chorter
fallout, and the total doce would then be test estinated bty acouming
tre fallout to have becn complete in scine chorter "effective" tire,
such as Curve f,

The hongerik [ilm budge data in Takle 2.2 may be used to derive
such an effective falicut iime eslimate. This jrucedure was followed,
The decay rate, eneriy spectrim, &nd reter response discussed in Chape
ters 3 and 5 were used and the later dose rate measurerent on hoagerik
(Table 2.L) was taken as a stariing peint, The ujpper limit of, dose
found with the outdoor tadge reacings (approxisately 1CC r Table 8.1) -
then resulted from acsuming a 12-hcur "e{fective censtant fallcut® .3
time, This was, therefore, taken as a most lmd:.;...a.e tize and Lhe re=
<u1ting straight line mldway btetween Curves a and [ in Figure £.1 was
used in calculating the protatle 12-hour dose for €ach island (Corve
g)e Though this estimute differs apyreciatly from that of 1 haur
which was originally used as an effective time in Refercnce 16, the
later spectrum, decay rate, and meler response estinales wade a 12=hour
value more plausitle if the film tadge readirygs were accepted,

Keeping a l-hcur assumrticon wiuld have resulted in a dose sone
50 percent higher than the cu‘dopr tradpe readings shcwed, Since the
accuracy of the film badse readings was Lelieved to be tetter than S0
percent, the 12<khcur value was therefore used, as it is more consistent
with all the other available infermation, Nevertheless, the cduraticn
of fallou! still remaira the least known parameter of the exposurcs,
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YAPTER 7

EXPOSURE GEOMETRY EFFECTS

7.} LisCls3icH

in clirical and latoraiery expcsures, the radiation flux usually
follows a narrow beam or ot least a pointescurce "divergent" peometry.
*hen an air=dese is used to specify the exjosuie conditions for a
thick target, it is generaily measured at the joint cubsequently oc- :
cupied Yty the centzr of the proxiral surface of the pailent ui exporis:
rental anital with respect to the source. For field exjesures such as
cccurred cn the islands, the ra-iation scurce is not a point and the
exposure gzareiry is "diffuse" re-ther than "divergent." o

when a cloud or a large planur srea is the scurce, all surfeces
of tre irrzdiated individusl are "proximal," in the sense that the air-
dose measumd anywhere in the space subsequently occupied by the indi-
vidual is the same, It is this air-dese which is measured by a field
instnurent; it doec net tear the same relaticnship to the skin dose
and depth dcse as dees the air-dose measured in a point source geom=
etry. I a tilatersl exposure is made in the latoratcery, one-half the
ccse is usually dven with ore cide of the individual facing the source
2nd one-hzlf with the other, This is a closer appreach to the fiela
gremetry, ut, if the air-dose has teen measur2d at the center of the
proximal surface as above, it is stil) nol related to the depth dose
in the =same way as is the fielcd air-dese,

The dcses received bty the indivicduzsls on the islands were from
toth the cloud itself and the fallout dejosited on the ground, It is
telieved likely, us discussed in Chapter &, thal the cloud douse was
only & small part of the total dose and that the dose frem the plane

A mavmana Asandrdbai b A bbb s ol v amdlaw M e cnem—cr mmale be Aa
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assumpticn of early maximum activity and shurt effective fallcout time
which was rade in Chapter 6 Zor the maxinum dose case, Alternatively,
if a long fallout actually cccurred, the source would have remained a
clcud longer and the clwud volu~e, rather than the rsurface distribu-
Won, weuld Lave accounted for more of the total dose, In either cuse,
1% would arjear that the ~idline dose, rather than the dose measured
ir. air, woulid te the tetter ccmmon parameter in terms of which to pre-
c¢ict biclogical eflect, Since mcst existing data tacitly assures nar~
row léam geaetry, tiiis distlinciion Lecames impcrtant in relating
field air-dvses and e ir consegquences to known clinical or exj-erimen-

tal results (Fefercnces 11, 12).




.‘7.2 EXPERTMENTAL SIMULATION AND CEZOMETRY 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 X-ray beam and the relationship to air-dose 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-dese would imply for the narrow-team or point-source case,

Figure 7.1 illustrates the depth dose curve in a 36-cm diameter
cylindrical masonite phantom from an experimental simulation of the
field 6860metry (Beference 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 phantcm surface is implicit for the diffuse case, while
the proximal air-dose is used in the tilateral case,

Figure 7,2 is a similar comparison for 200-KVP, 0,S-mm, copper=-
fil tered Xe-rays, with the diffuse geometry that of a plane rather than
spherical source assemtly. This was produced in this case by rotation
of the phantom and ion chambter in the beam of a stationary X-ray unit,
The useful beam angle of the unit was wide enwmgh to include the whole
phantan, The average air-cdose around the circumference was here used
for the diffuse geometry and the proximal air-dose again in the bilate
eral exposure, It is evident that for both these energies (the effec=-
tive energy of the X-ray beam being atout 90 XV), the diffuse-narrow
beam depth dose ratio for either 2 7 radians (plane) or L steradians
(volume) diffuse geometry is almost the same, That is, the midline
dose is about 50 percent higher and the S-cm dose is 35 percent higher
than the same air-dose (measured proximally) would imply in the narrow
beam bilateral exposure, It is therefore assumed that this approximate
factor will apply thrcughout the field exposures,

On this tasis the air-dose values calculated from the survey meter
readings (Tatle 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-dose. Alternatively, if a point source of higher energy,
say Cob0, were used bilaterally in the same way to simulate a field
‘exposure to only the higher gamma compcnents, 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-dose meas-
ured with the meter and multiplied by (1.09 x 1.5) only.

The doses are discussed further in Chapter 8,

g2 019
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-gamma spectra, meter response, and decay rates, G

CHAPTER 8

TOTAL DOSE ESTIMATES

8,1 CAILCULATED VALUES

The total doses calculated for each of the islsnds for hypothet- _ oA
ical fallout times of 8, 12, and 16 hours are given in Table 3.1, o
together with the doses calculated in heference 16, in order to illuse »
trats the difference in the estimatecs dus to the la ter information oD g

Ed

i

The 12-heur fallout value is considered most probable, being mosti'
consisisnt with the Rongerik film badpe data {ses Section 6.2), Doses
based on this value are multiplied by the ;eometry factor discussed in ;
Chapter 7, in order %o express them in tems of the air-dose froma .
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 normslizing ordinates and dose rates for a glven
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.}4) were multi~
plied by the total correction factor for geometry and eneryy 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 agree-
ment with thoce deteminaed graphically, -

s e
o w5 et B

8.2 DISCUSSICN
Pigurs 8.1 1llusliuluy ihe cumuiative air-cose as a function of

time uvn Ronpgelap atoll, based on the 12 hour fallout ascumption, It

can be seen that the rate of delivery of the dose varied continucusly,

‘the major portlon being recelved at the kipgher dose rate prevatling

in the mid-portion of the exposuire period., DBy the time that 90 percent

of the dose had been received at H + 42 hcurs, for erarple, the dose

rate had fallen to 2.7 r/hr, less than LC pcrcent of its maximum value .

of 7.k r/hr at H+ 16 hours. At H + 16 hu.r 25 percent of the dose

had teen recelved, Thus the dose rate ¢ur§.nc exposure differed marked-

ly from that usually enccuntered using: Xe-ray units, *
The dose values for Ronyerik given in Tatle 8.1 are 75 percent of

the computed values, averaged for the zd.5-and-3L-hcur exposures, This

38
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ik

was felt to best express the average air-dose received by rersonnel
who spent roughly half their time inside structures where the dose
rata was later found to be roughly half that outdoors, On the other
islands no such shielding was presant, and no reduction factor was ape
plied, The same procedure was followed for all the calculations,

TAFLE 8,1 - Total Canma Doses

Island Douse 12-Hour | 16~Your | Ref, 16 | 12~Hour Bilateral
3-Hour | Fallout | Fallout (r) Kir-dose (Point
Fallout {r) (r) Scurce of Same
(r) Fnergzy) for Equal
¥idline Doge
. : | (}')
Fonyeriks 106 86 70 78 130 ‘
Rongelap 209 182 159 175 270, g
Ailinginae| 92 81 72 69 120 E
Utirik 15 13 12 1 20

“See Section 8.2

8.3 3OFT GAUMA AVD BETA COMPONENTS

In addition to the total body gamma dase, the very soft ganma 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 btody surface itself, The lattsr 1Is impossible
to estinate, ut the former may be roughly attompied as follows,

The beta dose rate in alr at a heipght of 3 feet above the surface
of an infinite plane contaminated with mixed 2h~hour-old fission prod-
ucts is estimated to be about three times the air gamma dose (Reference
1Lk). The midline ganma dose is approximately &0 percent of the portion
of i all garuia oot dus Lo i00=iV radiation or above (Reierence 13),
This portion, in turm, is estimated to be 60 parcent of the corracted
ganma doge measured in air by a calibrated instrument, Tlus, the dose.
at the surface of a phantom exposed to mixed fission prodict radiation
{from an extcmal plane source might be expected to be about eipht times
(3/(0,5)2) the nidline dose, if both occur at 3 feet off the ground,

Such a depth-=dose -nea.mment has in fact been made experinentally
at a previous field test (hHeference 15), using a phantoa man exposed to
toth the initial and resiaual radiation, The depth-doses for each sit-
uation are shown in Fijure 5,2 with all data as percent of the J-cm
dosee with the diverzing initial radlation {rua the point of explosion,
the exit dose was seen to bte 63 perceat of the 3-on dose. Dut, with
the diffuse residual field of fissisn product radiation, @ surface dose
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sang eight times greater than the 3-cm-and-deeper dosa from the hardar
gamma ¢amponents was otserved, This is seen to be of the sane

of marnitude as that estinated abowve,

At hei:his atove and b2lcow the 3-foot level, this surface

>
would becaie lower and hljher, respgectiively., FEut, since
soft radiation of shert range, it probably would not exc
the 3-foot air gamrma dose or 80 times the midline dose, even
tact with tha gmund,

ti

ced SO

S

order

dose

due to
tizes
in cun=-

An estinate of skin duse due o _cround contaninatisn for the
Honjelap case would result, for exasple, in a figure of about 233 rep
to -the dorsia of the frot, &) rep at the hip level, and 300 rep at

the head if cuntimious =xposure with no shieldin cccurred,

Sone re-

ductisn in dose undeutiedly reculted froa shielding and nomaent and

Ll 8

2 - - PR . L | * - PR TR e | Y om b~ L I ™ - - -1 A Y
it seens CIOoURURT Wiy Wi CcHlurTnaL €wa CosSw iram local siin cutttanl-

nation far outweiphed in importance that from the round, ©Th
enphasized by the provability that clothlay reduced the beta
tha ground bty 10 to 2J percent,

!
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CONCLUSIONS :

Ry

The A5L/FLR=39A is csbtinmatod o o2
about plas 25 gercent in dose-rate res
discuzsed,

Tha decay of ihz radicactiv
perind is lelieved wo te expresst ie

The ex*smal pa 3 dose was livered primarily by radla tion ener-
cles of 100, 700, and 1500 kev, re teta dose was believed to be
a

ire a correction factor of
ings made under the conditinns

Rt
G

of the fallout r’ur13§ the exposure
ty the factor 1-0

deliverad Ly heta rafiatisn of maxi=zus znergies of 0,3 and 1,3 Mev,
mostly frot fallout Zepositad on the skin itself,
The exposurcs occurred betwesn q and 78 hours after the detepa-
tion, The fallouts wore probably o€ atout 12-hours duration, :
Diffuse source geonetry mc'?amd the midline dose by about 50

percent compared to the midline cose whizh would have resulted from a

bilateral narrow bea .‘ex“osure of '...‘:e same air-dose,

Ermr in the estinates is believed to be less than 50 percent,
Tutal air gamma doscs are esiizated as fellows:s FHongerik, 36 rj
fonpelap, 182 r; Ailinginae, 81 r; and Utirik, 13 r,
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