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PENETRATION OF WEAPONS RADIATION: APPLICATION TO THE HIROSHIMA-NAGASAKI

STUDIES

Residual radioactivity in Hiroshima data taken 1-2 Nov 45 (H+87-H-+88)
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Drift of radioactive material in Nagasaki area
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Residual radioactivity in Urakami and Nishiyama areas of Nagasaki
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Residual radioactivity at Nagasaki atomic bomb site. Radioactivity measurements made
in the period 15-27 Oct 45 (N+67-N+79)
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Mean leucocyte count on 25 residents of Nishiyama and summated roentgen dosage
received as a function of days following the Nagasaki atomic bomb explosion. The
leucocyte data for days 53, 68 and 80 are from Japanese sources and the value at 0
days was assumed to be normal. The vertical bars represent plus and minus one
standard deviation
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Residual activity in sulfur at Hiroshima from data of Yamasaki and Sugimoto
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Contribution of gamma rays, fast neutrons, and slow neutrons to the total roentgen
dosage received immediately at various distances from the explosion of a plutonium
bomb
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Figure 1.
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Diagram illustrating the geometry of field measurements
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Neutron air dose and flux vs. slant range for a typical nuclear detonation
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Diagram illustrating the co-ordinates 6/ and ¢/* used in presenting angular distributions
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Angular distribution of neutrons above plutcnium threshold for a typical nuclear
detonation. The heights of the columns are proportional to the flux entering the
collimators oriented as indicated by the location of the columns
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Angular distribution of neutrons above neptunium threshold for a typical nuclear
detonation. The heights of the columns are proportional to the flux entering the
collimators oriented as indicated by the location of the columns
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Angular distribution of neutrons above uranium threshold for a typical nuclear
detonation. The heights of the columns are proportional to the flux entering the
collimators oriented as indicated by the location of the columns
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Angular distribution of neutrons above sulphur threshold. The heights of the columns
are proportional to the flux entering the collimators oriented as indicated by the location
of the columns
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Angular distribution of y-rays for a typical nuclear device. The numbers on the
columns are proportional to the doses entering the collimators indicated
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Representative plot of neutron angular distribution for nuclear weapons measured.
Experimental results have been grouped into two categories: (1) those above the horizon
(corresponding to 0°<()<{90°), and (2) those below the horizon (corresponding to
90°< y <180%)
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Representative plot of angular distribution of y-dose for nuclear weapons measured.
Experimental results have been grouped into two categories: (1) those above the
horizon (corresponding to 0°<{(/<{90°), and (2) those below the horizon (corresponding
to 90°<¢<{180°)
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York's estimate of neutron and y-air dose in Hiroshima as a function of horizontal
distance from ground zero
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York's estimate of neutron and y-air dose in Nagasaki as a function of horizontal
distance from ground zero

York OHEEIC L 2R 000 50 ACFESOMEE LTo EMic k5 ETE LT 7R
Zeehiiin

Veranda side of light frame structure
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Plan of house showing dosimetry stations

PRI (L A 7R R B O

Attenuation of fast neutrons by typical single story Japanese houses
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Attenuation of y-radiation by typical single story Japanese houses
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PENETRATION OF WEAPONS RADIATION: APPLICATION
TO THE HIROSHTMA-NAGASAKI STUDIES

BREFHHROBEN : LB REBBEE~O KA

R. H. RITCHIE AND G. S. HURST *

Abstract—DBasic data necessary for the considera—
tion of shielding against nuclear weapons radiation
are presented. These include the variation of dose
with distance from nuclear detonations, angular
distribution of neutrons and jy-radiation, and some
information on the spectrum of fast neutrons.
Application of the data is made to the problem of
determining the radiation dose in light frame
structures. Experimental attenuation factors for

typical Japanese houses are given.

1. INTRODUCTION

Seme of the energy released from an atomic
explosion appears in the form of jy-radiation and
fast neutrons. Because of their penetrability in air,
these radiations may produce severe biological
damage at great distance from the point of detona-
tion. This fact has led both military and civilian
groups to consider the problem of shielding of
weapons radiation. Information which is basic to
the problem of determining the degree of shielding
afforded by arbitrary arrangements of shielding
materials will be covered in this report.

Before progressing to details of characteristics
of weapons radiation, a few general remarks on
the source of y-rays and fast neutrons may he
useful.! The y-rays produced in the initial fission
process are largely absorbed in the device itself;
thus the main sources of y-radiation are (1) the
short life fission products-in the fireball and (2)
the nitrogen in air and material in the weapon

which produce y-rays by neutron capture.! Almost
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Reprinted by permission from Health Physics Pergamon Press 1959, Vol 1, pp 390-404.
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all of the neutrons are produced in the initial
fission process.

Extensive measurements of neutron and y-radiation
have been carried out at U. S. weapons tests. In
the case of p-radiation, most of the dose measure—
ments have been made with photographic film
dosimeters, although recently much of the work
has been done with chemical The

tetrachloroethylene system® has been of particular

dosimeters.

interest because of its apparently negligible re—
sponse to neutrons. The earliest measurements of
neutrons! used Au and Au+Cd to determine the
flux of thermal neutrons and the S* (n, p) P*
reaction to measure the flux of neutrons above
approximately 2.5 MeV. More recently, ¢ these
measurements have been supplemented through the
use of Pu®®® (surrounded with B!), Np? and
U2, The complete system provides enough infor—
mation on the spectrum of neutrons to permit a
reasonably accurate calculation of tissue dose.

This report will present information. obtained
through the use of these two methods of dosimetry,
which will be useful in considerations on the
shielding of atomic weapons radiation. For this
purpose exact knowledge of the ‘‘dose’ vield as a
function of weapons design is not essential and
will not be covered.

The information which is basic to shielding
consideration—namely: (1) penetration of radiation
in an air-over—ground geometry; (2) energy spectral
distributions: and (3) angular distribution of
weapons radiations—will be illustrated for ‘‘nominal
bombs' (10-20 kT). Finally, the application of
these data to a particular shielding problem, that
of determining the shielding afforded by typical

Japanese houses, will be discussed.
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Diagram illustrating the geometry of field measurements
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2. DOSE VS. DISTANCE

To consider the variation of dose with distance
from the point of detonation, let R be the slant
range from the point of detonation to the point of
detection, H be the height of burst, and S the
projection of R on a horizontal plane (Fig. 1). The
particular geometry is air-over—ground with the

point of detection on or very close to the ground.

2 BECEEREEOBRR
RS BOER- L SRROBELEYEETS, &
OHE, REFRAA)LIESE CTOEMERE, Hy
S OES, FLT SEROKEHED HYET
5 (H1), CORMENGHIMEDELRTHT,
FUTE ST BT I 2 D,

Figure 2 7-Air dose vs. slant range for a typical nuclear detonation
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Experience’ has shown that the dose distance
relationship for y-rays and neutrons can be repre—

sented by

D(R) =

where G, depends on weapon yield as well as
design, and L is the relaxation length for the
radiation in question. Even for the conditions

specified in Fig. 1, the relaxation length will

FEFIm g, T B IoPEToRE L EES
ORI, KORTRTIENTES,

G, exp R(z—R/L') 1)

BLG, (MBMOIEL LB L-TRED, L
IS s THiEEDBERETH S, BMLITFRL:
G0EEET 4, RERILPEED = 2 F — .



depend on the energy spectrum of the radiation
(hence weapons design) and air density. Since we
are not attempting to correlate radiation dose with
weapons design, we consider only the latter effect

and set

= 3

108

ARZ A (TiobhbBBORN) RUESEEIZL
S TEREZIND. #i @S0l Lo« RAsk
DLOYVHEHPTIHREVOT, BEOERO 2 % E K
L, ROXFRIET 5,

(2)

[ [Figure 3 Neutron air dose and flux vs. slant range for a typical nuclear detonation

ROVEIR I BT 2T 02 il 5 & O RN E SER O MR

mex YDSZ KT ™)

2
F(R)R
W (e
o
o

AR LY

[o}

[ TTTI

1 2 3 1 !

A #

LEGEND!
0 Pu
4 Au

x Np

& U FLUX w3
o s FLUX ¥
a 13 cou 10'°

5
2 ~-|
R2- (RAD YDSZKT ™)

s
3
@
D(R
KT

L1 LiLiid

v

o
~

LILIII

A
1 1 1 I 1

o]

10 20
SLANT RANGE R IN HUNDREDS OF YARDS

100 D Wit DAHEET

where p is the air density and g, and L, refer to
the values of these quantities at a density of
1.29g/1.

Typical dose-distance data for y-rays are shown
in Fig. 2. The log of the quantity R* D (R) is
plotted against R yielding a straight line. Using
the known air density at the time these data were

obtained, the value of L,y for this case is 294 yd.

(

fBL., p ZESEELXTL, oo BLU Ll 1.20 g/
DEEORZEIT LR 2DHET S,

T BRSOV TR & B - oM RER LT ERIE
#&xE2iz"7d, R*°D (R) DlONH LR E%E
A%« WOBICTZ L ESEI B LIS, JOXfHER
BEMEOEREEY F 21X, Z0HEO Ly Offiit
204yd Lis s,

1)



The value Gy /kT is quoted for a nominal device
and is equal to 4.1x%10° rads-yd*/kT in this case.
To illustrate the variation in these parameters with
weapons design, Wilson® gives L,»=350yd and G-/
kT=1.75x10* yd*-r/kT for the Hiroshima and
Nagasaki weapons. Glasstone' gives L, =338 yd
and Gy /KT =1.4%10° yd*-r/kT for a nominal
weapon.

ERHYBIED Gor AT ELR L, ZOBSEEOMHE
4.1x10° rads-yd?/kT iz {4+ 5, BNORITFZLS
INBEDAT 22— 2—0OF(EETFTHLE LT, Wilson
SRIEE » BEfO@BEIZL,y =350yd TGor/kT= 1.7
*10*yd*—r/kT TH 5 & L7:, Glasstone®? | 3T #gm
2BV T Lyy=338yd T Gor/kT=1.4 x 10 yd*-r/kT
THhHE Ll

Figure 4 Diagram showing the construction of neutron and j-ray collimators
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Figure 5 Diagram illustrating the co-ordinates 07 and ¥/ used in
presenting angular distributions
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As shown in Fig. 3, equation (1) holds equally
well for fast neutron dose. Figure 3 is plotted in
the same way as Fig. 2 except in the case of fast
neutrons the flux as a function of distance F (R)
above the thresholds of the detectors is presented.
The dose curve D (R) is derived from the flux

measurements as follows:*

B 3ismtin < . ARAMNSEPET o L8
ETE5, M3xE2 LALFETRFRELL, BL,
HPEETFizsCTE, JER O RO B F
(R) :LTohETierd, SilklHD (R) 1K
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D = (1.0 (Npy — Nip) + 2.4 (Nyp —Ne-) + 3.0 (Ny = Ns) + 3.7 Ns] x 10~* (3

(
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where D is the tissue dose in rads, Ny is the
neutron flux above 5 keV (assuming 2.2 g/cm®
elemental B'), Ny, is the neutron flux above 0.75
MeV, Ny is the neutron flux above 1.5 MeV, and
Ns is the neutron flux above 2.5 MeV. The thermal
neutron contribution to the dose is not included in
this formula since for all cases measured it is
negligible compared with the fast component. For
the case shown in Fig. 3, Lys = 212 yd for all the
flux curves and the dose curve. This illustrates
the important empirical observation that the fast
neutron energy spectrum does not appear to change
with distance for the geometry considered in Fig. 1.

AL, Dixrad BAoHHRH Npu (1 5keV -
PEFH (EEB2.2¢ /en* L R L12HA) TH
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T =F 0 — o A2 b AHEERE L JHZZE B

Figure 6 Angular distribution of neutrons above plutonium threshold for a typical nuclear
detonation. The heights of the columns are proportional to the flux entering
the collimators oriented as indicated by the location of the columns
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This fact has been observed to hold true for a
variety of weapons fired under a variety of condi-
tions, including changes in the value of the burst
height H. The existence of this apparent constancy
in spectrum is analogous to the existence of an
equilibrium spectrum for deep y-ray penetration
problems® and is probably explained by similar
considerations, i.e. the pertinent neutron cross-
sections show a generally increasing behavior with
decreasing energy so that the most energetic
components of the neutron spectrum control the
penetration of the beam. Consequently, the low
energy portions of the spectrum are fed by neutrons
slowing down from higher energy groups but are
depleted with a relatively greater probability than
the higher energies because of the larger cross—
sections." The value of Go,/kT for the case illus—

trated in Fig. 3is 1.5x 10" rads-yd*/kT.
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Figure 7 Angular distribution of neutrons above neptunium threshold for a typical
nuclear detonation. The heights of the columns are proportional to the flux
entering the collimators oriented as indicated by the location of the columns
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Figure 8 Angular distribution of neutrons above uranium threshold for a typical
nuclear detonation. The heights of the columns are proportional to the
flux entering the collimators oriented as indicated by the location of

the columns
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3. ANGULAR DISTRIBUTION OF WEAPONS
RADIATION

Information on the characteristics of ionizing
radiation at large distances in air from nuclear
weapons was limited mainly to air dose data until
Operation Plumbbob in Nevada in 1957. The need
for a more detailed description of the radiation
field has been clearly felt; at least one attempt to
measure the energy spectrum of y-rays at consid-
erable distance from a nuclear device'' has been
made, and some information on the fast neutron
spectrum has been obtained with threshold
detectors.” For purposes of shielding against
weapons radiation, a knowledge of the angular
distribution of these radiations is essential. Accord-
ingly, plans were made late in 1956 for a
determination of this quantity during Operation
Plumbbob. '
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Figure 9
of

Angular distribution of neutrons above sulphur threshold. The heights
the columns are proportional to the flux entering the collimators

oriented as indicated by the location of the columns
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(a) Collimators

The arrangement selected for the purpose of
defining the range of directions from which
radiations are accepted is shown in Figs. 4 (a) and
4 (b). The collimators consist of large cylindrical
tanks with conical apertures. As mentioned above,
the detectors, which consist either of the y-ray
chemical dosimeters or the neutron threshold
detectors, are placed at the apex of the conical
openings. The basic collimators were designed with
an opening having a half-angle equal to 22.5°.
Conical inserts were designed so that the opening
could be reduced to 15° or 10°.

filled entirely with

The tanks were
water for use in neutron
measurements, Fig. 4(a). For the y-ray application,
part of the water around the apex of the cone was
Fig. 4(b), which is
an efficient attenuator of jy-radiation. The water

replaced by a lead cylinder,

outside the lead served to attenuate the neutrons
that would strike the lead and thus minimized the
generation of inelastic y-rays therein. The overall
attenuation factor of the collimators for radiation
outside the cone of

incident from directions

acceptance was estimated to be at least 10-%.
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Laboratory tests made with artificial sources
showed that the angle of acceptance of radiation
was only slightly larger than the angular opening
of the collimators due to wall scatter of radiation.

The data are corrected for this effect.

Figure 10
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Angular distribution of y-rays for a typical nuclear device., The numbers on

the columns are proportional to the doses entering the collimators indicated
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grouped in clusters at various distances from the
burst point and were distributed in direction so as
to cover as much as possible of the whole sphere
of directions at each distance. The system of co-
ordinates used to describe the data cobtained is

presented in Fig. 5.
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Since the collimators subtend an appreciable solid
angle, it is desirable to have an indication of the
extent of coverage. At a specified orientation of a
collimator, the opening subtends a circular cap on
a sphere whose center is at the apex of the
collimator. These circles are mapped on a plane
co-ordinate system and the mapping is chosen so
that equal areas on the sphere map into equal
areas on the plane system. Representative three-
dimensional plots of Pu, Np, U and S activation
fluxes are presented in Figs. 6-9. respectively. A
given column height in these figures is proportional
to the flux entering the collimator whose angular
aperture coincides with the column hase. Fig. 10
shows a similar plot of the y-dose in another
event. In this case a given height in the figure is

proportional to the dose entering the collimator.
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Figure |1 Representative plot of neutron angular distribution for nuclear weapons
measured. Experimental results have been grouped into two categories:
(1) those above the horizon (corresponding to 0°< %< 90°), and (2)
those below the horizon (corresponding to 90°< ¥<"180°)
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Figure 12 Representative plot of angular distribution of y-dose for nuclear weapons
measured. Experimental results have been grouped into two categories:
(1) those above the horizon (corresponding to 0°<¥<90°), and (2) those
below the horizon (corresponding to 90°< ¥<"180°)
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that which would be indicated by 15° half-angle

collimators. The overall normalization is arbitrary.
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= ¥ <907

ranges 90°

and negative values of 0 include the
< ¥ < 180" and —180° < ¥ < —90°.
Doses received by 2214° collimators have been
normalized to the 15° collimator response.

These data may be employed directly to estimate
the dose which would be received by individuals
shielded by irregularities in the terrain, e.g.
ditches, foxholes, ete. They may be used to estimate
the effective input source for calculating the
shielding by structures of prompt radiation from
weapons. These data will be compared with
calculations of angular distributions when the latter

become available.
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Figure 13 York’s estimate of neutron and jy-air dose in Hiroshima as a function
of horizontal distance from ground zero
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Figurs 14 York's estimate of neutron and y-air dose in Nagasaki as a function of
horizontal distance from ground zero
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4. APPLICATION TO DETERMINATION OF
DOSE RECEIVED BY RESIDENTS OF
HIROSHIMA AND NAGASAKI

The health physics profession is concerned with
the protection of man from the deleterious effects
of ionizing radiation. Limits of exposure to these
radiations can best be determined from a study of
humans under conditions which permit accurate
measurement of radiation dose and medical effects.
The group of exposed individuals in Hiroshima and
Nagasaki presents a unique opportunity for a study
of the medical response of a large number oj
humans to radiation. A long—term study of medical
effects in this group is in progress in Japan at the

Atomic Bomb Casualty Commission, operated by

(14)
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the U. S. National Academy of Sciences, National
Research Council. '* The program is conducted in
co-operation with the National Institute of Health
of the Ministry of Health and Welfare of the
Japanese Government, with participation of

interested Japanese scientists.

A critical study of the dose received by these
individuals has just begun in the United States.
It appears that a body of accurate data on the
location of and shielding configuration around
many persons exposed in the two cities now exists
and continues to accumulate. The group of exposed
persons which is of greatest interest for immediate
study is the group located in light residential
structures at the time of the bombing. Not only
do a large f[raction of the people fall in this
category, but the attenuation factors of light
structures are easier to establish than for more
massive buildings. The experimental studies de-
scribed in this paper have definitely decreased the
uncertainty in the attenuation factors of structures
of this type for radiation. There is certainly more
to be accomplished in this area, but it now appears
that the prime uncertainty in the determination of
dose to individuals lies in establishing the air
dose. The neutron and y-ray air dose distributions
for both Hiroshima and Nagasaki (Figs. 13 and 14)
have been estimated by York' using all available
weapons effects information. The dotted curves
show the range of estimated probable errors
associated with each radiation. The averages of
the dose curves agree to within 20 per cent in the
case of y-rays and to within 30 per cent in the
case of neutrons with similar estimates of Harris.'®
The earliest estimates of Wilson® for the y-doses
agree to within 30 per cent over the most interesting
distances. Wilson does not estimate the neutron
dose to the Japanese. In spite of this good
agreement between independent estimates there is
still considerable uncertainty in the air dose, as

can be clearly seen from Figs. 13 and 14.

The attenuation of two light frame structures
was determined in the Plumbbob operation. The
houses were identical in construction and were
oriented so that the open (veranda) side of one

house faced ground zero, while the veranda side
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of the other house faced in the opposite direction
Fig. 15 shows a view of the veranda side of the
house while Fig. 16 shows the opposite side. The
construction and layout of the houses were typically
Japanese. The tile roof had a mean superficial
density of about 9 g/cm? including the mud base
and wood sheathing. The mud-on-bamboo walls
were approximately the same superficial density,

while the interior walls were 11 g/em®.
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Figure 15 Veranda side of light frame structure
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Figure 17 Plan of house showing dosimetry stations
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A total of 30 neutron- and 30 y-detectors, all
unshielded, were exposed in each of the houses.
According to the arrangement shown in Fig. 17,
half of the detectors were exposed at a height of
approximately 42 in. above the floor while the
remainder were placed 84 in. above the floor. The
results obtained for the neutron- and y-attenuation
factors are shown in Figs. 18 and 19, respectively.
In both cases it is seen that the dose correlates
very well with a simple parameter, viz. the
distance measured along the ray path from the
point of entry into the house to the dosimeter
(house penetration distance). An equally good
correlation is found if one uses instead of the
house penetration distance, the distance from the
dosimeter to the outside wall of the house, meas—
ured along the projection of the ray path on the
horizontal. Such correlations are not surprising in
view of the angular distributions found experi-
mentally. Crudely speaking, one may regard a house
as a shell with holes (windows) in it. If there
were no holes, the radiation level would be fairly
uniform throughout at about 0.7 and 0.4 of the

outside level for y-rays and neutrons, respectively.
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The large open spaces in the walls permit some
of the radiation to enter unattenuated, and the
farther one moves from the windows, the smaller
is this contribution.

The scatter in the dose data inside the houses is
approximately from 10 to 15 per cent and is well
within the uncertainty in the air dose values in
both Hiroshima and Nagasaki. Further house
attenuation tests are underway for the purpose of
investigating the effect of varying house size,
orientation and mutual shielding of one house by

another.
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Figure 18 Attenuation of fast neutrons by typical single story Japanese houses
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Figure 19 Attenuation of y-radiation by typical single story Japanese houses
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One may now arrive at a tentative dose estimate
for people exposed in Japanese homes by the
following procedure: (1) determine the air dose
by means of York's air-dose curves and the known
location of the survivors; (2) assign a house
attenuation factor by reading the house penetration
distance from the ABCC shielding records. Clearly,
the results obtained in this way are very crude.
In order to reduce the uncertainty in the dose it
will be necessary to (1) establish more accurate
the radiation yield of the Hiroshima and Nagasaki
devices, and (2) obtain information on radiation
attenuation of more general house shielding config—
urations. This can best be accomplished by a
combination of experimental and calculational
approaches, using the measured angulardistri—

butions as input information.
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