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Summary —The gamma-ray dose from the radioactivity induced in soil and building materials
by neutrons was estimated on the basis of the experimental data. The chemical compositions of
soil and building materials collected from Hiroshima and Nagasaki were determined by an
activation analysis. It was found that #Na and 3Mn contributed mainly to the gamma-ray
dose from the radioactivity induced in soil. The dose received by a person who ehtered the
hypocenter area in Hiroshima one day after the bombing and remained there 8 hr would have
been 3 rads. The doses at distances of 500 m and 1000 m from the hypocenter in Hiroshima
were 189 and 0.07% respectively, of that at the hypocenter. The accumulated gamma-ray
dose from immediately after the explosion of the A-bombs to infinity was about 80 rads at the
hypocenter in Hiroshima, and about 30 rads in Nagasaki.
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INTRODUCTION

Ture rapiatioN dose due to primary and
scattered radiations released by A-bombs in
Hiroshima and Nagasaki was already estimated
as a function of distance from hypocenter.1=3
In addition to these radiations, the survivors

would have received radiations from fallout of
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fission products and neutron-induced radio-
active materials. In order to analyse the data
on late radiation effects on people who entered
the city within several days after explosion for
such purposes as rescue work and cleaning away
debris (known as early entrants), there is need to
estimate the gamma-ray dose from the induced-
radioactivity which remained on and in the
ground as a result of neutron activation of soil
and building materials such as roof-tiles.
Suono™® and ARaRAWA!®) have estimated the
gamma-ray dose from the radioactivity induced
in soil. There is considerable difference in the
estimates made by two scientists, which may be
due to the fact that there were still too many
unknown factors. In this paper, the gamma-ray
dose from the radioactivity induced in soil and
building materials was estimated by using the
data determined experimentally. The chemical
compositions of soil and building materials
collected from Hiroshima and Nagasaki were
determined by an activation analysis. A
distribution of specific activity of the radio-
nuclide induced in soil and building materials

was determined by using neutrons released from

the *Be(d, n)1°B reaction with a Van de Graaff
accelerator. The attenuations of gamma-rays in
soil and air were determined by using ?*Na,
60Co and ¥7Cis gamma-ray sources which were
placed at various depths in soil in an open field.

ACTIVATION ANALYSES OF SOIL AND
BUILDING MATERIALS

Materials and methods

Fifty samples of soil were collected from 16
sites in Hiroshima and 8 sites in Nagasaki.
Pieces of roof-tile, brick, asphalt, wood and
concrete block were selected as samples of
building materials, The soil samples were
collected from sites which had not been dis-
turbed (tilled or filled up) since the time of the
explosion of the A-bombs. All samples were
dried at 120°C in an oven before irradiation,
and 5g (dry weight) of each sample with
MnQ,, Na,CO, and cobalt wires as standard
samples were placed in polyethylene bottles and
exposed to neutrons. The neutron fluences in
the bottles were estimated from the induced-
radioactivity in the standard samples.

The neutrons released from the *Be(d, n)'°B
reaction with a Van de Graaff accelerator were
used for analyses of radionuclides with short half
life such as sodium and manganese. Paraffin
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blocks were used as a moderator to obtain a
large number of thermal neutrons. Thermal
neutron fluence was 5.1 x 10%(n/cm?). HTR
(Hitachi Training Reactor, Japan) was used for
the analysis of elements which become radio-
nuclides with long half life such as scandium and
cobalt. Thermal neutron fluence was 3.2 x
101(n/cm?).

The gamma-ray spectra of the irradiated
samples were measured with a gamma-ray
spectrometer having a 14in. X 2 in. well-type
NaI(TIl) crystal. The resolution of this spec-
trometer was 8.5 9] for 0.662 MeV gamma-rays
from 13™Ba. The energy calibration of the
spectrometer was performed by using the
gamma-ray sources of 22Na, %9Co, 1¥7Cs and
28Th. After samples irradiated with the reactor
were given a cooling time of 10 days to allow the
radionuclides with short half life to decay, the
gamma-ray spectra of samples were repeatedly
measured for seven months. In order to
determine whether there was any element that
had been activated directly through the (n, p)
reaction due to fast neutrons, soil and building

materials in cadmium containers of 0.5 mmm

thickness were exposed to 500 rads of fast
neutron beams.

Gamma-ray spectra of neutron-activated materials

Figure la shows the gamma-ray spectrum of
soil at 5 min after irradiation with thermal
neutrons through the paraffin-moderators. At
1 hr after irradiation 2®Al could hardly be
detected (Fig. 1b). Further, at 48 hr after
irradiation %6Mn had almost all disintegrated
and 2Na was dominant (Fig. lc). As soil
contains a considerable amount of potassium,
the presence of 2K (half life; 12.5 hr) resulting
from the (n, y) reaction would be expected.
However, it was masked by the photopeak of
24Na, and could not be detected.

The gamma-ray spectra of soil activated by
neutrons from the reactor are shown in Fig. 2.
The spectra ‘a’ and ‘b’ in the figure were
measured on 10th and 170th day after ir-
radiation, respectively. On the 10th day after
irradiation, %S¢ and %°Co were dominant
instead of 22Na and %Mn, and a small amount
of M%La was detected. Fe can be produced by
thermal neutrons, but as the energy of gamma-
rays released from 3°Fe approximates that of
46Sc and °Co, %°Fe could not be identified on
the gamma-ray spectra. As %®Sc disintegrated,
the 134Cs peak became more apparent. Similar
spectra were obtained for building materials.
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FIGURE 1 Gamma-ray spectrd of soil at various times
dfter irradiation ( shori-lived nuclides).
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The gamma-ray spectra of samples obtained
with the fast neutron irradiation demonstrated
no gamma-ray peaks from the radionuclides
produced by the (n, p) reaction due to fast
neutrons but showed the presence of a small
amount of the radionuclides produced by
thermal neutrons. So only the above men-
tioned ##Na, 5Mn (short lived nuclides). #6Sc,
80Co and ¥4Cs (long lived nuclides) will be used
in the calculation of the gamma-ray dose from
the neutron-induced radioactivity.

Determination of chemical composition

Counting rates of the five nuclides were
obtained from the gamma-ray spectra by
applying the 2 % 2 and 3 x 3 matrices.®® The
energy band used for the evaluation of counting
rates is shown in Table 1. The2 x 2and 3 x 3
matrices are shown in Tables 2 and 3, re-
spectively. The amount of sodium, manganese
and cobalt contained in 1 g of the test samples
were determined by comparing the counting
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FIGURE 2 Gamma-ray specira of soil al various times
after irradiation (long-lived nuclides).
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TABLE 1 The gamma-ray energy of neutron-induced
radionuclides and energy band used in an activation
analysis

#1 ETFREOHMEREON v v R AL -5k
(6378 PRI A & TR RRRCR LAl S I

Energy band

Nuclide Energy
H (MeV) (MeV)

I f0b ¥ — I i F —
20Na 1.37,2.75 1.18-1.46
56Mn 0.845, 1.18, 2.12 0.74-0.94
465¢ 0.887, 1.12 1.02-1.22
80Co 117, 1533 1.24-1.42
1840s 0.563, 0.570, 0.605 0.50-0.69

0.801, 0.796, 1.04
1.17

rates of the test samples with those of the
standard samples. Since the contents of the pure
elements scandium and cesium could not be,
easily obtained, the scandium and cesium
contents of the test samples were calculated
from the activities, the activation cross sections
and thermal neutron fluences. The thermal
neutron fluences were estimated from induced-
radioactivities in the cobalt wires used as the
standard samples.

The sodium and manganese content of soil of
Hiroshima and Nagasaki is shown in Tables 4
and 5, respectively. The variation of sodium
and manganese contents of soil collected from
the same site was within 10%. The contents of
five nuclides in building materials are shown in
Table 6. The manganese content of roof-tiles
and bricks were two to three times as large as
those of soil. From the fact that a number of roof
tiles and other building materials were scattered
around at the time of the explosion of the
A-bombs, these materials would make it
difficult to estimate the gamma-ray dose from
the neutron-induced radioactivity.

ESTIMATION OF GAMMA-RAY DOSE

Methods

The gamma-ray dose from the radioactivity
induced in soil and building materials in an
infinitely extended field was calculated on the
following basis:

(1) The five nuclides of sodium, manganese,
scandium, cobalt and cesium are activated in

TABLE 2 A 2X 2 matrix solution for 56Mn and 24Na
£2 5Mn & *Na 2B+ 3 A2 X 21741

Nuclide Mn band Na band
i di Mn Na #
56Mn +1.040 —2.4553
#Na —0.0166 +1.040

TABLE 3 A 3 X 3 matrix solution for 46s¢, 60co and

#3 %S¢, Co b LU BCs 2P+ 3A3 X ITH
Nuclide Cs band Sc band Co band
H Tl Cs % Se & Co #
131C5 +1.106 —1.165 +0.414
48Sc —0.026 +1.422 —2.418
0Co +0.0056 —0.170 +1.373
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TABLE 4 The content of 55 Mn and 23 Na of soil in Hiroshima
#d4 LERBIZEISLEHD Mo H LU PNa &5 HR

Distance from
hypocenter (m) #Mn *3Na

Place #i#F ®. A 5ofEse (mg/sample g)
Ote-machi, 1-chome KFE—-TH 60 022 105
Nakajima-cho o BT 130 0.70 18.7
Ote-machi, 1-chome KFU—TH 130 077 12:3
Fukuro-machi =10 470 0.56 17.5
Dobashi-cho + tEnT 520 0.75° 30.3
Kawara-machi ] I5T BT 620 1.04 20.8
Moto-machi T 770 0.73 9.8
Moto-machi T 880 0.73 15.4
Kitaeno-machi At g my - 1050 0.80 185
Moto-machi HHT 1120 0.86 16.9
Tera-machi FET 1150 0.60 13.1
Higashi Senda-machi 1-chome ®£FH# —~ T H 1400 0.98 18.6
Kami Nobori-cho X100 1420 092 174
Nishi Hakushima-cho g gy 1600 1.05 139
Funairisaiwai-cho fi A AT 1870 0.74 21.8
Hijivama-cho Hedg iy 1920 142 27.0

TABLE 5 The content of 33y and 23Na of soil in Nagasaki
£5 EBWIHUAEERO SMn 5 XU PNa 0B A

Distance from
hypocenter (m) 55Mn 2¥Na

Place #7F ML 5 oM (mgfsample g)
Peace Park (Now) A (EE) 100 1.5 5
Oka-machi [ By 250 1.5 11
Matsuyama-machi B (LT 500 4.8 15
Nagasaki Hospiral F Wi 47 Bt 700 4.6 32
(Ohashi-machi KAGHT 900 0.36 60
Takenokubo Fuchi Middle School 1f @ 2 {3 1200 1.6 17
Zenza School SR EE A B 1700 2.2 17
Inasa School Fi ffe /1 2 2 2200 5.6 17

TABLE 6 The content of frecursive nuclides in soil and building materials

#6 TESLICEEMHEBNOREEED S S

$Mn BNa 455c  PCo IBCs
Sample ##% (mg/fsample g)

Soil (Hiroshima) +#(xgs) 09 181 0006 0.02 0.1
Soil (Nagasaki) +u(#m) 2.7  22.0

Roof-tile R 4.9 17.1  0.02 0.05 0.03
Brick T 3.7 26.8 0.01 0.04 0.01
Cloncrete 2vy2y—+  LO 7.7  0.01 0.03 0.02
Asphalt a7 mE 1.2 41.9 0.003 0.01 0.005
Wood.* ES 0.12 7.0

* Ash has the same amount of activity. %12 & Fito Bt s 2



soil and building materials by neutrons from the
A-bombs. These nuclides are distributed uni-
formly in soil and building materials.

(2) Thermal neutron fluences on the ground
surface can be estimated from the specific
activity of 80Co in iron materials on the surface
of existing ferro-concrete buildings which were
exposed to neutrons from the A-bombs.(?

(3) Concrete and soil have the same albedo
for neutrons.

(4) As fast neutrons are converted into ther-
mal neutrons within a medium, they contribute
indirectly to the activations of soil and building
materials. The results of a previous paper® can
be used for the fast neutron dose on the ground
surface in Hiroshima and Nagasaki.

The specific activity induced in soil and
building materials per unit fast neutron dose can
be determined experimentally. Ifit is possible to
represent the distribution of specific activity in
soil and building materials with an analytic
function, and if the build-up factor is unity,
dose calculation can be performed by integrating
over the dimensions of soil and building-
materials. However, since the distributions of
specific activity in soil and building materials
could not be represented with a simple analytic
function as shown in Figs. 4 and 5, and the build-
up factor was not unity, dose calculation was
performed by using a numerical method.
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FIGURE 3 Integration geometry for equation (1)
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When there is a semi-infinite plane gamma-
ray source of thickness AZ c¢m located at a depth
of Zecm from the ground surface (ith plane
source), the gamma-ray exposure rate D,; from
the ith plane source at a point P, & cm above the
ground surface, can be given by the following
equation (Fig. 3);

it vig

D,; = 27AZI,R f
1]

where I, is the amount of the radioactivity for a
Jth nuclide in 1 cm?® of the ¢th plane source, and

MELLZnDFESOFR((FHO T HEE) IFE
AZemDEEBTH A > < BMEHFS 556, hFEsr s
hemFizbh s i EAOFHEBE,SPSIIHFA N =
RO MAT ZE ( exposure rate ) Dijlx, KOHFER(H3)
TEHTILIFTES,

" exp (—kyr(x) dx (1)

REL, T i HFAOTFHBED 1l 2175 &
HogEII>WTORSERETH- T, mCi /am?® THb



is expressed in mCifem?. R, is the exposure rate Ehs. Ryld, i ZFHOTHHBEIIIHS jHEHOK
mce_xsurcd_at t_he pomt‘ P from 1 mCi of the Jt_h MR L mC »5 P S cllE s BEETHD,
radionuclide in the ith plane source and is
expressed in mR/hr/mCi. £, is the attenuation mR /hr /mCi T#HEN 5. kilk, jHEHOPEHME
factor for_the gamma-rays whwl“l were released B0 B RO RIS b B X ALY TR
from the jth radionuclide in the ith plane source

and is the value for the two phases of air and OBHRETHY, HRAL LEOTRIIODVWTOBTS
soil. This f:actor in(;ludcs the buiId-uH factor 5. COETINIE, BEREFHI Lo THELAELET
caused by air and soil, and the attenuation due
to distances. y TRF L UHEBI LB EENS
When x is converted into r by a change of BRHOBRIE T edr iiEZ 5388, FEA
variable, the integral of equation (1) produces :
equation (2). ERyFhE, FEIRITES
27A IR, 2 e ‘
= %ﬁ X {1 + ky(h +2)} exp {—k;(k +2)} (2)
i
The equation for total exposure rate from the j FHOBEHERE D S 0BRHE w0 HRR
Jth radionuclide, D, is as follows, SERDEENTHD.
D=3 3)
i
In order to perform the dose calculation in FROFECE S THBEHELERT 32012, [,

accordance with the method described above

Rijts & Uk i BERM IR L L.
I, R;; and k,; were determined experimentally. (e Uk ire NI

Experiments E

(1) Distributions of specific activities in soil and (N BBLUBEMRICH T B3SO SH. LIE
building materials. In order to determine [,; for

soil and building materials, the distributions of BLUBEMBIOWTOT; #RET 52512, Van
the specific activity of the radionuclides induced de Graaff MFFIZ LS “Be (d, n ) "B KiGh, 5 HH
in soil and building materials were measured by SRARETERGT, TS L CEE NN EE X A
using neutrons released from the °Be(d, »)1°B

reaction with a Van de Graaff accelerator. f B ATHERR O RS Re MR E L. ZhS ofiik
These’ neutrons were obgaingd from } in. thick F1E2.3MeV O T AL ¥ — % 5 2 7 T I8 F 450 o W 5t
beryllium target in the direction of the deuteron ]
beam at an energy of 2.3 MeV. Na,COj, and FIZBER YA Y FOESORYY DL 5 =4 5 b
MnQO, pellets were used as detectors. Soil in a S5 bk, NayCOrms s UMnOO L 5 | &Ml

60 x 60 x 60 cm wooden box was kept in its

: ELTHWA, 60X60X60emd Az, TE25EY B
natural state as much as possible and exposed to i om¢) A4 | oA

neutrons. A neutron incident side of the box DRIz REARS, hETEBHE LA ZoBoRHE
was covcr‘cd with an aluminium sheet of 3 mm A ADER DD X S TN I = ARk
thickness instead of wood. The water content of ;

; i i F P - b E Tl = AR L oY LA O
soil was about 30 %,. Bricks were laid to a size of AHEERL . ERPOKOEHRIZFNGTH- 1.
40 x 40 x 10cm wall. The incident fast BRI % 40 X 40 X 10em -k ) BEARIZHEA £ & o> A S5 oh

neutron fluence and incident thermal neutron
fluence on the surface of soil was measured by
sulfur pellets and gold foil, respectively. The BEAL  PEIPFEBTENETNNE LA, EfikF
fast neutron fluence was converted into the first FN— T A AR (rad ) I2EZ 5 h i (8)

collision dose (rad).®
RAAGHE P EFMELS FRPEF IV 2D
The distribution of the specific activity of SRR AP i

MFIN— v ABL AN EFTIL—-2 > AT,

24Na and 5Mn in soil and the bricks produced 10%2n /em? k> THEEE A, DiELUBEAPILC
by unit incident fast neutron dose and by }% Na B L7 Mo O MSESAIEZh ZHEA,
10'%n/cm? of thermal neutron fluence is shown in INGIES Bl

Figs. 4 and 5, respectively. HLURS AT
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FIGURE 4 Distributions of specific activities of sz'Na

and 36Mn in soil irradiated with fast neutrons and

thermal neutrons
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(2) Determination of I;. Thermal neutron
fluence on the ground surface in Hiroshima and
Nagasaki was estimated from the activity of ¢Co
induced in iron materials on the surface of
concrete buildings. In order to obtain thermal
neutron fluence from the activity of 8Co, the
iron materials of the same shape were irradiated
with a known thermal neutron fluence. The
fast neutron dose on the ground surface was
already reported in the previous paper.‘!)

The results of activation analysis showed the
presence of 18.1 mg of sodium in 1 g of soil in
Hiroshima. From Fig. 4, the specific activity of
2#Na produced in soil per 102n/cm? of thermal
neutron fluence and unit fast neutron dose was
5.0 x 107%(mCi/102n/cm?/mg) and 8.1 x 10-7
(mCifrad/mg) at the ground surface, respec-
tively. Therefore, the specific activity of ?#Na
induced in 1 g of soil per 10n/cm? of thermal
neutron fluence and per unit fast neutron dose
was 9.0 x 1075(mCi/10nfcm?[g of soil) and
1.5 x 10=3(mCi/rad/g of soil) at the hypocenter
in Hiroshima immediately after the explosion,
respectively. The specific activity of 2Na
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FIGURE 5 Distribution of specific activity of 2%Na in
brick (40 X 40 X 10cm) irradiated with fast neutrons and
thermal neutrons
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induced in 1 g of soil at the ground surface is
shown in Fig. 6 as a function of distance from
the hypocenter.

As the burst point of the A-bombs was high in
Hiroshima and Nagasaki, the neutrons reached
the ground not only from the direction of the
epicenter but also from all other directions.
Therefore, I; was corrected by the ‘“‘globe
operation” used in the previous paper.? I;
was determined by the distribution of the
specific activity as shown in Fig. 4 and the
specific activity at the ground surface as shown
in Fig. 6. The density of soil was assumed to be
2.6 g/cm3. Figure 7 shows I;; for Na at the
hypocenter in Hiroshima. The values of I;; for
the other radionuclides were determined with
the similar method.
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FIGURE 6 Specific activity of 24Na in soil on the
ground surface in Hiroshima induced by neutrons from
the A-bomb. Curves were obtained from the sodium
contents of soil and from the fast neutron dose dand
thermal neutron fluence estimated from the induced
activities of 0o in iron materials in and on the ferro-
concrete buildings

M6 FHEk»roohiEFizl TESshZEGEOHEL
HEdhoy MNa o FeBSdEE. dRdRE, REGoOFLRUTLALS
ey sy — b EUFREIZH- 2O PCon
W ARE A S HEE L i AR S BArpiE ST L — v
AlENBENEELOTHS.

(mCi /rad / g ) Th-7. HMETHEL ghIZFH
X MNa DM BLSHEEE, BOH A S 0RO M
kLT, B6imt.

LB s LR IZETAE FEHoERS TS,
miEF IS RSO b 512N T, Lo s
SWwafmbh s EMmIZBEELL. LA T, I3,
BOHE Y LA V7o — 7RE |12k TIEILE S

@f\'

i, Iyid, B4lzmd iz, HatamiIcED, %
AEEIERT LI, HETORKRSEBICEIHRES L
. TEBOFEZ2.6g /fem? & L&

# Dflh o B A%

M7k, EED
BOHIZETS “Na DT % .

O I E RO iETRE L L.

FIGURE 7 Specific activity distribution of 24Na in
soil at the bypocenter in Hiroshima. Curve '""Fast*' and
“Thermal'' shows the distribution of specific activity of
Na produced by incident fast neutrons dand incident
thermal neuirons, respectively
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(3) Determination of R;;. To determine R,
three gamma-ray point sources, 20 mCi of #4Na,
10 mCi of 89Cio and 16 mCi of 137Cls, were used.
Each of them was inserted into soil at various
depths in an open field. The exposure rate at a
point 1m above the ground surface was
measured with 280 cc cylinder-type air chamber.
The mean energy of gamma-rays released from
%Mn and %Sc was 1.5 and 1.0 MeV, re-
spectively, which approximates to that of ¢Co.
Therefore, it was assumed that the gamma-rays
from these nuclides attenuated similarly to that
of ®Co in soil and air. When the gamma-ray
source was placed on the ground surface, the
exposure rate at the point 1 m above the source
was 2.32(mR [hr/mCi), 1.57(mR/hr/mCi) and
0.51 (mR fhr/mCi) for #Na, ®Co and (s,
respectively. Since this value includes the
scattered gamma-rays from soil, it was 1.16
times as large as the specific gamma-ray constant
for %°Co. For #*Na and *¥Cs, it was about 1.0
and 1.5. If the *Mn and %Sc gamma-ray
sources were placed on the ground surface, the
exposure rate at 1 m above the source would be
obtained by multiplying each of respective
values in air by 1.16. Further, the value for
184Cs was determined to be 1.5. The R, values
of 2Na and 5*Mn are shown in Fig. 8.
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(4) Determination of k. The attenuation
factors of gamma-rays from **Na and %°Co in
the phases of soil and air were determined by
using the gamma-ray sources described above.
The gamma-ray sources were placed in the tip
of a lucite rod and inserted in soil at various
depths in the open field. The gamma-ray
exposure rate at 1| m above the ground surface
was determined with the 280 cc cylinder-type
air chamber and Nal(Tl) scintillation counter,

11

B RyDRE. R y2RETILD, Zo0F Y <iE,

+ 4 bbb, *Na20mCi, ®Col0mCi L1} WC(Cs
16mCi # v/, ChbsédZhFhdBo s wEHO -
BOVAEVAERLFEEOEZAIZELAAL. BBE1Imo

Ty ol 24 280 cchERER TillE L 7~
®Mn HLU PSe ASMHBERESN O T L
F—id, FhFN1.5L1.0MeVNTHS T, Con %
HEMT A, LA oT, ChooEEIrOH <
MO L, LEPLERRTO PConEhLFAETH
EL7 Fryv@iEzmE vz, ilkhs51lm
DE TR S MRS 13, *Na, ®Co LU WC(Cs
2Hh #F02.32, 1.57#& & 170.51 (mR / B/
mCi ) T 5 7. B, LE» S OBEY v v
BEATWADT, PColiowTolhf =Rz
BALI6THD, /4 2Na LU BCs zo0TIE,
AWLO0BLEUL.5Th-. *Mn BLU ¥Sc OF v =i
HaeEIZEVAZHAEE, HEOElmn colafs,
ERTOFAFAOMECLI6EHITHEORE. 48,
B4Cs O ($1.5L BiE & e, ¥Na b LU *Mn
Rij iz 8 iom+.

KD

o

FIGURE 8 Exposure rates of 24Ng and 36pn gammda-ray
sources on or in the ground as a function of slant length

between the source and the detector for various depths.
The curves were determined at a point 1 m above the

5round‘ surface when 1 mCi poinl gamma-ray source of
4Na and 36 Mn was located at various depths in soil
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When the gamma-ray source was located at the
depth of more than 10 cm and the distance
between the detector and the source was greater
than 5m, the exposure rate could not be
measured with the air chamber. However, when
the energy spectra of such weak gamma-rays
were measured with the counter, it was verified
that there was not so much variation in the
gamma-ray spectra in a region beyond these
depths and these distances described above. So,
under such conditions, the exposure rate was
measured with the counter. The attenuation
curves of 2Na in soil and air are shown in Fig. 9
as a function of distance for the various depths.
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RESULTS AND DISCUSSION

Although the results of the activation analysis
showed that ?!Na, 5Mn, *9Sc, %Co and '**Cs
were the important nuclides for the calculation
of the gamma-ray dose, other radionuclides
were expected to be produced in soil and
building materials by neutrons from the
A-bombs. A radiochemical separation of soil
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FIGURE 9  Attenuation curves of gamma-rays from
Na point source located in soil observed at a point

1 m above the ground surface. The curves include the

attenuation due to soil and air and the bui ld-up factors
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activated by neutrons showed that soil con-
tained small amounts of **Fe, %Zn and *K.®
Since these nuclides were masked by 488c¢, Co
and 2Na in the gamma-ray spectroscopy, these
nuclides could not be detected in the activation
analysis. In the estimation of chemical composi-
tion, the number of these nuclides would be
counted as those of *Na, %Co and %Sc.
Although the amount of Al is very large at
time zero, the half life of this nuclide is so short
that the gamma-ray dose due to it may be left
out of consideration.

The gamma-ray exposure rates from the five
nuclides were calculated from the equations (2)
and (3), where AZ was put to be 2 cm, because
I;; and k;; could be treated as being constant
within every 2 em in soil. As for the roof-tiles, it
was assumed that they were irradiated in a state
as they were used in buildings, and were
scattered by the blast and spread uniformly
1.4 cm thick (roof-tile thickness) over the
ground surface.

Table 7 shows the exposure rate from the five
nuclides in soil at various distances from the
hypocenter immediately after the explosion of
the A-bomb in Hiroshima. TFigure 10 shows the

Nl BORSEN L YT, VRO ¥Fe, *Zn &
FP K AFEBIIEEhTVAZEFERE L (Y
HryIHMOIFNE—FIHEIZIE, Zheof%fElE ¢Sc,
MCo kU *Nalzl@EhTtwroT, Kitikswm
i, ZhooMEBET32Evahd oA, (b
WHIZ2WTORETIE, chonEBEOHIZ, »Na,
“Co BL U “Se A LTHEENIZ2THESS,
BEERIZIHITS PAl oBRIZERIZATHIY, Z0
BEOERBATELDHTEHOT, Al 02 F v~
DIMBEZEETZLBEEEVTHS .

honRE» 50N vEORFF T HFER) L
BlUZEOEHBELE. 2L, LHEpTIR, 20B0E &
2em ¢TI EFRkijlZ—FETHhEELTED S
DT, AZWF2emTH3 L L BEREIzoVTIE, it
WIZHER IR T2 REcHEEE2 21, BETERL,
HEIz—IZl4mDE s (REE0EX)IEL A
LD EMREL .

BT, RBULETAE FBEEBRER D, SO
o0 L ORI HEhO RO EEES 5O
ShEERT. H100E, EEHOBEES > S AR
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TABLE 7 The gammasay exposure rate due to neutron-induced radioactivities in soil

#£7T LEpodiEE s

HEIZ & 20 v v 8o g

Distance from

Exposure rate

hypocenter BMn 24Ng 46g - 80(io 1340
L A 5
e e (R/hr) (mR /hr)
0 4.81 295 0.085 0.011 4.8 x 10°%
500 0.81 0.50 0.014 0.002 0.8 x 108
1000 0.037 0.023 0.0007 0.0001 0.03 x 108

accumulated gamma-ray dose received by a
person who remained in the vicinity of the
hypocenter from immediately after the ex-
plosion of the A-bomb to a finite time. As a
value of conversion factor from exposure (R) to
dose (rad), 0.96 was used for the whole gamma-
rays from the five nuclides. As shown in Fig. 10,
the accumulated gamma-ray dose from im-
mediately after the explosion to infinity was
about 80 rads. Total dose rate due to the five
nuclides is shown in Fig. 11 as a function of time
from immediately after the explosion of the
A-bomb in Hiroshima. It was found that two
nuclides of **Na and 3*Mn contributed domi-
nantly to the gamma-ray dose from the radio-

L3

Aont. B (R)PSME(rad )~ HEHRE LT
13, A>OELSOBF /i LT, 0.96&H 0
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FIGURE 10 Accumulated gamma-ray dose from various
radionuclides in soil at the bypocenter in Hiroshima
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activities induced in soil. As far as the external
exposure due to the gamma-rays released from
the induced radioactivity was considered, the
gamma-ray dose from the other nuclides was
negligibly small in comparison with that from
21Na and Mn. Although the exposure rate was
calculated by putting the contents of the
various elements in soil constant in all sites, the
sodium and manganese content varied up to 1.5
times as large as the average values in some
sites. Therefore, the gamma-ray dose can vary
by a factor of 1.5 from the estimated dose.

The distribution of thermal neutron fluence
in soil is dependent on the water content of soil.
R. L. MatHer" has studied the variation in
the distribution of thermal neutron fluence in soil
caused by the water content. As a result of his
study, it was found that as the water content
increased from 20 to 30%, thermal neutron
fluence at the various depths increased by about
10%. Unfortunately, the water content of soil in
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FIGURE 11 Gamma-ray dose rate from induced-
radioactivity in soil as a function of time dfter the
explosion of the A-bomb at the hypocenter in Hiroshima
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Hiroshima and Nagasaki at the time of explosion
of the A-bombs are practically unknown. The
water content of soil collected in Hiroshima in
summer 1966 was about 25-359%. The inter-
mediate value of 30 % was used for the estimation
of the gamma-ray dose from the radioactivity
induced in soil.

When neutrons from the Health Physics
Research Reactor (HPRR) of ORNL which
have an energy spectrum similar to that of the
A-bomb were incident on concrete, the dis-
tribution of thermal neutron fluence in concrete
was in agreement with that produced when
concrete was irradiated with neutrons from
*Be(d, n)1B reaction.™ Since the compo-
nents of soil and concrete do not vary greatly,
the distribution of the specific activity for the
five nuclides obtained by neutrons from the
Be(d, n)'B reaction would not differ from that
of the A-bomb.

Table 8 shows the radioactivities induced in
building materials at the hypocenter im-
mediately after the explosion of the A-bomb in
Hiroshima. These values were obtained under
the same principles as that employed for sbil.
The manganese content of roof-tiles and bricks
are several times as large as that of soil. Table 9
shows the exposure rate from the radioactivities
in roof-tiles at various distances from the
hypocenter immediately after the explosion of
the A-bomb in Hiroshima.
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METh 530% % H 7.

HBOLANE— A7 PLIZBEMLAEASZ P
# 4 4 % #[F Oak Ridge National Laboratory (ORNL )
REMMEMEMEIE FF (HPRR ) 5ottt 4 3 0 7
Y= MBS LS, v 2 - PO BRBET 7L
%Be (d, n)"B R (W) &5 0 hig T
TIV ) — bPEBELABSIIERERS LD E—H
Liz. 2BLav 2 ) - FORBEELIERELS L0
DT, ®Be(d, n)"BRIEA»SEOHETFLSGFSNA
Loz > Ty AL, HROEhs
Rubhw.

#£81F, ERIzHT2EBHHEER, BLlA0ESE
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EEORBBEEEOBLHA,I VS0 S
1T AREE b o, 5 o REELTRAL.
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TABL.E 8 The specific activities of building materials
#£8 BEHEOLHE

Material H# 56Nn  2INa 465¢ 80Co 1B
(uCifsample g)

Soil 1 5 299 089 5 x107% 05 x 105 2 x 10-7
Roof-tile RBiERE 16.3 0.84 17 x 105 1.3 % 10=% 5 x 10=°
Brick s 1235 1.8 L1 sadi0m80 0 Lale e lliah 9 wr ] (=
Concrete. =7V —} 332 038 9 x 105 08 %1075 4 x 1077
Asphalt 7Ax77 A 399" 2.06: 7 selQ=58 0000 se 1008 e =T
Wood 4 0.40 0.34

TABLE 9 The gamma-ray exposure rdate of neutron-induced radiodctivities
in roof-tile

£9 BIRECHTIPETFHREHGEON 2o BaHE

Distance from

hypocenter (m) %Mn 2Na 485¢ %o 131Cg
Lo A 5 o) BE B (R /hr) (1R fhr)
0 2.8 0.30 35 0.35 115 =10=3
500 0.5 0.05 6 0.06 0.2 x 10°8
1000 0.02 0.002 0.3 0.003 0.01 x 103
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The Japanese house was mainly constructed
from wood. The quantity of wood used for
constructing a house is on the average 50 kg/m?
Assuming that wood was equally activated and
all burnt into ash, the specific activity of 2!Na
and *Mn was 16 mCi/m? and 20 mCifm?
respectively. These ashes gave an exposure rate
of 0.58 Rfhr at the hypocenter immediately
after the explosion of the A-bomb in Hiroshima.
The specific activities of brick, concrete and
asphalt were as large as those of soil and
roof-tiles. There were some multistory, brick
and concrete buildings in Hiroshima and in
Nagasaki. Since the interior and contents of
these buildings had not been activated by
neutrons, even if someone entered these
buildings, he would not receive the gamma-ray
dose from these materials. No one could be for
long times on asphalt which was used in making
roads. And rescue work and cleaning away were
mainly performed at the places burnt down by
fires of wooden houses. For these reasons, it
would be very rare that people were exposed to
the gamma-rays from brick, concrete and
asphalt.

A person who entered the hypocenter on the
next day after the explosion and worked for 8 hr
around there would have received a gamma-ray
dose of 3 rads. The accumulated gamma-ray
dose for infinite time at sites of 00 m and 1000
m from the hypocenter in Hiroshima was about
18% and 0.079% of that at the hypocenter,
respectively.

The manganese content of soil of Nagasaki
was about two times as large as that of Hiro-
shima and neutron dose on the ground was
about § times that in Hiroshima. The total
accumulated gamma-ray dose from the five
nuclides was about 30 rads.

The distributions of the specific activities of
24Na and 5*Mn in soil, and values of R,; and &,
were determined within the error of 39%.
However, the precision of the fast neutron dose
estimated from ®Co activity in iron materials
imbedded in concrete was about 0.15.1) And
for the thermal neutron fluence estimated from
80Co activity in iron materials on the surface of
the ferro-concrete buildings, it can be considered
to be 0.08. Therefore, the precision of I; is
about 0.18. The precision of the gamma-ray
dose estimated is less than 0.23.
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