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The depth profile of '’Eu activity induced in a large granite stone pillar by Hiroshima atomic bomb
neutrons was calculated by a Monte Carlo N-Particle Transport Code (MCNP). The pillar was on the
Motoyasu Bridge, located at a distance of 132 m (WSW) from the hypocenter. It was a square column with
a horizontal sectional size of 82.5 cm X 82.5 cm and height of 179 cm. Twenty-one cells from the north to
south surface at the central height of the column were specified for the calculation and '*Eu activities for
each cell were calculated. The incident neutron spectrum was assumed to be the angular fluence data of the
Dosimetry System 1986 (DS86). The angular dependence of the spectrum was taken into account by divid-
ing the whole solid angle into twenty-six directions. The calculated depth profile of specific activity did not
agree with the measured profile. A discrepancy was found in the absolute values at each depth with a mean
multiplication factor of 0.58 and also in the shape of the relative profile. The results indicated that a reas-
sessment of the neutron energy spectrum in DS86 is required for correct dose estimation.
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INTRODUCTION

Atomic bomb (A-bomb) radiation dose in Hiroshima and Nagasaki was revised in 1987 as
the Dosimetry System 1986 (DS86)". The epidemiological data for A-bomb survivors based on
the DS86 have been reported by the Radiation Effects Research Foundation (RERF)”.

Meanwhile, measurement of A-bomb-exposed materials has continued. Recent results have
revealed discrepancies of induced activities for B2gy, 60Co, 3P and *Cl between measured and
the DS86-calculated values. The neutron spectrum based on the DS86 is over-estimated within
0.7 km, and furthermore, under-estimated at the distance of 1 km from the hypocenter3‘11). The
discrepancies have been discussed intensively, and a modified neutron spectrum using a Crack
Model proposed by Hoshi et al.">'?, is able to reproduce well all of the measured activities of
52y, %°Co, **P and *°Cl at a distance within 1 km. However, discrepancies still exist for longer
distances from the hypocenter.

Activation data from the surface to the deep part of thick materials are expected to yield
information on a wider neutron energy range. Several large stone samples in Hiroshima were
chosen for our investigation. Activation data of *’Eu from one of those samples, i.¢, a large stone
pillar on Motoyasu Bridge located at distance of 132 m (MSW) from the hypocenter, were re-
ported by Hasai et al.” in 1987.

In this article, the depth profile of '**Eu activity induced in the granite pillar by the Hiroshima
A-bomb neutrons is calculated by means of a Monte Carlo N-Particle Transport Code'® (MCNP)
assuming the DS86 neutron energy spectrum surrounding the pillar. The validity of DS86 is
discussed, comparing the calculated depth profile with the measured profile.

MATERIALS AND METHODS

The analysis procedure is summarized as follows: 1) neutron fluence in the area concerned,
the “cells” in the pillar was determined, using a normalized neutron field; 2) B specific activ-
ity in each cell was calculated, convoluting the production rate by the DS86 neutron fluence
surrounding the pillar; 3) the calculated depth profile was compared with the measured depth
profile.

Details are given in the text.

Geometry

Figure 1 (a) shows an overview of the epicenter, the hypocenter, and the location and shape
of the pillar together with the coordinate system used in the calculation. The pillar was regarded
as a square column with a horizontal sectional size of 82.5 cm X 82.5 cm and a height of 179 cm.
The origin of the coordinate system was defined as the center of the column. As the subject of
calculation, twenty one cells were put inside the column as shown in Fig. 1 (a), (b) and (c). Each
cell (#1-#20) was 10 cm X 10 cm X 4 cm, except for cell (#11) which was 2.5 cm thick. Several
simplifications of the actual shape of the pillar were used for this calculation. The following
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Figure 1. (a) Overview of the epicenter, hypocenter and the location and shape of the pillar, together with the coordi-
nate system used in the calculation. (b) Side view of the pillar. (c) Size and numbering of the cells.

geometry was ignored; a box and a roof on the top of the pillar to accommodate an electric light,
a vertical 3.5 cm diameter hole traversing the central part of the pillar to accommodate electric
wires, small railings by the east and west sides of the pillar, and that the height of the sampling
position is 1 cm lower than that of the calculated position . These contributions were presumed
negligibly small to the main result.

Specific activity calculation

Specific activities A, (Bq/mg) of "*’Eu produced in a cell (cell number k) are obtained by the
decay constant of **Eu (1=1.622 x 10 s™') and numbers of '**Eu atoms produced per mg of Eu
in the cell k (¥,) as follows:

Ak = Mk
=Mj¢k(E)G(E)dE, ey
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where n is a constant indicating numbers of '*'Eu atoms contained in 1 mg of natural Eu, ¢,(E)
is neutron fluence in the cell k and o(E) is the >'Eu(n, y)mEu reaction cross section. The integra-
tion part of Eq. 1 (denoted by I) is expressed by the following equation when the incident neutron
fluence coming into the pillar is given by angular fluence (€2, E”) for angle £2 and energy E’,

I= J¢k (E)o(E)dE

l ’ 7 4
= EJ' |:5[ J. 982, ENq (L2, E, E"dE dQ] o(E)dE, )

where g, (€2, E, E’)dE’ d€2 dE is fluence of neutron with energy around F transported in the cell k
divided by fluence of incident neutron with energy £’ and solid angle £2. In the calculation, the
angle and energy were dealt with by dividing them into groups over the range of possible values.
The angle Q is divided into ¢ groups, energy E’ into m groups and energy E into n groups.
Equation 2 is expressed in the form of a summation as follows:

I= 3 (£ WNOL 3 G(No, Ne) Ny, Ns, Ne)TI6 (N, 3)

Ns=l Ng=

where Ny, Np and Ng represent group numbers of €2, E and E” respectively, W(N,) is the weight
fraction (solid angle corresponding to group N, divided by 27), and @, ¢, & are functions in the
summation form corresponding to @, g;, .

The formalism mentioned above is based on the following assumptions: (1) ¢(E) in Eq. 1 is
obtained by transporting neutrons emitted from the neutron source set at locations around the
pillar. (2) The intensity of the neutron source is assumed as DS86 angular fluence. (3) The pillar
material has no influence on the source intensity. (4) The angular distribution of the source inten-
sity is taken into account by a convolution of neutron plane waves with different emitted angles.

MCNP calculation

The MCNP code (a Monte Carlo N-Particle Transport Code)'® was used to calculate the
quantity, g,(Na, Ng, Ng) in Eq. 3. This code was produced at Los Alamos National Laboratory
and was obtained through the Nuclear Energy Data Center, Japan.

A plane wave source from a circular window, one of the standard sources included in the
program, was used as the neutron source. Input specifications for the source were the coordinates
of the center of the circular window, (x4, yo, Z0), the vector which represents the plane wave
direction, (u, v, w), and the radius of the circular window. The total number of source windows
was twenty-six and their specifications are shown in Table 1. Direction vectors were not neces-
sarily normalized to an unit vector. The MCNP calculations were carried out for the g of the
direction group lin the table. Considering the symmetrical arrangement of the cells, the values g,
for the direction groups II and III were obtained from the results of group L

The F4 tally option of the MCNP code, i.e., the track length estimate, was chosen as the
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estimator. This quantity corresponds to the mean fluence at the center of a cell of interest in units
of n-cm™. The g, were the product of the calculated estimator and the area weight of the circular
window.

The range of the tally energy E was from 1.0 x 10" MeV to 1.11 MeV and was divided into
seventeen groups (n = 17). The energy boundaries of each group were the same as that for the
DS86 angular fluence data as shown in Table 2.

Table 1. Source specifications.

Source Center position of Plane wave direction
Type circular window I IT 1II
Xo(cm)  yolem)  zp(cm) u v w u v w u v w
1 0 —200 0 0 1 0 0 -1 0 +1 0 0
2 0 0 200 0 0 -1
0 0 1
3 0 -140  -140 0 1 -1 0 1 1 +1 0 =1
0 -1 +1
4 -140 -140 0 1 1 0 -1 1 0 +1 -1 0
5 -120 -120 120 1 1 -1 -1 1 -1
1 %1 1
-1 £1 1
1 -1 -1

Table 2. Energy groups for tally and "'Eu(n, 7)'**Eu reaction cross section.

Group

Numb Upper boundary of energy Cross section
‘;\2, e (MeV) (barn)
1* 4,14 x 107 5800
2 1.13 x 107 2810
3 3.06 x 107 235
4 1.07 x 107 215
5 290 x 107 177
6 1.01 x 107* 124
7 5.83 x 107* 49
8 1.23 x 107 26
9 3.35 x 107 15
10 1.03 x 107 7.7
11 2.19 x 107 4.6
12 248 x 107 35
13 5.25 x 107 24
14 1.11 x 107 1.7
15 1.58 x 107 1.4
16 5.50 x 107 1.1
17 1.11 x 10° 0.84

*The lowest boundary of energy is I x 107! MeV.
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Table 3. Energy groups of incident neutrons.

Group No. Ng Upper boundary of energy (MeV)

1° 4.14 x 107
1 x10°
10
10
107
107
107
10°

0O 1 N b A WN
—_ = e e
X X X X X X

*The lowest boundary of energy is 1 x 107" MeV.

The energy spectrum of incident neutrons, @(W, E’), was also divided into eight groups (m
= 8) ranging from 1.0 x 107" MeV to 1.0 MeV, as shown in Table 3. In the thermal neutron
region (Ng = 1), the energy distribution was given by the evaporation energy spectrum p(E) o< E
exp(-E/a), where a is a constant of 0.025 eV. In other energy regions, the source probability was
set so that the neutron number per lethargy was uniform in each region.

The pillar was made of a solid piece of granite. The elemental composition data were taken
from a previous article®, and the cross section library used in the calculation was the same as that
of another article'”. These cross section data were continuous-energy data except for the manga-
nese element, for which discrete-energy data were used. For the water content in the pillar, a
ENDF/B'? thermal treatment S(a, ) was applied.

Two types of benchmark test of the MCNP calculation were carried out with a 2Cf neutron
source and several moderators including a thick granite one. The results, published in two ar-
ticles™'® verify the adequacy of the MCNP code for application to the calculation discussed
here.

! SIEu( n, y)mEu reaction cross section

The cross section for the ]Eu(n, j/)'szEu reaction used in the calculation is tabulated in
Table 2. This is a cross section modified from that used by Hasai et al®. It was based on the
Japanese evaluated nuclear data library'” changing the intervals of energy groups and excluding
the contribution from '*'Eu(n, ) **"*Eu reaction.

Incident neutrons

The DS86 angular fluences were used as incident-neutron spectra ¢(N,, Ng). We received
this data on a magnetic tape from D. L. Preston in 1987'®. The tape-package contained data for
prompt and delayed neutrons, primary + secondary gamma rays and delayed gamma rays for
Hiroshima and Nagasaki. The energy range of the prompt neutrons was from 1.0 x 107" MeV to
19.64 MeV and was divided into 37 groups. The delayed neutron data was divided into 23 groups
ranging from 1.0 X 107" MeV to 4.72 MeV. A solid angle of 27 was divided into 240 (N* =1 -
240) angle groups only for the right hemi-sphere viewed from the hypocenter, considering sym-
metry in the x-z plane. There were data of 97 ground ranges (every 25 m from 100 to 2500 m) and
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5 heights (1, 4,9, 15 and 25 m). Angular fluence values in units of n-em > W(N,*) ™! were given
for each combination of city, ground range, energy group and height. The W(N,*) is the weight
fraction of angle group N,*, and proportional to its solid angle. The total value for all Ny* is one.
Since the weight fraction was zero for 40 out of 240 angle groups, data for 200 angle groups were
used. The data used in the calculation were at a height of 1 m for Hiroshima. The fluence at the
location of the pillar (at ground range 132 m (WSW)) was obtained by interpolating the data of
ground ranges 125 and 150 m. The fluences for prompt and delayed neutrons were simply added
up. The angle and energy group numbers were reduced to 26 and 8, respectively. Here, if direc-
tion vectors as shown in Table 1 are represented as £2(7) (i = 1-26) and those of the DS86 data
%) (j = 1-400) for 4z solid angle, the angle 8 (i, j) between the i th and j th vector is calculated
as follows.

Q@) L2*())

0(i, j)=cos™ — =2 )
G D= Tam 12+ () @

Calculating this quantity for fixed j, changing i from 1 to 26, the i at minimum value 8(i, j) can be
determined. If a function of Min™'{6(i, j)} is defined as obtaining i at the minimum value 6(i, /),
then the weight fraction and angular fluence of the i th group was expressed using the delta
function ,which is §(0) =1, and otherwise 0, as follows:

W(Q®) = g W(2*(j))8(i —Min™ {8, N}). (52)
e(8200) =1/ W(L(i)) g W(Q* () (2% (/) G~ Min™ {8, ). (5b)

Carrying out this procedure for all j, 400 angle groups were converted to 26 angle groups using
each weight fraction.

As for energy groups, the 17 groups of the DS86 data in the range from 1.0 x 107" MeV to
1.0 MeV were reduced to 8 groups, assuming that the spectrum per lethargy in each energy group
is uniform.

Figure 2 shows three examples of neutron energy spectra at 132 m ground range and 1 m
height. The vertical axis represents total fluence per lethargy integrated for all angles. The thin
solid line histogram is for the DS86 fluence with original energy groups. The thick solid line
histogram shows the fluence of the reduced energy groups where the upper limit of energy is 1
MeV. It can be seen that the latter approximates well the former, except in the thermal region.
Total scalar fluence was 2.267 x 10" cm™. Because partial scalar fluence with energy upward of
1 MeV corresponded to 0.8%, and its contribution was ignored in the latter spectrum. The dashed
line histogram is described below.

Influence of the river (the Motoyasu River) on the spectrum was checked with an air-over-
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Figure 2. Neutron energy spectra at the location of the pillar. Thin solid line histogram indicates original energy-
grouped fluence of DS86. Thick solid line histogram indicates reduced energy-grouped fluence used in the
calculation. Dashed line histogram is an example of fluence modification to enable the calculated depth
profile of “?Eu activity to reproduce the measured one.

ground transport calculation, which was also carried out using the MCNP code. The air-over-
ground geometries were represented by a circular cylinder, the lower portion composed of the
ground, and the upper portion composed of the air, with the source in the air on the axis of the
cylindef. Source height was 580 m, and the neutron spectrum of a point source was taken from
the DS86 source term found in Table 1 in the DS86 report (Whalen)”. The composition and
density data of air and ground were taken from Table 6 and Table 7 in the same report (Kerr et
al)'®.

The outer geometrical boundary of the atmosphere was defined by a cylinder having a ra-
dius of 3 km and a height of 2 km. The ground was defined by a 5.9 m thick cylinder having a
radius of 3 km.

The river was located between 100 m and 140 m from the hypocenter in a concentric con-
figuration. The river bottom level and surface level were 5.9 m and 3.9 m below the ground level.
Output of the calculation was the neutron fluence in a zone over the river extending from the
ground level to a height of 2 m. The number of energy groups was 10, adding the 9th 1-5 MeV
group and the 10th 5-12 MeV group to the eight groups in Table 3. Angular distribution was not
taken into account.

In calculated results, total fluence when the river was included in the geometry was lower by
8% compared with when it was not included. But the difference of the ratios of thermal neutron
fluence to total fluence in the above two cases was 2%. That for the fluence in the energy region
below 10 eV was 1.5%. Statistical error of MCNP calculations was estimated to be less than 1%.
Accordingly, influences of the river on the incident neutron spectrum were confirmed to be neg-
ligible.
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RESULTS AND DISCUSSION

Neutron attenuation in the stone

An example of calculated *?Eu production rate is shown in Fig. 3. The plots indicate the
partial production rate for four energy groups (Ng =1, 2, 5, 8), where source location number is 1
and incident neutrons are specified by plane wave direction (i, v, w) = (0, 1, 0). This figure shows
typical neutron attenuations in the stone. Thermal neutrons (Ng = 1) attenuate exponentially with
a diffusion length of about 10.6 cm. High energy neutrons (Ng = 8) decrease their energy gradu-
ally along their path in the stone material, and produce much **Eu inside the stone. The **Eu
production rate of this energy group is lower than that of thermal neutrons at the incident surface,

[N

v

Lol

152p, Production Rate

! !
0 20 40 60 80
Depth from the North Surface (cm)

10

Figure 3. An example of calculated **Eu production rate as a function of depth. Each depth point represents the cell’s
center position. Source neutrons are incoming normally to the north surface of the pillar. The four curves
show the incident energy dependence of '**Eu production.
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while two times higher at the deepest position (center of the stone). Thus it is seen that the
contribution of high energy neutrons is prominent at the deepest position and the **Eu depth
profile provides a certain amount of information on the incident neutron spectrum.

Depth profiles of '>*Eu specific activity

Superposing "**Eu production by all energy and angle groups in each cell and multiplying
by the A value in Eq. 1, the depth profile of **Eu specific activity at the time of the bombing was
obtained as shown by the open circle plot A in Fig. 4. Calculation uncertainty was within 1.2%
for each cell point. The solid line is for eye guide. The histogram B in the figure is the measured
profile that was modified from the original profile with 40 measuring points to a profile with 20
measuring points.

Calculated depth profile was higher with respect to absolute values and shallower in relative
shape than the measured one. Ratios of specific activity at the deepest cell (#11) to that at the
surface cell (#1) are 0.46 and 0.30 for the calculated and measured profiles, respectively. The
mean ratio of measured specific activity to calculated activity for all cells is 0.58. The curve C in

500

A: Calculated with DS86
B: Measured (Hasai et al. 1987) |
C: Curve A shifted by a factor of 0.58

100

50

%2Eu Specific Activity (Bq mg™)

10 | | I }
0 20 40 60 80

Depth from the North Surface (cm)

Figured. Calculated and measured depth profiles of *“Eu specific activity (ATB). Curve C is added to facilitate com-
parison.
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the figure shows the calculated profile multiplied by a factor of 0.58. As a result, the calculated
profile based on DS86 fluence data does not reproduce the profile in detail though it can repro-
duce the measured depth profile of '*>Eu by a factor of about 2.

We confirmed these calculation results by using a Two Dimensional Discrete Originates
Radiation Transport Code System (DOT) (calculation not shown). The magnitude of the factor is
consistent with the Crack Model which assumed that the neutron spectrum is a summation of
95% of the DS86 spectrum and 5% of bare fission not changing the total neutron fluence, pro-
posed by Hoshi et al.">"®. But, the profile was not reproduced. We also tested how much hydro-
gen content is needed to reproduce the measured depth profile. A calculation using a hydrogen
content of 0.08% reproduced the measured shape (but not magnitude), however this value dif-
fered from measured ones (0.05%).

Modified incident neutron spectrum

Because of the difficulty of obtaining, with the unfolding technique, an incident neutron
spectrum which would fit the measured depth profile, we attempted to apply some modified
spectra to fit the profile. Figure 5 shows several comparisons of the calculated and measured
profiles. Curve D in the figure indicates the depth profile assuming that all the incident neutrons
have thermal energy. Total fluence was normalized to 62% of the DS86 value (2.267 x 10"
cm™). This is too deep to fit the measured profile, indicating that the measured profile included
much information for epithermal and higher energy neutrons.

The three curves E, F and G in the figure indicate the depth profiles of specific activity when
applying modified DS86 fluences. Here, the spectrum was modified from the DS86 one so that
the incident fluence above a certain energy boundary E;, decreased to one half of the original data
and the reduced amount of fluence was allotted to the lower energy part. The E, values for the
curve E, F and G were 1 X 10‘6, 1x10%and 1 x 107* MeV, respectively. The normalization
factors for fitting the calculated profile to the measured one were 0.59, 0.57 and 0.56 for the
curves E, F and G, respectively. Compared with the original curve C in Fig. 4, these curves tend
to agree with the measured distribution. Curve F reproduces the profile within the errors of mea-
sured values particularly well. In the DS86 neutron fluence data, the rate of the fluence for energy
above 1 x 10 MeV to total fluence is 43.2%. In curve F, the rate is one half of this, i.e., 21.6%.
Corresponding to that, fluence for the energy below 1 x 10 MeV increases from 56.8% to
78.4% by a factor of 1.38. Total fluence for this curve corresponds to 1.29 x 10" cm™ . The
spectrum used in the calculation of curve F, which was first given for each angle and then inte-
grated for all angles, is shown by a dashed line in Fig. 2.

This analysis of the "*?Eu specific activity in the large stone pillar suggests that the DS86
fluence data should be examined further, e.g., with regard to evaluation for the total yields, epi-
center height, casing and leaning of the bomb as well as the air-over-ground transport calcula-
tion.

In conclusion, the depth profile of the *?Eu activity induced in a granite stone pillar by the
Hiroshima Atomic-bomb neutrons was calculated by means of the MCNP code. The pillar was
on the Motoyasu Bridge, located at a distance of 132 m (WSW) from the hypocenter. The neu-
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Figare 5. Depth profile of *?Eu specific activity (ATB) when the incident neutron spectrum was modified (Curves D,
E, Fand G). Curve F reproduces the measured profile (Histogram B) within the error of measured values. See

the text for details.

tron fluence derived at this location from the Dosimetry System 1986 was assumed as that inci-

~ dent to the pillar. The calculated depth profile of specific activity did not agree with the measured
profile. Discrepancies were found in the absolute values at each depth with a mean multiplication
factor of 0. 58 and also in the shape of the depth profiles. The results indicate that a reassessment
of the neutron energy spectrum in the DS86 is required for correct dose estimation.
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