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Among the radionuclides that have been detected in materials exposed to the nuclear
explosions in Hiroshima and Nagasaki, 152Eu, 154Ey, and **Co can be measured even today
by using high-sensitivity gamma-ray counting techniques.®? Since *2Eu, 54Ey, and %0Co
are produced principally from stable isotopes of ewropium and cobalt by neutron capture
reactions, they are uselul radionuclides for checking the validity of a serics of computer
calculations employed for the reassessment of atomic bomb neutron dosimetry in Hiroshima
and Nagasaki (Chapter 5). The use of **2Eu, **Eu, and *“Co for the reassessment of A-
bomb neutron dosimetry, however, has been limited by the following difficulties: (1) today,
these radionuclides are found only at extremely low concentrations in materials exposed to
the nuclear explosions; and (2) the neutrons that induced these radionuclides were thermal
and epithermal, while the neutron dose received in Hiroshima and Nagasaki is attributable
mainly 1o fast neutrons.

In the present work, for the purpose of oblaining information on last neutron Muence
in Hiroshima, the depth distribution of the activity of »®2Eu o the abundance of stable Eu,
152E/Eu, was studied, using a thick sample exposed to the Hiroshima A-bomb. Further-
more, a proposal to analyze thermal and epithermal neutron fluences from a set of data of
152 Ey/Eu, ***Eu/Eu, and %°Co/Co was examined, using samples exposed 1o the Hiroshima
A-bomb in the vicinity of the hypocenter. For the reliable and simultancous determination
of 1*2Eu/Eu, " Eu/Eu, and **Co/Co, chemical cxtraction of Eu and Co from the exposed
sample was studied. The procedure to prepare samples enriched in Eu and Co was also ap-
plied to samples exposed to the Hiroshima A-bomb at locations 1300 m from the hypocenter,
because determination of *®2Eu is extremely difficult without chemical enrichment of Eu
from samples exposed (o the A-bomb at locations greater than 1000 m from the hypocenter.

Samples. The following samples exposed to the Hiroshima A-bomb were supplied to this
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work by courtesy of the Research Institute for Nuclear Medicine and Biology, Hiroshima
University:

1. Core sample from the outer wall of the Fukoku Scimei Building (320m from the
hypocenter, see Figure 1; 10cm in diameter and 22.6 cm in length);

2. Roof tile of Shima Hospital (hypocenter; 60 g supplied);

3, Surface layer of granite newel of Motoyasu Bridge (128 m from the hypocenter; 250 g
supplicd);

4. Housetop tiles of Naka Denwa-Kyoku (533m from the hypocenter; two separate
samples, weighing 180 and 470 g, were supplied); and ,

5. Housctop tiles of Hiroshima University (from about 1255 1o 1312 m from the hypocen-
ter; three samples, weighing 590, 570, and 570 ¢, were supplied).

The core sample (1) was bored on the wall [acing the hypocenter at a position 6 m above the
ground. The surface layer of the wall was made of granite 10cm in thickness, and the inner
part was made of concrete. For the present work, the granite layer of the core was sliced at
5mm intervals and the concrete layer at 10 mm intervals,

The samples mentioned above were cach crushed and pulverized to a grain size of
< 74 pum.

Procedures. For the determination of 152Eu in the core sample (1), 27 to 52 ¢ each of
the pulverized samples was packed in a plastic container having an inner diameter of 54 mm
and a depth of 19mm at a density ranging from 14 to 1.8gem™3. X rays attributable
to '*?Eu (39.52 and 40.12keV) were counted by the use of a heavily-shielded high-purity
germanium low-energy photon spectrometer. To determine the counting efficiency of the
spectrometer for 39.52 and 40.12keV photons from the volume sample, reference volume
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Table 1. Muclear Data and Constants Employed in (his Work

Hetural dsotaplc [ i o T=Fay
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Eu-153 52,1 20+ 12 1635 £ 200 1408.03 keV{21.21)
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1 year {sidereal) = 365.25636 days = 3.1550150 x 'II:I-I| 5

sources were prepared by adding a known amount of ***Eu standard solution {available (rom
LMRI, France) to about 27 to 52 g cach of powdered granite or concrete unrelated to the
A-bomb.

For samples (2) to (5), a chemical procedure was emplyed to prepare counting specimens
enriched in Eu and Co. The pulverized samples were each fused with NaOH at 400°C for
one hour, and the resulting cake was taken up in distilled water. Then, chemical separation
of Eu and Co from major elements (Si, Al, Na, K, CA, and Fe¢) and Th was camried out
in a vwsual way. Eu and Co, with other elements that were not removed in the chemical
procedure, were then recovered by coprecipitation with Fe(OH)a, dried, and formed into a
disk by pressure.

The simultancous gamma-ray counting of ®2Eu, *%4Eu, and ®°Co in the specimen en-
riched in Eu and Co was carricd out by the use of a heavily shiclded Ge(Li) gamma-ray
spectrometer. The counting efficiencics for 1173 1o 1408 keV photons were measured usmg
mock-up samples that contained known amounts of *52Eu,

Elemental analysis of the samples was carnied out by nondestructive neutron aclivation
analysis (Na, Al, K, Sc, Mn, Fe, Co, Cs, La, Ce, Eu, and Th), by x-ray Muorescence analysis
(5i, K, Ca, Ti, and Fe), and by thermogravimetric analysis (H,0). Oxygen was determined
by assuming il was present as oxides of the elements determined above,

Specific activities of 1°2Eu, ®4Eu, and %“Co at the time immediately afier the nu-
clear explosion were calculated by using the measured results and the nuclear data listed in
Table 1.

Results and Discussion

Examples of the gamma-ray spectra are shown in Figures 2 and 3. Data for **?Eu and
Eu in the core sample (1) are given in Table 2 together with the standard deviations due to
counting statistics. The depth distribution of 1*2Ey/Eu in the core sample (Figure 4) showed
a significant decrease of A-bomb neutrons, which induced '52Eu, at depths more than about
TJem in the wall. The decreasing part of the *2Eu/Eu curve in the concrete layer was
then compared with the calculated attenuation curve of thermal neutron {luence (solid and
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Figure 2. Photon spectra (with low-energy photon spectrometer) of wall
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broken semilogarithmic-linear curves in the lower part of Figure 4). The allenuation curves
fluence were drawn on the basis of the calculated diffusion lengths of
thermal neutrons in the granite and concreie layers, respectively, where the diffusion lengths
were evaluated from attenuation coeflicients of thermal neutrons in the core sample (summed
The decreasing part of the Y2 Ew/Eu curve was found to be consistent
with the calculated attenuation of thermal neutrons in the concrete layer; this implies that the
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Table 2. Depth Distribution of 192Eu and Eu in Wall Sample from the Fukoku
seimei Building (about 320m from ground zero), Hiroshima

152,

Nopth Um wall (am)* 152, Lyt Eu / Fu
. s u (Bq kg ) Eu [ppm) [Bq mg~Tyes
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Table 3. Element Composition of Wall Sample from the Fukoku Seimei Building and Calculated
Attenuation Coefficient (£) for Thermal Neutron in the Wall
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neutrons entering the outer wall surface of the Fukoku Seimei Building were well thermalized
at a depth of about 7cm from the surface. Preliminary analysis of the depth distribution of
15 2Ey/Eu has led us to estimate that 60 to 90Bqmg=?! of 152 Eu/Eu, measured at the wall
surface, would result from thermal and epithermal neutrons at the wall surface. Another 40
o 70Bgmg=! of '*2Eu/Eu, roughly estimated by extrapolating the decreasing part of the
182Eu/Eu curve at a depth of about 7em back to the surface along the aticnuation curve
of thermal neutrons in the granite layer, would be added to the 60 to 90 Bqmg =2, if every
neutron entering the wall surface were a thermal neutron. To produce 60 1o 90 Bqmg=?! of
152Eu/Eu requires a thermal and epithermal (neutron energy < 1keV) neutron fluence of
3.2 10 4.8 x10'2 ¢cm=2; to produce the 40 to 70 Bgmg~?! requires 2.2 to 3.8 x 102 cm~2 of
fast or intermediate neutrons (neutron cnergy > 1keV). Although the analysis given here
1§ preliminary, the resulls are consistent with the neutron spectrum calculated at a position
250 m from the hypocenter in Hiroshima.®

The simultancous determination of ***Ew/Eu, »EuwEu, and *°Co/Co was performed
using the following counting specimens enriched in Eu and Co; a counting specimen of
about 6.0 g, which contained Eu of 4.2 ppm and Co of 64 ppm and was obtained from about
20 g of the roof tile of Shima Hospital (sample (2), original concentration of Eu and Co were
1.4 ppm and 23 ppm, respectvely). Another counting specimen of 5.5 g, which contained Eu
of 32ppm and Co of 37 ppm and was obtained from 200 g of granite of Motoyasu Bridge
{sample (3), onginal concentration of Eu and Co were 0.89 ppm and 1.6 ppm, respectively).
Effective removal of 4°K, 2°87T1, and 2! Bi, which interfered with the counting of 152Eq,
184 By, and ®°Co radioactivities at extremely low levels, from the counting specimens was
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Table 4. Neutron-induced Radioactivity and Target Elements of (n,v)-reactions
in Samples Exposed Mear Ground Zero, Hiroshima

Induced fadicactEivitysr® Targek slomant Epacific activibysw
[Bgfkg-sampla} ina/kg=aanple] {8 ma)
Eu-152 : 463 & 121 Eu & 4,30 & 0,11 Eu=1%3/Ea = 110.3 = 6.2
{fa)* Euw=154 =@ 87 x 18 Fu-: 4.300='0.11 Eu~-154/Ea = 20.8B & 4.2
Co- 60 ¢ 801 = B Co t 64,1 1.3 Co- E0fCs = 12,50 = 0,04
Pu-152 : 3250 = 120  Eu & 32.00 = 0.96 Fu-182/Eu r 101.5 1 4.8
ib)* Eu=-154 ; £50 t 150 Bu ¢ 32,01 &£ 0,96 Pu-154fFy = 21.6 = 4.7
Co= E0 = 470 2 190 Co 1t 6.6 = 1.1 Co- G0fCm = 12,8 = 5.1

4 fl(a) r Eu, Co enrichad aample fres poof Eile of Shira Hosplital
B} & Ev, Co enrichod sample from granite of Motoyasu Bridoo

=+ at tha tlma lxmedistely aftor Ehe nuecleor azplosion

achicved with the enrichment of Eu and Co. Data for 152Ey/Eu, ***Eu/En, and *®Co/Co in
samples (2) and (3) are given in Table 4. Since radioactivities of 1*2Eu, **4Ey, and **Co
were induced principally by thermal and epithermal neutrons, radioactivity of **2Eu, for
example, at the time immediately after the nuclear explosion is given by the expression

10-3 W (Eu)
Ar (Eu)
{den oon (5 Eu) + dopi I(*51Eu)} (1)

A(*®? Eu) L » (*' Eu/Eu) A(***Eu) x

where A is the activity in Bq immediately after the nuclear explosion, W the mass of
the target element in mg in which the activity was induced, Ar is the atomic weight in g
mol~! of the target element, L is the Avogadro constant in mol~—!, X is the natural isolopic
abundance {(atomic fraction basis) of the nuclide of interest in the target element, A is the
decay constant of the neutron-induced radionuclide, ¢, is the thermal neatron fluence in
em™2, gy, is the thermal neutron cross section for the (n,+) reaction in cm?, ¢, is the
epithermal neutron fluence in em™2, and [ is the resonance integral for the (n, +) reaction in
cm?®, By substituting the measured values (Table 4), nuclear data and constants (Table 1)
into Equation (1) for 52EwEu, *4Eu/Eu, and *Co/Co, respectively, three similar equations
were oblained. Then by solving the simultaneous equations for g, and ¢,.,;, the thermal and
epithermal fluences that can explain the 52Eu/Eu, ***Eu/En, and °Co/Co simultaneously,
were evaluated (Figure 5). The solutions for ¢y, and ¢.p:, with errors, are shown by the
parallelograms in Figure 5. The ¢ /dys ratios evaluated in the present work, 0.12 1o 0.50
at Shima Hospital and 0.17 to 0.67 at Motoyasu Bridge, are significantly lower than the
calculated resulls, ¢o.ifdsn 2.5, for the position 250m from the hypocenter in Hiroshima
(closed circle in Figure 5). The present method of analyzing thermal neutron fluence and
epithermal neutron fluence was examined for validity by a reactor experiment in which a
mixture sample of Eu and Co reagents was irradiated in a TRIGA-IT nuclear reactor and
the results by the present method were compared with those by neutron activation with and
without a cadmium cover (Tables 5 and 6).* The results presented in Table 6 show that the
present method of analyzing thermal and epithermal neatron fluences is reasonably reliable.
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Table 5. 12w, B4Ey, and 90Co Activity in Mixture Sample of Eu and Co Reagents
Irradiated in RSE of TRIGA-II Nuclear Reactor for Four Hours 100 kKW

Ipducod radisactivity® Target alemcnot Spocific activikty®

(O feazplel {og/uanplel 1iging)

Fu=-152 3 17460 & 43240 Eu ¢ 0.900132E6 Eu=152/Bu r {174.4 = LE:I:-:'H:'J
Zu-154 3 1733 & 47 Eu ¢ 0.7000266 Eu=154/Eu 1+ {173.1 2 I.?:II.'I:'J
Co- B0 ¢ 1538 = 42 o+ D.1002246 Co- E0fCe ¢ {153.5 & 4,1]=10°

# 4E Ehea tise imsediately afkter naoutsen lzcadiakion

Table 6. Thermal and Epithermal Newtron Fluence Rates
Measured for RSR of TRIGA-I1 Muclear Reactorat 100k W

thiz work Honda et al-”
St (6.48 = 0.06)x10"" (8.4 = 0.88)x10"! [ew)
(7.16 £ 0.71)x10"" [Au)
'*npj. (1.3 = 0.3 ]::u” {1.78 = 11.11:|1-:1l;:|wl [Cu)
10.70 ¢ 0.121%10" % [au)

unit 1 c:"! n'1

Measurements of "*2Eu/Eu in housctop tiles, which were exposed o the Hiroshima A-
bomb at Naka Denwa-Kyoku (sample (4) and at Hiroshima University (sample (5)), were
carried out using specimens enriched in Eu and Co, and the following specific activities of
152Eu at the time immediately after the nuclear explosion were obtained: 14.14+0.8 Bqmg !

in 180 g of original sample from Naka Denwa-Kyoku; and 0.1840.13 and 0.53£0.24
Bqmg~*! in 590 g of original sample from Hiroshima University (1255 m from the hypocen-
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Figure 6. Specific radioactivity af”zﬁ'u immediatelvafter the nuclear explosion
in Hiroshimea

ter). In Figure 6, the results of the *?Eu/Eu presented above are shown in relation to the
slant distance from the explosion point of the Hiroshima A-bomb (sign F refers to the sample
(1), G the sample (3), M the sample (4), and N the sample (5)), together with our previous
results (H1 to HS; H1 was the same as the present sample (2)).° The solid curve in Figure
6 was drawn on the basis of values calculated by Loewe.® So far as '52Ew/Eu is concemed,
the calculated values are roughly consistent with our measured values,
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