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Specific radioactivities of residual curopium (Eu)-152 were measured in six roof tile samples exposed
to the Nagasaki alomic bomb at two locations. The ground distances of the two locations from the hypo-
center are 1020 m and 1060 m. n order to obtain reliable data, Eu-enriched samples (from 207 to 855 mg)
were prepared by separating Eu from each roof tile sample (from 1 to 2 kg). For the major aliquot of the
Eu-enriched sample, residual radioactivity of "Eu was measured using a low-energy photon spectromeler.
For the minor aliguot of the Eu-enriched sample, Eu content was determined by neutron activation analysis,
Results of the specific radioactivity ('"Eu/Eu, Bq mg™') corrected to the time of bombing were in a range
from 0.080 to 0.446. Although the measured values showed some scattering, they are moderately consistent
with the calculated values by the DS86 methodology, i.e. the average ratio of the calculated to measured
valuesis 1.3 +0.8.

INTRODUCTION

After the publication of the “Dosimetry System 1986 (DS86)” report"’, it was independently
pointed out by our group and by the Hiroshima dosimetry group that the measured specific radio-
activities of ""Eu ('”Euw/Eu, Bq mg ") induced by the Hiroshima atomic bomb (A-bomb)
neutrons were inconsistent with the values calculated by the DS86 methodology. The ratio of
calculated-value to measured-value near the hypocenter is 1-2, whereas that beyond 1 km from
the hypocenter is 0.1-0.5*". This inconsistency became more defined as more measured values
were subsequently added*™. The specific radioactivities of ®’Co*" and "CI* also showed
inconsistencies similar to "“Eu” ®. Inconsistencies in ®Co values were recognized before the
publication of DS86, but the reason for this has remained unclear. Accumulated data has conclu-
sively shown that the calculations according to the DS86 methodology for radionuclides induced
by thermal (and resonance) ncutrons from the Hiroshima A-bomb are inconsistent with the
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measured values. What has caused such inconsistencies between the measured values and the
calculated values for the Hiroshima A-bomb? To answer this, measurements of residual neutron-
induced radionuclides, the source terms (i.¢., the bomb yield and the neutron spectrum) used for
developing DS86, and air-transport of neutrons have been reinvestigated.

This work was undertaken to substantiate whether measured data for *Eu in samples
exposed to the Nagasaki A-bomb more than | km from the hypocenter deviate from calculated
values in a similar manner as Hiroshima bomb values. Therefore we analyzed samples exposed
to the Nagasaki A-bomb at little-unambiguous positions more than 1 km from the hypocenter. Tf
these discrepancies exist in both Hiroshima and Nagasaki data, the problem arises from the neu-
tron transport calculations or from an unaccounted for variable common to both cities. If the
discrepancies are not seen in Nagasaki, the problem arises from the source terms of the Hiroshima
A-bomb, such as neutron spectrum or neutron yield. Our present results should aid in narrowing
down the cause of the problem.

MATERIALS AND METHODS

Samples

We collected exposed rootf tiles for this study from five places located on high ground in a
donut belt at a horizontal ground distance of 700- 1500 m from the hypocenter of the Nagasaki
A-bomb in 1991, The sample size for the determination of '*’Eu needs to be more than 1 kg,
hence we tried to collect only slightly damaged blocks of roof tiles. Although some non-exposed
materialg or materials of uncertain locations of exposure may have been collected because of
inaccurate recollections or hearsay, we 1nitially collected large samples of roof tiles (1-2 kg).
The exposure conditions of the collected roof tiles of the Anakoboji Temple and of the house of
Mr. Murataro Ide were very reliable. The sampling locations of these roof tiles are shown in
Figure 1 as NA for Anakoboji Temple (368, Ebira-cho, horizontal ground distance of 1020 m
from the hypocenter, 100 m above sea level) and NI for the house of Mr. Murataro Ide (9-34,
Hanazono-cho, horizontal ground distance of 1060 m from the hypocenter, 25 m above sea level).
There were no measurements of "“Eu at such distant places from the hypocenter in Nagasaki.

Chemical separation of Eu

Since Eu is a trace component in roof tiles and the half-life of ""*Eu is not so long (13.33 y).
the levels of residual radicactivity of **Eu in these samples were expected to be extremely weak.
Therefore, Eu was chemically separated from the sample matrix to improve the geometrical effi-
ciency of counting the residual radioactivity of '*’Eu as well as to obtain a counting source with
little self absorption and to eliminate the natural radionuclides which may disturb the measure-
ment of extreme low-levels of **Eu radioactivity. The chemical procedure used in this work is a
somewhat simplified version of a method published elsewhere”. Each roof tile block was washed,
dried and pulverized to <125 gwm (hereinafter referred to as the original sample). Based on the
data of stable Eu concentration (Table 1) determined by neutron activation analysis, the neces-
sary amount of the original sample for chemical separation was estimated to obtain >1 mg of Eu.
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Figure 1. The locations of roof tile sampling in Nagasaki in 1991.
Table1. Results of the measurements
Pl r Distance {\I_HOlllnl of ) Eu-enriched g:u:glg :?I; of E::tcrval Eu-152E Eu-152/Eu
aceof e ongmal sar:p e sample Eu —fE c]j7 _—ray tween u';’.n;a u ATE Calculation
exposure analyze, of Eu-152in exposire
P burst Y (mg} recovery . r by DS86  /measurement
{Sample . (g) . Eu-cnriched and start by mcasurement .
point |Eu content ) ) calculation .
code) [Fu content (%) sample of counting {Bqmg ) o (: C/M ratio)
{m) (mg)] . (Bqmg ™
(mg)] (107" cps) (y)
Anakoboji 1,100
Temple
(NA-T) 1,680 855.3 68.5+3.6 1191043 46.75 0.094 + 0.034 0.195 207+0.75
[2.51 £0.11) [£.72 £0.05]
(NA-2) 1,710 2075 490+£26 1.28£0.24 46.95 0.080 £ 0.016 0.195 2441049
[239£0.11) 11.17 + 0.03}
(NA-3) 976 509.6 86654 3421056 47.54 0288 + 0.048 0.195 068011
[1.34£0.07] [1.16 £ 0.04]
(NA-4) 1,722 850.5 18643 599+ 1.11 47.58 0.446 £ 0.084 0.195 0.44+£0.08
[243+£0.11] [1.91 1 0.06]
I1de 1,170
restdence
(NI-1) 1,500 3953 61630 1.95 £0.20 47.26 0.110£0.012 0.116 1.05z0.11
12.45 +0.10) 1151 = 0.04]
(NI-3) 1,290 419.2 886 +5.1 235+0.35 47.47 0.113£0.021 0110 103019
[1.76 +0.09) [1.56 = 0.04]

*ATB: at the time of bombing

From ~50to ~90 % of Euin 1-1.9 kg of each original sample was recovered in 207-855
mg of Eu-enriched sample (major matrix is lanthanum oxalate) (Table 1). The Eu-enriched sample
was then uniformly suspended in about 15 cm® of methanol and 0.5-0.8% aliquots (two aliquots
for each sample) of the suspension were placed in polyethylene tubes (8 mm ¢ x 15 mm) and
dried for neutron activation analysis of stable Eu content in the Eu-enriched sample. The remain-
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ing suspension was placed in a polyethylene tube (21 mm ¢) and allowed to stand in order to
settle the oxalate in a uniform thickness. After drying, a thin layer of oxalate formed at the bottom
of the polyethylene tube (21 mm ¢) was subjected to the measurement of residual 2By radioac-
tivity,

Neutron activation analysis of Eu

Neutron irradiation for activation analysis of Eu was carried out using a TRIGA-II nuclear
reactor (100 kW) at the Atomic Energy Research Institute of Rikkyo University. The samples for
neutron activation analysis were irradiated on the rotary specimen rack in the reactor together
with standard reference samples prepared using a Eu standard solution for atomic absorption
analysis. For the correction of the relative neutron fluence among the irradiation samples, a
weighed stainless-steel wire ring (about 40 mg) was attached around each sample as a flux moni-
tor, After neutron irradiation for 24 h (intermittent irradiation) and appropriate cooling, y-ray
spectrometry was carried out.

Measurement of radioactivity of residual " Fu

The residual radioactivity of '*’Eu produced by A-bomb neutrons was determined by meus-
uring (one cycle: 7-54 days) 39.52 keV and 40.12 keV X-rays and 121.78 keV y-rays using a
heavily shielded HP-Ge low-energy photon spectrometer (HP-Ge LEPS).

Mock-up samples of various thickness were prepared as follows to measure the counting
efficiency for the measurement of residual "“Eu in each Eu-enriched counting source: oxalate
precipitate was prepared from a solution containing a known amount of La, 1 mg of Eu and a
known amount of *?Eu standard solution (calibrated at LMRI, France). The '**Eu-doped precipi-
tate thus prepared was then allowed to settle at the bottom of a polyethylene tube (21 mm ¢),
dried and weighed for counting.

RESULTS AND DISCUSSION

Figure 2 shows the results of comparison of “factor of merit” for counting of major X-rays
and y-rays of '>’Eu using our HP-Ge LEPS (active volume: > 200 mm’ x > 10 mm t; thickness of
Be window: 0.127 mm) and our normal HP-Ge y-ray spectrometer (relative efficiency of the
detector: 30%). It is more advantageous to use the HP-Ge LEPS to determine the residual radio-
activity of "“Eu in the Eu-enriched samples obtained in this work. In Figure 3, the factor for
converting the counting rate (cps) of our HP-Ge LEPS to the disintegration rate (Bq) is shown for
39.52 keV and 40.12 keV X-rays and 121.78 keV y-rays from "’Eu in relation to the thickness of
the counting sample. Tt is obvious from Figure 3 that the counting of 39.52 keV and 40.12 keV
X-rays is more efficient than counting of 121.78 keV y-rays using our HP-Ge LEPS for the
determination of low-level radioactivity (around 0.01 Bq) of '**Eu in Eu-enriched samples
prepared in this work.

Data for "*Eu and Eu together with selected description on the original and Eu-enriched
samples are given in Table 1. The results of “*Eu/Eu (corrected to the time of bombing) obtained
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in this work (marked with (O) are shown in Figure 4 together with reported results of measure-
ments’ ¥ and the calculated values (shown by solid curve) according to the DS86 methodology.

The slant distance between the sample and the burst point of the Nagasaki A-bomb was
calculated assuming the burst point to be 500 m above the hypocenter which is 5 m above sea
level. However, an error of about £15 m was assumed, because the sample roof tiles were scat-
tered around at the time of the bombing.

Since the graphic representation in the DS86 report” are the sole official values calculated
by the DS86 methodology for the specific radioactivity of '?Eu in Nagasaki, we converted the
graphic representation into numeric data and reproduced the curve shown in Figure 4.

The half-life value of **Eu used to calculate the radioactivity of the nuclide at the time of
bombing (ATB) was the conventional value of 13.33 y'” instead of the newly reported value of

"S?Ey/Eu (Ba mg™")
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Figure 4. Specific radioactivity of '**Eu at the time of bombing (ATB) in Nagasaki.
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13.542 y'¥. The effect of the difference in the half-life value on the present decay correction of
2Eu is less than half of the overall error (£ 1 o) of the present measurement.

Measurements of residual radioactivity of **Eu in the Eu-enriched samples have been inter-
mittently repeated for the last several years, and the accuracy of the data has been confirmed. In
spite of the moderately good reproducibility in measurement of residual '**Eu in the individual
Eu-enriched samples, rather scattered “Eu/Eu data were obtained for the samples from the NA
site. Although the reasons for the scatter are unclear, the mean of the scattered '**Euw/Eu data for
NA falls within the range of the data for NI and that predicted by DS86 methodology. Such
scatter may be unavoidable in measurement of extreme low-levels of radioactivity.

For each "“Eu/Eu data point obtained, the ratio of the calculated value to the measured
value (hereinafter referred to as C/M ratio) was calculated together with associated error due to
counting statistics (+ 1 ¢) (Table 1). The mean of C/M ratios and standard deviation for the
scatter of C/M ratios were calculated to be 1.3 £ (0.8 without considering the error associated with
cach C/M ratio. DS86 reproduced each '**Eu measurement within a factor of two for locations at
a slant distance of 1100 m to 1200 m from the burst point of the Nagasaki A-bomb. On the other
hand, the C/M ratios for '*Eu specific radioactivity at slant distances of 1100 m to 1200 m from
the burst point of the Hiroshima A-bomb are around 0.2-0.3. Therefore, it may be concluded that
the relation of the C/M ratio for '*’Eu specific radioactivity to distance from the burst point tends
to be different between Hiroshima and Nagasaki.

In order to turther clarify the conclusions mentioned above, samples exposed to the Nagasaki
A-bomb at a slant distance of about 1500 m from the burst point (ground distance of 1400 m from
the hypocenter) will have to be measured. For this, procurement of more than 5 kg of exposed
sample and chemical processing as done in this study are essential to obtain > 5 mg of Eu.

ACKNOWLEDGEMENTS

We would like to thank Prof. M. Hoshi of the Research Institute for Nuclear Medicine and
Biology, Hiroshima University, for his encouragement and advice throughout of this study and
critical reading of the manuscript. We also wish to acknowledge the assistance of Prof. Y.
Okumura of Nagasaki University and Dr. T. Shimasaki of Kumamoto University in the
sampling, and the support of the members of the Atomic Energy Research Institute, Rikkyo
University, and of the Research Center for Nuclcar Energy, The University of Tokyo, in neutron
activation analysis under subject Nos. 90317 and 24515. This work was financially supported by
Grant-in-Aid for Scientific Research (C) from The Ministry of Education, Science and Culture,
Japan, under grant No. 03680180 to Kanazawa University.

REFERENCES

1. The Radiation Effects Research Foundation (1987) US-Japan Joint Reassessment of Atomic Bomb Radiation
Dosimetry in Hiroshima and Nagasaki, Final Report, Vol.1, Ed. W. C. Roesch, The Radiation Effects Research



250

T. NAKANISHI ET AL.

Foundation, Hiroshima.

Nakanishi, T., Ohtani, H., Mizuochi, R., Miyaji. K.. Yamamoto, T., Kobayashi, K. and Imanaka, T. (1991) Residual
neutron-induced radionuclides in samples exposed to the nuclear explosion over Hiroshima: comparison of the
measured values with the calculated values. J. Radiat. Res. 32, Suppl.: 69-82.

Hoshi, M., Yokoro, K., Sawada, S., Shizuma, K., Iwatani, K., Hasai, H., Oka, T., Morishima, H. and Brenner, D. J.
(1989) Europium-152 activity induced by Hiroshima atomic bomb neutrons: comparison with the P, “Co, and
2By activities inDosimetry system 1986 (DS86). Health Phys. 57: 831-837.

Hoshi, M., Hasai, H. and Yokoro, K. (1991} Studies of radioactivity produced by the Hiroshima atomic bomb,
1. Neutron-induced radioactivity measurements {or dose evaluation. J. Radiat. Res. 32, Suppl.: 20-31.

Shizoma, K., Iwatani, K., Hasai, H., Oka, T_, Morishima. H. and Hoshi, M. (1992) Specific activities of ®Co and
"*Eu in samples collected from the atomic-bomb dome in Hiroshima. J. Radiat. Res. 33: 151-162.

Shizuma, K., Iwatani, K.. Hasai, H., Hoshi, M.. Oka. T. and Morishima, H. (1993) Residual ""Eu and “Co activities
induced by neutrons from the Hiroshima atomic bomb. Health Phys. 65: 272-282.

Shizuma, K., Iwatani, K., Hasai, H., Oka, T., Hoshi. M., Shibata, S., Imamura, M. and Shibata, T. (1997) Identifi-
cation of ®Ni and ®Co produced in a steel sample by thermal neutrons from the Hiroshima atomic bomb. Nucl.
Instrum. Methods Phys. Res. A384: 375-379.

Straume, T., Egbert, S. D., Woolson, W. A.. Finkel. R. C., Kubik, P. W., Gove, H. E., Sharma, P. and Hoshi, M.
(1992) Neutron discrepancies in the DS86 Hiroshima dosimetry system. Health Phys. 63: 421-426.

The Radiation Effects Research Foundation (1987) US-Japan Joint Reassessment of Atomic Bomb Radiation
Dosimetry in Hiroshima and Nagasaki. Final Report. Vol. 1, Ed. W. C. Roesch, p. 200, The Radiation Effects
Research Foundation, Hiroshima.

Nakanishi, T.. Imura, T., Komura, K. and Sakanoue. M. (1983) 'Eu in samples exposed to the nuclcar explosions
at Hiroshima and Nagasaki. Nature 302: 132-134.

Okajima, S. and Miyajima, J. (1983) Measurement of neutron-induced "““Eu radioactivity. In: US-Japan Joint Work-
shop for Reassessment of Atomic Bomb Radiation Dosimetry in Hiroshima and Nagasaki, pp. 156—168, The
Radiation Effects Research Foundation, Hiroshima. '

Okajima, $. and Miyajima, J. (1986) Quantitative measurement of the depth distribution of "Eu activity in rocks
exposed to the Nagasaki atomic bomb. [n: US-Japan Joint Reassessment ot Alomic Bomb Radiation Dosimetry in
Hiroshima and Nagasaki, Final report, Vol. 2. Ed. W. C. Roesch. pp. 256-260, The Radiation Effects Research
Foundation, Hiroshima.

Seelmann-Eggebert, W.. Pfennig, G.. Miinzel, H. and Klewe-Nebenius, H. (1981) Nuklidkarte, 5. Auflage. Gersbach
u. Sohn Verlag, Minchen.

Firestone, R. B. and Shirley, V. 5. Ed. (1996) Table of Isotopes, 8th edition, John Wiley & Sons. Inc.. New York.



