
Reprinted from

NUCLEAR
INSTRUMENTS

&METHODS
IN PHYSICS
RESEARCH

Section A

Nuclear Instruments and Methods in Physics Research A 384 (1997) 375-379

Identification of 63Ni and 60Co produced in a steel sample by
thermal neutrons from the Hiroshima atomic bomb

K. Shizuma3 *, K. Iwatanf, H. Hasaib, T. Okac, M. Hoshid, S. Shibata6, M. Imamura6,

T. Shibata6
'Applied Nuclear Physics, Faculty of Engineering, Hiroshima University, Kagamiyama 1-4- 1, Higashi-Hiroshima 739, Japan

"Department of Electrical Engineering, Hiroshima-Denki Institute of Technology, Nakano, Aki-ku, Hiroshima 739, Japan

"Kure University, Gohara 2411-26, Kure 724-07, Japan
Research Institute for Nuclear Medicine and Biology, Hiroshima University, Kasumi 1-2-3, Minami-ku, Hiroshima 734, Japan

"Institute for Nuclear Study, University of Tokyo, Midoriku 3-2-1, Tanashi, Tokyo 188, Japan

Received 4 April 1996; revised form received ll June 1996

ma«

mELSEVIER



NUCLEAR INSTRUMENTS AND METHODS IN PHYSICS RESEARCH
Section A - Accelerators, Spectrometers, Detectors and Associated Equipment

Editors:
William BARLETTA

Erik KARLSSON

Glenn F. KNOLL

Kai SIEGBAHN
Coordinating Editor

Thomas YPSILANTIS

Lawrence Berkeley Laboratory, MS 50-149, 1 Cyclotron Road, Berkeley, CA 94720, USA
Tel.: +1 510 486 5501; fax: +1 510 486 6003; e-mail: i_perry@lbl.gov
Institute of Physics, Box 530, S-75121 Uppsala 1, Sweden
Tel.: +46 18 18 35 57; fax: +46 18 55 45 49; e-mail: gerd.aurelius@fysik.uu.se
University of Michigan, Cooley Bldg., North Campus, Ann Arbor, MI 48109, USA
Tel.: +1 313 936 2300; fax: +1 313 763 4540; e-mail: pmoore@engin.umich.edu
Institute of Physics, Box 530, S-75121 Uppsala, Sweden
Secretary: Mrs. Gerd Aurelius; Tel.: +46 18 18 35 57; fax: +46 18 55 45 49;
e-mail: gerd.aurelius @fysik.uu.se
College de France, c/o CERN, Div. PPE, 1211 Geneva 23, Switzerland
Tel.: +41 22 767 5823; fax: +41 22 785 0207; e-mail: seguinot@uni2a.unige.ch

Advisory Editorial Board:

H.H. ANDERSEN (Copenhagen)
V.S. BEREZINSKY (Assergi)
S. BRANDT (Siegen)
A. BRESKIN (Rehovot)
C.N. BROWN (Batavia, EL)
D. BRYMAN (Vancouver)
B. DOLGOSHEIN (Moscow)
L.G. EARWAKER (Birmingham)
S. GALES (Orsay)
I.A. GOLUTVIN (Moscow)
W.GUDAT (Berlin)
T. ISHIKAWA (Tokyo)

J. KEMMER (Munchen)
P. KIENLE (Garching)
H.W.KRANER (Upton, NY)
S. KULLANDER (Uppsala)
C. KUNZ (Hamburg)
J.W. MULLER (Sevres)
C.W.PLANNER (Chilton)
L.E. REHN (Argonne, IL)
A. RENIERI (Frascati)
D. RICHTER (Jiilich)
C. ROLFS (Bochum)
A.M. SESSLER (Berkeley, CA)

N.G. SJOSTRAND (Goteborg)
A.N. SKRINSKY (Novosibirsk)
V.P. SULLER (Daresbury)
S.C.C. TING (Lexington, MA)
M.VAN DER WIEL (Nieuwegein)
WANGGANCHANG (Beijing)
A.A. WATSON (Leeds)
B. WIIK (Hamburg)
H. WINICK (Stan ford, CA)
T. YAMAZAKI (Tokyo)
YANG FU-JIA (Shanghai)

Aims and Scope
Nuclear Instruments and Methods in Physics Research -
Section A publishes papers on design, manufacturing and
performance of scientific instruments with an emphasis on
large scale facilities. This includes the development of
particle accelerators, ion sources, beam transport systems
and target arrangements as well as the use of secondary
phenomena such as synchrotron radiation and free electron
lasers. It also includes all types of instrumentation for the
detection and spectrometry of radiations from high energy
processes and nuclear decay, as well as instrumentation for
experiments at nuclear reactors. Specialized electronics for
nuclear and other types of spectrometry as well as
computerization of measurements and control systems in
this area also find their place. Theoretical as well as
experimental papers are accepted.

Abstracted/Indexed in :
Current Contents: Engineering, Computing and
Technology; Current Contents: Physical, Chemical and
Earth Sciences; El Compendex Plus; Engineering Index;
INSPEC; Physics Briefs

Subscription Information 1997
Volumes 384-401 of Nuclear Instruments and Methods in
Physics Research - Section A (ISSN 0168-9002) are
scheduled for nublication. (Frequency: three times per
month. )
Prices are available from the publishers upon request.
Subscriptions are accepted on a prepaid basis only. Issues
are sent by SAL (Surface Air Lifted) mail wherever this
service is available. Airmail rates are available upon
request. Please address all enquiries regarding orders and
subscriptions to:

Elsevier Science B.V.
Order Fulfilment Department
P.O. Box 211, 1000 AE Amsterdam
The Netherlands
Tel: +31 20485 3642, Fax: +31 20 485 3598

Claims for issues not received should be made within six
months of our publication (mailing) date.

Information for Advertisers
Please address all enquiries concerning advertising in the
journal to the addresses given at the bottom of the
copyright page in the journal.

US Mailing Notice - Nuclear Instruments and Methods in Physics Research - Section A (ISSN 0168-9002) is published
three times per month (total 36 issues) by Elsevier Science B.V., Molenwerf 1, P.O. Box 21 1, 1000 AE Amsterdam, The
Netherlands. Annual subscription price in the USA is US$ 8344 (valid in North, Central and South America only), including
air speed delivery. Periodicals postage paid at Jamaica, NY 11431. USA Postmasters: Send address changes to Nuclear
Instruments and Methods in Physics Research - Section A, Publications Expediting, Inc., 200 Meacham Avenue, Elmont,
NY 1 1003. Airfreight and mailing in the USA by Publications Expediting.

© The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper).

Printed in The Netherlands
W North-Holland, an imprint of Elsevier Science



Nuclear Instruments and Methods in Physics Research A 384 (1997) 375-379

ELSEVIER

NUCLEAR
I NSTRUMENTS

& METHODS
IN PHYSICS
RESEARCH

Section A

Identification of 63Ni and 60Co produced in a steel sample by
thermal neutrons from the Hiroshima atomic bomb

K. Shizuma3 *, K. Iwatani3, H. Hasaib, T. Okac, M. Hoshid, S. Shibata6, M. Imamura6,

T. Shibata6

"Applied Nuclear Physics, Faculty of Engineering, Hiroshima University, Kagamiyama 1-4- 1, Higashi-Hiroshima 739, Japan
"Department of Electrical Engineering, Hiroshima-Denki Institute of Technology, Nakano, Aki-ku, Hiroshima 739, Japan

°Kure University, Gohara 2411-26, Kure 724-07, Japan
*Research Institute for Nuclear Medicine and Biology, Hiroshima University, Kasumi 1-2-3, Minami-ku, Hiroshima 734, Japan

"Institute for Nuclear Study, University of Tokyo, Midoriku 3-2-1, Tanashi, Tokyo 188, Japan

Received 4 April 1996; revised form received ll June 1996

Abstract
Long-lived residual radioactivity 63Ni produced by the (n, y) reaction was detected for the first time from a steel plate

sampled at near the hypocenter of the Hiroshima atomic bomb. Nickel and cobalt were chemically separated and enriched
from the steel sample. Low energy beta rays of 63Ni were measured with a low-background liquid scintillation counter and
gamma-rays of 60Co were measured with a low background Ge detector. Specific activities were determined as
0.0063±0.0004 Bq mg"1 for 63Ni/Ni and 8.70±0.46 Bq mg~' for 60Co/Co at the time of the bomb explosion.
Comparisons with the calculated yield based on the current dosimetry system DS86 neutrons were also given.

1. Introduction

Recent low-level radioactivity measurements of the
residual radioactivities 152Eu (half-life TU2 = 13.5 yr) and
60Co (TI/2=5.27 yr) and atomic mass spectrometry
(AMS) of 36C1 (ri/2=3X106 yr) induced by the

Hiroshima atomic bomb (A-bomb) neutrons have revealed
a systematic discrepancy from the calculation based on the
neutron fluence of the new dosimetry system DS86 [1].
This discrepancy must be resolved not only for the
validation test of the current neutron transport calculation,
but for fundamental risk estimates of radiation effects and
safety standards.

Shibata et al. [2] have recently proposed a new possi-
bility to estimate the fast neutron fluence through the 63Ni

(TU2 = 100 yr) measurement. Up to now, the only data
concerning the fast neutron fluence were those of 32P
(ri/2= 14.2 d) produced by the 32S(n,p)32P reaction
(threshold energy ~3 MeV) measured by Yamazaki et al.
[3] immediately after the Hiroshima bomb. Shibata et al.
have pointed out that 63Ni produced in copper samples by
the 63Cu(n, p)63Ni reaction (threshold energy ~1 MeV)
should be measurable by using a low-background liquid

*Corresponding author.

scintillation counter. Since the thermal neutron capture
reaction 62Ni(n, y)63Ni is an interference in the evaluation
of fast neutrons, high purity copper samples such as
electric wire are needed. On the other hand, Beasley and
Head [4] have measured 63Ni in environmental samples
taken from areas of the Pacific Ocean. They concluded that
the nuclide was produced through the (n, y) activation
processes in the testing of nuclear devices.

We have previously reported [5] the specific activity
60Co/Co in steel samples near the hypocenter of the
Hiroshima A-bomb. Up to now, many authors [5-8] have
reported on the residual radioactivity 60Co in steel sam-
ples, but no one has yet measured 63Ni. The present work
reports a first observation of 63Ni radioactivity produced in
a steel sample exposed to the A-bomb. In steel samples,
the fast neutron reaction 63Cu(n, p)63Ni is negligibly small,
but the thermal neutron capture 62Ni(n, y)63Ni reaction is
dominant. Since 63Ni emits only low-energy beta-rays of
maximumenergy 67 keV, chemical separations of Ni and
Co from the steel were carefully performed and a liquid
scintillation counter was utilized for the beta ray measure-
ment. The gamma rays of 60Co simultaneously separated
from the same sample were measured with a low-back-
ground Ge detector. Specific activities of 63Ni/Ni and
60Co/Co were compared with the calculations for the
evaluation of DS86 neutrons.

0168-9002/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved
PII S0168-9002(96)00862-5
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2. Experimental details and results

2. 1. Sample preparation

Steel plates (S4) were obtained from the Hiroshima
A-bomb Dome located at a ground range of 163±15m
northwest of the hypocenter as shown in Fig. 1. The
sample was taken from the roof top at 21 m above the
ground level; the slant range from the explosion point
(580±15 m above the ground level) was 602±21 m.

The steel plate of 600 g was divided into small chips by
using a milling machine. The contamination due to wear
out of the edged tool was checked measuring the weight of
the tool. No significant wearing was observed during the
operation. The chips were etched with HC1 to remove the
surface contamination and were dissolved in hot concen-
trated HC1. After cooling the solution with a total volume
of 4L, the residue was removed by filtration. Small
amounts (-50ml) of HNO3 and H2O2 were added in the
solution to oxidize Fe2+ to Fe3+. Solvent extraction with

the isopropyl ether was applied to extract Fe ions leaving
Ni and Co ions in the solution. Then the solution was
heated to reduce the volume. This process was repeated
over and over again, and finally 200ml of solution was
obtained. After the solvent extraction, the solution was
passed though an anion exchange column containing 300 g
of Dowex 1-X8 (100-200 mesh, type Cl) resin. The resin
was then washed with 8M HC1 to collected Ni ions, 4M
HC1 to collect Co ions and 0.5M HC1 to wash out Fe ions.

For further purification of the Ni fraction, 30% am-
monium hydroxide was added to the Ni fraction to adjust
the pH to 8. Then dimethylgrioxim (dissolved 1 g per
100 ml ethanol) was added to the solution to form the Ni
complex. The red Ni complex can be selectively extracted
to chloroform. The Ni ions were reversely extracted in

Motoyasu Bridge

diluted HC1 and were evaporated to dryness. The content
of Ni in the enriched sample was determined by means of
the atomic absorption method as described below. The
amount of Ni in the enriched sample was 12mg, and the
recovery of Ni from the steel sample was 8%.

The Co fraction was precipitated by adding NaOH. The
precipitate was collected by filtration, washed well with
water and dried. Finally, 1.39 g of Co enriched sample was
obtained. The content of Co in the enriched sample was
determined by atomic absorption. The recovery of Co from
the steel sample was 19%. Results of stable Ni and Co
content for each samples are given in Table 1.

2.2. 63Ni measurement

A low-background liquid scintillation counter (LSC-LB
III; ALOKA Co.) was used for the 63Ni measurement. The
Ni sample for the liquid scintillation counter was prepared
as follows. Distilled water was added to the dried 63Ni
residue, and 6ml of the solution was taken to a 100ml
Teflon vial and mixed with 51 ml emulsive liquid scin-
tillator (clear-sol; Nakalai tesque Co.). The stable Ni
content was analyzed using 1 ml of the same solution. The
Ni sample was measured repeatedly for a total of
3500min. Examples of a 63Ni /3-ray spectrum and the

background are shown in Fig. 2.
The efficiency calibration for the 63Ni measurement was

performed as follows. Six standard samples containing
different amount of radioactivities (63Ni: 230, 460 and 921

Bq and diluted samples: 4.6, 9.1 and 22.8 Bq) were
dispensed to 100 ml Teflon vials from the standard solution
(AmershamNBZ44, 46.8 kBq/(gsol) with total error
±4.0%) and were prepared similarly to the sample solu-
tion. A background sample containing distilled water of
6ml and same 51ml of liquid scintillator was also
prepared. Each calibration sample and the background
sample were measured for a total of 870min. The gross
counts were calculated by setting the discrimination levels

Table 1
Deduction of specific activities 'NI/Ni and ""Co/Co

Fig. 1. Locations of the Atomic-bomb Dome and the hypocenter
in Hiroshima.

Original steel weight
Elemental concentration (enriched

Ni
Co

Net counting rate
63Ni (0.5-30.0keV)
60Co (1173 + 1332keV)

Efficiency
63Ni

60Co

Specific activity
(February 1995) 63Ni/Ni

60Co/Co
(August 1945) 63Ni/Ni

60Co/Co

600 g
sample)

1.72±0.03 mg (g sol)"'
21.4±l.l mgg"'

1.76±0.ll cpm
1.780±0.026 cpm

0.641±0.017 cps Bq"'
0.079+0.0010 cps Bq" 1

0.0044±0.0003 Bq mg"
0.0127±0.0007 Bq mg-
0.0063±0.0004 Bq mg"
8.70±0.47 Bq mg" '
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Fig. 2. Typical /3-ray spectra measured with a low-background
liquid scintillation counter, (a) 63Ni sample extracted from the
steel plate exposed to the atomic bomb, (b) Background spectrum.
The counting rate of the Ni sample in the energy region 0.5-
30 keV is significantly higher than the background.

Fig. 3. Typical gamma-ray spectrum of a cobalt-enriched sample
measured with a well-type Ge detector. The neutron induced
radioactivity of 60Co is clearly seen.

102 Bq was deposited to every 0.5, 1.0, 2.0 and 3.0g
control samples (non-neutron-exposed steels) prepared in
the same way. The sum of peak counts corresponding to
the 1173 and 1332keV was used for the efficiency cali-
bration. It was determined to be 0.0790±0.0010 (cps/Bq)
for the 1.39g sample. The stable Co content in the
enriched sample was determined by an atomic absorption
method. Finally, the specific activity 60Co/Co at the time
of the explosion was determined to be 8.70±0.47 Bq mg~'

as given in Table 1. This result is consistent with the
previous value of 10.0±1.0Bq mg 1 obtained from the

same plate [5].

corresponding to 0.5 keV (lower level) and 30 keV (upper
level), which were determined from the /3-ray spectrum of
calibration samples. Thus, the efficiency, gross counting
rates of the Ni sample and the background were obtained
as given in Table 1. The counting rate of Ni sample is
significantly higher than that of background considering
the detection limit 3crb = 0.23 cpm. The Ni sample was
measured with a Ge detector to check the existence of
other radioactivities, but no radioactive contamination was
observed. Thus, a net counting rate 1.76±0.ll cpm was
attributed to the 63Ni activity. The specific activity 63Ni/Ni
a t the time of the bomb explosion as well as at the

3. Discussion

3.1. Calculation of Ni and Co activation

measurement (February 1995) are given in Table 1.

2.3. Co measurement

The y-ray measurement was performed with a low-
background well-type Ge detector. This detector was
shielded with more than 20 cm of lead and an anticoinci-
dence system was equipped to reduce the cosmic-ray
background. Details of the detector system have been
described separately [9]. Contamination of 137Cs and 60Co

which might be included in the detector material and
shielding did not appear in the background spectrum. The
Co-enriched sample was pressed into a polypropylene test
tube of 13mm diameter and 7.5cm height, and the
measurement was continued for about two days. An
example of the y-ray spectrum is shown in Fig. 3. Two y
rays of 60Co are clearly seen.

The calibration of the Ge detector was performed by
using a standard source (Amersham CKZ24, 3.587 kBq/
(g sol) with total error ±0.5%). A known amount of 60Co

The number of 63Ni atoms No produced in 1 mg Ni by
neutrons emitted from the A-bomb can be expressed as

# =
j"
J'

1 dE a{E) d£ , (1)

where N is the number of atoms per 1 mg Ni, d<j>/dE is the
neutron fluence at a certain distance from the hypocenter
and a(E) is the cross section for the 62N(n, y)63Ni reaction
at neutron energy E. Since the 63Ni production is dominant

for thermal neutrons, Eq. (1) can be approximated as
follows,

No =N<f>*a* (2)

where (/>* is the thermal neutron fluence and <r* is the
cross section for thermal neutrons. Taking the thermal
neutron fluence as </>* =8X 1012n cm"2 based on the
calculation by Pace [10] and cr* = 14.2b, one obtains
Afo=4.2X 105 atoms mg"1, which corresponds to a
radioactivity ofAo = XN0= 0.0093 Bq mg"1 Ni (A =In2/
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Table 2
Calculated activities produced by fast neutrons and thermal neutrons

Nuclide Reaction Activities' produced in
600 g steel sample [Bq]

Ratio to (ft, y) reaction

3Ni

"Co

62Ni(n, y)" Ni
63Cu(n, p)63Ni

59Co(n, y)60Co

60Ni(n> P)60Co

63Cu(n, a)60Co

1.06
9.3X 10"

2016
2.4X 10"
2.7X 10"

1.0

8.8X 10"

1.0

1.2X 10"

1.3X 10"

aAt the time of bomb explosion.

Table 3
Comparison of calculated specific activities produced by cosmic-ray induced neutrons with the measured residual activity

Nuclide S aturation activity produced by Measured Ratio
cosmic-ray induced neutrons residual activity* A IB
A [Bqmg~'] B [Bqmg"']

3Ni/Ni 9.3X 10
1.2X 10"

0.0063
8.7

1.5X10
1.3X 10"

" At the time of bomb explosion.

activities are 10 15-10 27 times lower than the measured
values, the contribution of cosmic-ray induced neutrons is
also negligible.

TU2). In the case of 60Co, the contribution of epithermal calculated as given in Table 3. Since the calculated
neutrons as well as thermal ones are not negligible. An
estimation from only thermal neutrons gives 12.5 Bq mg
taking the (n,y) cross section <r=37b, however, a
detailed calculation of 14 Bq mg"1 by Mendelsohn [11] is

more reliable.
Thus, the ratio of the calculated to measured values are

estimated to be 1.5 and 1.6 for 63Ni/Ni and 60Co/Co,

respectively. These results are consistent with previous
ones of 152Eu, 60Co and 36C1 [12,13] implying that the
calculated neutron fluence is overestimated near the hypo-

center.

3.2. Contribution of the fast neutron reaction and
cosmic-ray induced neutrons

The radioactivities 60Co and 63Ni in the steel sample are
mainly produced by the thermal neutron capture process,
however, the could be also produced by fast neutron
reactions. According to Kimura and Hamada [14] who
have chemically analysed the same steel sample, the
impurities included in the steel are Cu: 4.4 mg g~" sample,
Ni: 0.28mg g~' sample and Co: 0.24mg g"1 sample.

Based on the neutron spectrum by Pace [10], neutron cross
sections by Shibata et al. [15] and by Csepak et al. [16],
the yield of 63Ni and 60Co activities in 600g of steel

sample were estimated as given in Table 2. According to
these results, the fast neutron contribution is negligibly
small both for 63Ni and 60Co.

There is another possibility that cosmic-ray induced
neutrons produce 63Ni and 60Co activities in the steel
matrix as background. Such a neutron spectrum and flux
are estimated in the UNSCEAR report [17]. Taking the
neutron flux as 0.008 n cm~2s~\ saturation activities are

4. Conclusion

Specific activities of 63Ni/Ni and 60Co/Co were de-
termined simultaneously for a steel sample exposed to the
A-bomb at near the hypocenter. These activities were
produced by thermal neutrons, because the estimated yield
of fast neutrons and/or cosmic-ray induced neutrons are
negligibly small. Comparison with calculation based on the
DS86 neutrons indicates that the neutron fluence is over-
estimated at a point near the hypocenter. The detection of
63Ni implies that the residual radioactivity measurement
would be possible for a few tens of years in the future.
Moreover, the evaluation of fast neutrons through the 3Ni
measurement in copper samples would be also promising.
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