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Abstract The historical development of the dosimetry
systems for Hiroshima and Nagasaki is outlined from the
timeimmediately after the A-bomb explosions to the pub-
lication of the dosimetry system DS86 in 1987, and the
present status of the so-called Hiroshima neutron discrep-
ancy is summarized. Several long-lived radionuclides are
discussed with regard to their production by neutronsfrom
the A-bomb explosions. With the exception of ®Ni, these
radionuclides have not, up to now, been measured in sam-
ples from Hiroshima and Nagasaki. Two of them, ®Ni in
copper samples and *°Ar in granite samples, were predom-
inantly produced by fast neutrons. ®3Ni can be determined
by accelerator mass spectrometry with agas-filled analyz-
ing magnet. It should be measurable, in the near future,
in copper samples up to 1500 m from the hypocenter in
Hiroshima. °Ar can be measured in terms of low-level
beta-counting. This should be feasible up to a distance of
about 1000 m from the hypocenter. Three radionuclides,
10Be 14C , and *°Ni, were produced predominantly by ther-
mal neutrons with smaller fractions due to the epithermal
and fast neutrons, which contribute increasingly more at
larger distances from the hypocenter. State-of-the-art ac-
celerator mass spectrometry is likely to permit the deter-
mination of 1°Be close to the hypocenter and of *4C up to
a distance of about 1000 m. *°Ni should be detectable up
to adistance of about 2000 m in terms of accelerator mass
spectrometry with a gas-filled magnet. The measurements
of 1°Be, 14C, *°Ar, ®°Ni —and potentially of ***Xe—can be
performed in the same granitic samplethat was already an-
alyzedfor 3°Cl, *'Ca, ®°Co, *?Eu, and *>*Eu. Thiswill pro-
vide extensive information on the neutron spectrum at the
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specified location, and similarly complete analyses can
conceivably be performed on granite samples at other |o-
cations.

Introduction

The follow-up of the A-bomb survivorsin Hiroshima and
Nagasaki has become the major source of information on
the late effects of radiation exposures. While the excess
cancer rates are especially pronounced among the few
thousand survivors who were exposed to high, life-threat-
ening doses, there is also substantial evidence concerning
the effectsamong the large maj ority of survivorswho were
exposed to moderate or low doses. This has made it pos-
sibletoderiverisk estimatesfor small radiation exposures,
asrequired for radiation protection purposes. The analysis
depends equally on the information of health effects and
on the determination of the gamma-ray and neutron doses
received by each individual in the cohort. It has often been
assumed that the contribution of neutrons to the observed
health effects is minor. However, this is an unproven as-
sumption, especially at low doseswhere, according to var-
iousradiobiological observations, neutronscan befar more
effective than gamma-rays. There s, accordingly, consid-
erableinterest in theresol ution of apparent inconsistencies
in the neutron dosimetry for the A-bomb survivors.

The current dosimetry system, DS86, was developed in
alarge international effort, but even when it was first re-
leased, it was stated that —in view of unresolved divergen-
cies between measurements and computations — the neu-
tron doses in Hiroshima and Nagasaki need to be consid-
ered as tentative [1]. Since that time, evidence has accu-
mulated that appears to support the neutron dose estimates
in Nagasaki, while it indicates that in Hiroshima, DS86
may have substantially underestimated the neutron doses
at distances beyond 1000 m from the hypocenter.

Thefirst indications of inconsistencies— during the de-
veloment of DS86 and subsequent to itsrel ease—were seen
when measurements of ®°Co, *>?Eu, and *>*Eu were com-
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pared to the DS86 predictions. These radionuclides, with
their respective half-livesof 5.27, 13.33, and 8.8 years, were
determined by gamma-spectrometry measurements. Their
half-livesaresufficiently long to assurethat, several decades
after the explosions, a sufficient fraction of theinitial activ-
ity still remains. Ontheother hand, they are sufficiently short
toensurereasonably high activities. Nowadays, that is, more
than 50 years after the explosions, it is becoming increas-
ingly difficult to detect such radionuclides.

Recently, new analytical capabilitiesin terms of acceler-
ator mass spectrometry (AMS) have become available; they
permit the detection of long-lived radionuclides produced
by neutrons from the A-bomb explosions. With this tech-
nigue, minute amounts of nuclides with specified mass A
can be measured directly. Consequently, one is not con-
strained by low counting rates due to long half-lives. The
disadvantage of conventional mass spectrometry isthatitis
difficult to distinguish between isobars or molecules with
the same mass. The use of an accel erator and of specific de-
tection methods devel oped in nuclear physics for ions with
energiesof several MeV per nucleon removesthisdisadvan-
tage; the undesired molecules and isobars can be separated
out. Thistechnique has already been used to determine %°Cl
and *'Ca— with half-lives of 3 - 10° and 10° years, respec-
tively — in samples from Hiroshima and Nagasaki; a num-
ber of other radionuclides are of interest for future studies.

Several authors (e.g., [2, 3]) have contributed excellent
historical reviews to the dosimetric reassessment that led
to the current dosimetry system DS86 [1]. The develop-
ment of the dosimetry systems for Hiroshima and Naga-
saki is here briefly outlined again and related to work per-
formed after the release of DS86. Reference is made
throughout in terms of free-in-air kerma. There will be no
consideration of shielding problems and their unresolved
issues such as the problem of the the *factory workers' in
Nagasaki. Recent efforts to measure long-lived radioiso-
topes are then described, and additional long-lived radio-
isotopes are assessed that could serve as neutron monitors
for Hiroshima.

If not otherwise stated, all data on half-lives, isotopic
abundancies, and thermal cross-sections are taken from
Pfennig et a. [4]. Q-values are taken from Firestone [5].
Samplelocationsor locationswith specified dosearegiven
in terms of ground ranges or, if more appropriate, in terms
of slant ranges. Ground range denotesthe distance between
the location of interest and the hypocenter of the explo-
sion, the hypocenter being the vertical projection of the ac-
tual location of the explosion, i.e., the epicenter, onto the
ground. Slant range denotes the actual distance of the lo-
cation of interest to the epicenter.

The evolution of the dosimetry systems
Early activities

Theinvestigation of the effects of the atomic bomb explo-
sion started when Prof. Yoshio Nishinaentered Hiroshima

on behalf of the Japanese government, 1 day after the ex-
plosion. Nishinawasawell-known quantum physicist who
had studied in the laboratory of Niels Bohr in Denmark
before the war and was familiar with nuclear physics. The
degree of the damage, effects such as molten surfaces of
roof tiles, and measurabl e radioactivity on the ground near
the hypocenter led him to the immediate conclusion that
only a nuclear-type weapon could have caused such ef-
fects.

During the subsequent weeks, several Japaneseresearch
groups started to work in Hiroshima and Nagasaki. Early
activities concentrated, for example, on the identification
of the hypocenters of both explosions. By geometrically
analysing thermal-radiation shadows of objects Kimura
and Tajima [6] derived an accurate estimate for the burst
heights of Hiroshima (577+20) m and Nagasaki (490+
25) m. Uda et al. [7] recorded meteorogical data for Au-
gust 6 for Hiroshimaand August 9 for Nagasaki. They used
datafrom records from the former HiroshimaDistrict Me-
teorological Observatory, located 3.6 km from the hypo-
center, and the former Nagasaki Meteorological Station,
located 4.5 km from the Nagasaki hypocenter [7]. Later,
these data proved to be useful for transport calculations
that simulated the propagation of neutronsand gamma-rays
from the epicenter to the ground.

Radioactivity measurements covered large areaswithin
both cities. Regionswith higher radioactivity levels dueto
fallout, washed out fromtheatmosphereby the‘black rain’,
were identified at a distance of about 3 km to the west in
Hiroshima and at similar distance to the east in Nagasaki
(seee.g., [8-13]). In addition, a number of short-lived ra-
dionuclides were measured, such as *®Mn (T, = 258 h),
24Na (T, = 14.96 h), and “®Sc (T,/, = 83.82 days), that
were produced by low-energy neutron activation of soil
and other materials close to the hypocenters. Their activ-
ities were determined according to the distance from the
hypocenter and time (see e.g., [13-15]). It is of particular
interest that one radionuclide, 3P — a pure beta-emitter
with half-life of 14.26 days—was g)roduced exclusively by
fast neutronsthrough the reaction *2S(n,p)3?P. The Q value
of this reaction is —0.9 MeV, and its cross-section begins
to be appreciable at a neutron energy of about 2 MeV. On
August 13 and 14, samples of electric power poles were
collected which contained sulfur used as an adhesive for
insulators. On August 15, 2P was measured for the first
time at Kyoto University in three samples using a Geiger
Mueller counter. In order to identify 2P unambigously,
half-life and beta-ray energy were also determined [16].
On September 20, Yamasaki and Sugi moto al so measured,
as a function of distance from the hypocenter, the 32P in
similar samples [17, 18]. These data represent, up to now,
the only measurement of a radionuclide produced by fast
neutrons in Hiroshima.

Starting in late 1946, these first activities were coordi-
nated by the Atomic Bomb Casuality Commission (ABCC),
which later became the Radiation Effects Research Foun-
dation (RERF). More detailed descriptions of the early
studies and their circumstances are given elsewhere [2,
19-21].
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Tentative 1957 dosimetry (T57D)

In the late 1940s and early 1950s, first reports appeared
regarding cataracts [22, 23] and |leukemia [24, 25] among
A-bomb survivors. The findingsindicated the need for re-
liable estimates of individual radiation doses to the survi-
vors. An attempt was then made to estimate, as a function
of distance from the hypocenters in Hiroshima and Naga-
saki, an air dose, which was, in essence, the quantity later
termed free-in-air tissuekerma(Figs. 1-4). Whiletheanal -
ysis was based on nuclear test explosions at the Nevada
test site (NTS), it must be noted that, in contrast to the Nag-
asaki-type bomb, a device similar to the Hiroshima bomb
has never been tested. The dosimetry for Hiroshima was,
thus, based only on calculations [26]. For shielding stud-
ies, two typical Japanese houses were built on the NTS,
and the shielding factorsfor neutron and gamma-radiation
were quantified in terms of a simple parameter, the so-
called house-penetration distance (which was defined as
the distance along the ray path from the first point of
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entry into the house to the location of interest). For about
14 000 survivors, typical shielding histories were derived
from interviews, and their distances to the hypocenter and
house-penetration distanceswere determined. With thisin-
formation, the so-called Tentative 1957 Dosimetry was es-
tablished [27].

Tentative 1965 doses (T65D)

In subsequent years, the T57D was supplanted by new in-
formation from further test explosions and from the oper-
ation BREN (Bare Reactor Experiment Nevada). In this
experiment, a nuclear reactor and a ®°Co-source were
mounted on atower, 465 m in height, an approach that be-
came necessary when the weapons moratorium went into
effectin 1958. For Hiroshima, the results of test explosions
and of operation BREN were combined with insightsfrom
reactor experiments[2]. Asaresult of these efforts, the es-
timated yield of the Hiroshimabomb changed from 18.5 kt
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to 12.5 kt. Neutron air doses were, by afactor of up to 2.6,
smaller than their valuesin T57D for both cities (Figs. 1
and 3). Gammaair doses did not change for Nagasaki, but
decreased significantly for Hiroshima(Figs. 2and 4). This
was partly due to the fact that, because of assumed differ-
ences in the gamma-ray source terms, the new relaxation
length for gamma-rayswas smaller for Hiroshimathan for
Nagasaki [26, 28].

Other major advances were made in evaluating the ef -
fects of shielding by terrain and adjacent structures, and a
more sophisticated procedure was developed for estimat-
ing the individual transmission factors that had to be ap-
plied to the air dose for persons who were exposed in typ-
ical Japanese houses. By August 1967, dose estimateswere
given for atotal of 84 000 survivors, including more than
28 000 caseswhere shielding historieswere complete[28].

In parallel to the development of T65D at the Oak Ridge
National Laboratory, results became available of thermo-
luminescence dosimetry on roof tiles performed for both
cities by the Kyoto University and the Japanese National
Institute for Radiological Sciences. For Nagasaki, these
datawere in agreement with T57D and T65D gamma-ray
doses. For Hiroshima, these data were in better agreement
with the new T65D gamma-ray doses than with T57D
[29-31].

To estimate neutron doses, measurements were per-
formed — at different distances from the hypocenters — of
the ®°Co which had been produced in reinforcing steel bars
of ferro-concrete buildings by thermal neutronsviathe re-
action *°Co(n,))®°Co [31-33]. For Hiroshima, the results
were about 20% below the T65D estimates, which was
within the stated estimatesfor therange of errors. For Nag-
asaki, however, the two measurements on samples 590 m
and 1030 m from the hypocenter were 17% and 42% above
the T65D neutron dose estimates. This discrepancy for
Nagasaki was noted but seemed unimportant, since the
neutron dose was a small fraction of the total dosein Nag-
asaki; as will be pointed out subsequently, however, this
discrepancy has not been confirmed by more recent meas-
urements of 36Cl.

In view of the overall consistency of calculations and
measurements, T65D was judged, during the 1970s, to be
reliable. Things changed considerably when an article by
Rossi and Mays appeared in 1978 [34]. These authors used
T65D total freein air tissue kermas and corrected for body
absorption to calculate marrow doses for the survivors of
Hiroshimaand Nagasaki. In thisway, they showed that for
the same total absorbed dosein the marrow, the number of
leukemias per million person-years was larger for Hirosh-
ima than for Nagasaki. Rossi and Mays attributed this
larger leukemiaincidence in Hiroshimato the larger neu-
tron component in this city compared with Nagasaki, and
estimated an increasing relative biological effectiveness
(RBE) of neutrons at decreasing neutron absorbed dose,
reaching a value of about 60 at a neutron dose of 1 rad
(10 mGy). This was in agreement with earlier estimates
published by Rossi and Kellerer [35]. With regard to radi-
ation protection practice, the authors advised that ‘the
doses received from fast neutrons be kept at about one

order of magnitude below currently accepted permissible
limits' [34]. The results caused considerable concern
among the scientific community [36, 37], and severa
groups began to reevaluate the T65D estimates.

Already inthe early 1980s, preliminary calculations by
Loewe and Mendelsohn [38] suggested that the T65D
doses did, indeed, require substantial revision. Using their
tentative results and the methodology of Rossi and Mays
[34], Loewe and Mendelsohn were then able to show that
thedifferencesin theleukemiaincidencein Hiroshimaand
Nagasaki disappeared [38].

Dosimetry system 1986 (DS86)

By 1986, a full revision of the T65D doses was produced
as the fruit of an extensive international co-operation [1].
The first basis of the Dosimetry System 1986 (DS86) in-
volved calculations of the neutron and gamma-ray source
terms of both explosions in terms of complex a gorithms
that simulated the transport of neutrons and gamma-rays
in hot moving material. The second stage was composed
of extensive computer cal cul ationswhich simul ated the en-
tire neutron and gamma-ray transport from the epicenter
to the organ of interest, including transport through air,
backscattering by the ground, and shielding by surround-
ing structures and the human body.

All available data (pressure versus time measurements,
blast wave damage, charring of cypress wood, thermolu-
minescence measurements, neutron activation measure-
ments of 3P, etc.) were scrutinized again, and a best yield
estimate of 15+ 3 kt for Hiroshima and 21+ 2 kt for Naga-
saki was made [39]. With regard to neutrons, it must be
noted that the computed source terms could not be com-
pared directly to experimental data. However, the so-called
Little Boy Replica reactor (which consisted of the casing
of the Hiroshimabomb containing auranium massjust suf-
ficient to be at delayed criticality), for example, permitted
measurements of sulfur activation that indicated reason-
able agreement between calculations and measurements
[40].

Neutron and gamma-ray transport through air was cal-
culated in terms of discrete ordinate transport techniques.
Free-in-air kermafor neutrons and gamma-rays 1 m above
ground was given as afunction of distance from the hypo-
center for prompt and for delayed radiation. These calcu-
lationsincluded height of the explosions, bombyields, me-
teorological datafor the days of the bombing, information
on thetypical chemical composition of the ground for both
cities, etc. [41].

For Nagasaki, the neutron kerma was — primarily due
to the assumed air humidity of 80% — lower than the T65D
values by a factor of as much as 3 for larger distances
(Fig. 3). The T65D dosimetry had been based on data ob-
tained under very dry conditions at the NTS, and no mod-
ifications had been made to account for air humidity.
Gamma-ray kerma s not substantially affected by air hu-
midity, and accordingly, no major revision has occured
since T57D for Nagasaki (Fig. 4).



For Hiroshima, the most notable change was the reduc-
tion of the neutron kermas by up to about one order of mag-
nitude at larger distances (Fig. 1). Apart from the effect of
air humidity, this was due to the fact that an energy spec-
trum was calculated for the Hiroshima explosion that dif-
fered substantially fromthe sourcetermsassumedin T65D.
Gamma-ray kermas for DS86 were larger than for T65D
by afactor ranging from 2 at close distancesto almost 4 at
larger ground ranges (Fig. 2). ‘ No attempt was made ... to
retrace the T65D work to see where the difference arose’
[42]. The critical point may have been that experimental
datafrom test explosions with Nagasaki-type bombs at the
NTSand from mock-up experiments had to be modified in
avariety of ways to estimate T65D gamma-ray kermafor
Hiroshima.

In order to quantify house and terrain shielding, mod-
€els of Japanese houses and Japanese house clusters with
typical dimensionsand materialswere devel oped. Neutron
and gamma-ray spectraresulting from adjoint Monte Carlo
transport calculations were coupled to the free-in-air flu-
ences, and energy and angul ar distributionsof neutronsand
gamma-rays at specified locations inside or adjacent to a
house cluster were calculated. This technique was vali-
dated by its application to houses and house clusters that
were used in the BREN experiments. Compared to T65D
shielding, gamma-ray transmission factors (defined as the
ratio of the gamma-ray kerma inside the house to free in
air gamma-ray kerma) were reduced by a factor of about
2. Thiswas due to the fact that DS86 neutron spectrawere
different from the neutron spectra used in the NTS experi-
ments, which correspondingly changed production of sec-
ondary gamma-rays by interaction of neutrons with wall
material.

The gamma-ray estimateswere judged to bereliablefor
several reasonswhen DS86 wasrel eased. Asstated, Loewe
and Mendelsohn [38] had already pointed out, in the early
1980s, that the revised dose estimates removed the discrep-
ancies reported by Rossi and Mays [34]. In addition, new
thermoluminescence measurements for ground ranges
greater than 1000 m were in better agreement with the
DS86 gamma-ray kerma values than with the T65D esti-
mates. Nevertheless, for Nagasaki a small deviation was
seen for about 1400 m ground range, the thermolumines-
cence measurements being about 10% too low. Further-
more, for Hiroshima, * ... measurements of all of the |abor-
atoriesdiffered significantly from calculated values at dis-
tancesbeyond 1000 m’ [43]. For exampl e, thermolumines-
cence measurements exceeded the DS86 calculations by
about 30% at a distance of about 1400 m from the hypo-
center. It was concluded that *...additional comparative
measurements beyond 1000 min Hiroshimaarecalled for’
[43].

For neutrons, additional neutron activation datahad be-
come available after the release of T65D. *°2Eu, predom-
inantly produced by thermal neutrons, was measured by
use of high resolution in situ gamma-ray spectrometry [44,
45]. The results showed no significant discrepancies from
the DS86 calculations. However, for ground distances be-
yond 1000 m, the uncertainties precluded conclusions on
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the validity of the DS86 neutron fluences. Significant dis-
crepancies became evident, however, between the ®°Co ac-
tivation datafrom Hashizume et al. [31] and the DS86 cal -
culations. The measured ®°Co activities were about 50%
below DS86 predictionsfor aground range of about 200 m
in Hiroshima, but were about afactor of 3 timesgreater for
ground ranges of 1000 m in Nagasaki and for 1200 m in
Hiroshima [46]. Therefore, in the final report of DS86, it
was stated that ‘ ...the conclusion of this chapter on neu-
tron measurements must be that the neutron doses are in
doubt until further work isdone’ [47].

Figures 14 give, asafunction of ground range, the neu-
tron and gamma-ray free-in-air tissue kermasthat were es-
timated in T57D, T65D, and DS86 for Nagasaki and Hi-
roshima.

Developments after the release of DS86

After the release of DS86, efforts were continued to vali-
date the radiation transport cal culations and to enlarge the
existing experimental database.

From the results of DS86, it appeared that the calcu-
lated thermal neutron activation wasseriously inerror both
for Hiroshima and Nagasaki. It is important to realize at
this point that due to limited computer power at the time,
most of the transport cal culationsin DS86 were performed
in terms of a limited number of energy groups [46]. For
example, thermal neutrons were described by a single en-
ergy group ranging from 107> to 0.4 eV. Accordingly, the
calculations were subsequently repeated with cross-sec-
tion sets for alarger number of energy groups. Kaul et al.
[48] found, thus, about 50% less activation close to the hy-
pocenter in Nagasaki when they used 174 neutron energy
groups. Furthermore, computations were performed with
transport codes different from those that were employed in
DS86. For example, Rihm et al. [49] used the Monte Carlo
code MORSE with 118 energy groups for the entire range
from 10™° eV to 14.9 MeV, and 19 groups between 107
and 0.4 eV. In contrast to the results of Kaul et al., they
found about 50% more thermal activation close to the hy-
pocenter in Hiroshima than DS86 predicted. In addition,
benchmark tests were carried out with MCNP, another
Monte Carlo code which alows the use of continuous
Ccross-section sets, to exploreits applicability to deep pen-
etration problems. It was shown that this code produces
reasonable results for moderators containing hydrogen,
carbon, nitrogen, and oxygen as the main components, for
moderator thicknesses equivalent to a ground range of
about 1500 m [50, 51]. Neutron cross-sections for 2N and
180 were newly evaluated for the computation of neutron
transport through air. The resulting ENDF/B-VI evalua-
tions turned out to be overall improvements over the pre-
vious evaluations, but they failed to remove the observed
discrepancies, especially for Hiroshima[52]. Weather con-
ditions at the time of the bombing were important for the
transport calculation and were, therefore, scrutinized
again. It was found that ‘the DS86 atmospheric data are



298

not responsible for the observed discrepancy between
measured and calculated radioactivity data (**2Eu and
80Co) in Hiroshima' [53].

Thermoluminescence and neutron activation measure-
ments on samples from Hiroshima and Nagasaki were
continued. The thermoluminescence measurementsin Hi-
roshima confirmed the discrepanciesthat had already been
noted in the final report of DS86; new data were obtained
for samples at larger distances from the hypocenter in Hi-
roshimathan investigated in DS86, and they yielded ratios
of measurement to cal culation of about 2 at the largest dis-
tances (see e.g., [54]).

For neutron activation measurements, two approaches
have been employed. The first one was to measure one
radionuclide at different distances from the hypocenters.
Thisapgroach had already been taken soon after the bomb-
ing for *P, and later for ®°Co and *>2Eu. Subseguently, ad-
ditional data became available for ®°Co and **?Eu at dif-
ferent distances from the hypocenter in Hiroshima (see
e.g., [55-58]). These data, too, confirmed the discrepan-
cies noted in the final report of DS86. In addition to asin-
gle measurement of *>*Eu published in 1983 [45], few fur-
ther data were reported [59-61]. The most important new
information resulted from the measurement of another ra-
dionuclide, 3Cl, that was predominantly produced by ther-
mal neutronsviaa (n,y) reaction on *°Cl. It is a pure beta-
emitter with a half-life of 3-10° years. The *°Cl activities
in Hiroshimaand Nagasaki are far too low to be measured
by counting techniques. In the late 1970s and early 1980s,
however, the new technique of accel erator mass spectrom-
etry (AMS) had been developed which turned out to be a
powerful tool for the detection of long-lived radionuclides
gsee e.g., [62-64]). The first successful measurement of

5Cl in Hiroshima was reported by Haberstock et al. [65],
whoinvestigated agranitegravestonethat had beenlocated
107 m from the hypocenter and measured activities sub-
stantially below the DS86 calculations. In the following
years, systematic measurements were performed at differ-
ent ground ranges in Hiroshima and confirmed the ob-
served neutron discrepancy, measured *°Cl activities at
ground ranges of 1600 m being, as noted by Straume et al.
[66], about 40 times larger than DS86 predictions. Figure
5 shows the available data which were summarized by
Straume et al., together with data close to the hypocenter
taken from Rihm et al. [49, 66].

At this point, it isinteresting to put these discrepancies
which were observed for radionuclides produced by ther-
mal and epithermal neutrons in relation to *P, which was
entirely produced by fast neutrons. Phenomenologically
speaking, the dependence of the neutron fluence F (r) from
the slant range r can be described by F(r) = F, - e="V/r?
with the attenuation length A. From DS86, the attenuation
length Apggg(th) is obtained as Apggg(th) = 139 m for ther-
mal neutrons and Apgg(f) = 212 m for fast neutrons. From
thermal neutron activation measurements, an experimen-
tal attenuation lenght Ag,,(th) = 210 m can be derived for
Hiroshima, taking data shown in Fig. 5. The experimental
attenuation length A,(f) for fast neutrons can be obtained
from the 2P data, using the Hamada re-evaluation [67] of
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the original data from Yamasaki and Sugimoto [17]. Fig-
ure 6 shows r? - A(*?P) as afunction of slant ranger, with
the 32P activity A in disintegrations per minute and gram
of sulfur. A least squaresfit produces Ag,p,(f) = 455+ 143 m,
which is statistically still compatible with the value of
212 mobtained in DS86. Since (1/Apggs(th)) — (1/Aexp(th))
= (VApsss(f)) — (LAexp(f)), possible experimental correc-
tions to DS86 neutron fluences as a function of distance
from the hypocenter can be considered to be equal for ther-
mal and for fast neutrons.

Similar discrepancies were not observed in Nagasaki,
where the 3®Cl measurements were in agreement with
DS86 calculations for ground ranges up to 1260 m, which
put into doubt — as pointed out by Straume et al. [68] —the
earlier measurements of ®°Co. The Nagasaki measure-
ments indicate that there are no serious problems with the
neutron transport calculationsin air.
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Table1 Nuclides produced by neutrons from the A-bomb explosions and measured in samples from Hiroshima and Nagasaki (AMS ac-

celerator mass spectrometry)

Nuclide  Half-life Sample type Ground range  Method Ref.
(m)

52p 14.26 days Electric power poles which contained 76-1305 [-measurement [16-18]

sulfur used as an adhesive for insulators
80¢cq 5.272y e.g. reinforcing steel bars, granite, roof tiles  0-1295 y-measurement seee.g[31, 55-57]
152y 13.33y Roof tiles, rock, concrete 0-1370 y-measurement  seee.g. [45, 57-58, 61]
1S4y 8.8y Rock, roof tiles, granite 0-132 y-measurement  [45, 59-61]
ey 3.0-10°y Granite, concrete 107-1606 AMS [65-66, 72]
“ca 1.03-10°y Granite 107 AMS (71, 73]
B3N 100y Steel 163 B-measurement  [83]

The second approach was to measure different radio-
isotopes at one location. It was, as stated above, applied in
measurements on the granite gravestone 107 m from the
hypocenter in Hiroshima. Various radionuclides produced
by neutron activation weredetected. °°Co, *°?Eu, and **Eu
were measured by gamma-spectroscopy [60, 69, 70]. In
this gravestone, two further radioisotopes, *°Cl and *'Ca
with half-lives of 3-10° years and 10° years, respectively,
could be determined for the first time [65, 71-73]. The
cross-sections of the (n,y) reactions for these five radio-
nuclides depend differently on energy — due to resonances
in the epithermal energy region — which permitted an as-
sessment of the energy spectrum of the neutrons at the lo-
cation of the gravestone. The results for 4'Ca, ®°Co, 1%%Eu,
and ®*Eu were in accord with the energy spectrum that
was predicted by DS86 for the location of the gravestone.
The bomb vyield thus inferred was 16 kt. However, when
the 36Cl data in the gravestone were included, a much
harder neutron spectrum than the DS86 spectrum had to be
assumed [49]. Table 1 shows all radionuclides which, up
to now, have been identified in samples from Hiroshima
and Nagasaki, together with corresponding half-lives, sam-
ple types, and ground ranges.

To summarize, recent neutron activation and thermolu-
minescence data confirmed the discrepancies for Hirosh-
imathat had already been noted in thefinal report of DS86.
Simultaneously, the *6Cl activation measurements failed
to confirm the discrepancy for Nagasaki which had aso
been noted in the final report of DS86. The findings sug-
gest that the modelling of neutron and gamma-ray trans-
port produces reasonable results and that the transport
codes and cross-sections are reliable. Thus, the observed
discrepancies might conceivably be due to unknown char-
acteristics of the Hiroshima explosion. Since asimilar de-
vicewas never tested, somework was directed towardsthe
investigation of the Hiroshima source terms. Whalen [74]
pointed out that the comparison between calculated and
measured values was poor for experiments with neutrons
penetrating through iron material. This is of importance
sincein the Hiroshimabomb the prompt neutronswere pri-
marily moderated by iron when penetrating through the
casing. Whalen recommended the new ENDF/B-VI iron
cross-section for recal cul ating the source terms of Hirosh-
ima. Other authors observed that raising the height of the
explosion or changing the directional distribution of the

neutron leakage could not explain the observed discrepan-
cies. However, a phenomenological source characterized
by an arbitrary boost of neutrons emitted in the
2.1-2.7 MeV energy range and £30 deg about the horizon-
tal midplane of the bomb, together with complete elimina-
tion of neutronsabove2.7 MeV, could explainthe observed
neutron activation data with little change in gamma-dose.
However, as stated by the authors of this study, ‘a causal
explanation for the boost is not available’ [75]. Recently,
similar studies were published by Hoshi et al. [76]. These
authors found that by elevating the burst height about
90 m, assuming a 5% increase of the horizontal leakage
of bare fission neutrons, and increasing the bomb yield
about 20%, all neutron activation data and thermolumi-
nescence gamma-ray data are simultaneously explained
within 1 kmground range. Goldhagenet al. [77] compared
calculations with neutron activation measurements per-
formed at the U.S. Army Pulse Radiation Facility for dis-
tancesfrom 300 mto nearly 2 kmfrom asmall unshielded
fission reactor. These authors measured and calculated a
similar fall-off of the thermal neutron fluence with dis-
tance compared to that for thermal neutrons at Hiroshima
determined from activation measurements. They con-
cluded that many more nearly unmoderated fission neu-
trons escaped from the Hiroshima weapon than were as-
sumed in the DS86 model.

Options for further investigations

To resolve the neutron discrepancy in Hiroshima, added
experimental and computational studies will be required,
and in this connection it is desirable to explore further po-
tential sources of information. Accordingly, radionuclides
will be assessed here that have not been measured as yet,
but can still provide information on the neutron fluence
spectrain Hiroshima. The emphasis will be on the differ-
ent reactions that lead to the production of the radionu-
clides by high- or low-energy neutrons, and on the resul-
tant contributions from the A-bomb explosions relative to
the contribution due to natural radioactivity in the samples
or dueto cosmic radiation. Except for ®Ni, the production
of the radionuclideswill be discussed primarily in relation
to the granitic gravestone. The sensitivity of the measure-
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ment techniques will be considered with regard to the cur-
rent potential of accelerator mass spectrometry or —in the
case of ©Ni and, especially, *°Ar —of low level beta-count-
ing. The methodology of chemical extraction of the vari-
ousnuclides of interest is, of course, acentral aspect of the
investigations. Apart from abrief consideration of the ex-
traction of 3°Ar from granite, this aspect will not be dis-
cussed here. Asmanifested by the sophisticated procedures
that Straume and colleagues have devel oped for the prep-
aration of %3Ni samples[78-80], it would require adetailed
treatment by itself.

Cross-sections that are relevant to the subsequent con-
siderations are taken from the T-2 Nuclear Information
Service at Los Alamos National Laboratory (LANL); this
on-line service provides evaluated data from a variety
of sources. In this paper, data were taken from the U.S.
ENDF/B-VI library, the Japanese JENDL-3.2 library, and
theRussian ADL-3T library. Inaddition, experimental data
are also shown in the diagrams for comparison.

Calculation of the production of the discussed radionu-
clidesis based on DS86 neutron spectra. It is noted that if
the above-mentioned discrepancy for thermal neutronsand
the attenuation length for fast neutrons deduced from the
32P measurements were correct, the cal cul ated production
is expected to be higher.

Discussion of &Ni
Production

Shibataet al. [81] and Marchetti and Straume[82] havere-
cently suggested the use of ®*Ni to estimate the fast neu-
tron fluence of the HiroshimaA-bomb at ground level. Be-
cause of its half-life of 100 years, most of the ®Ni nuclei
produced after the A-bomb explosion are still extant today,
more than 50 years after the explosion. Recently, ®*Ni was
detected for the first time in a steel sample taken close to
the hypocenter of Hiroshima. In this sample, ®Ni had pre-
dominantly been produced by thermal neutrons [83]. In
copper samples with low nickel content, however, ®3Ni is
predominantly produced by fast neutrons via the reaction
53Cu(n,p)®3Ni. Possible copper samples include lightning
rods, rain gutters, wires, etc. The target isotope ®*Cu has
an abundance of 69% in copper. ®Ni is a pure beta-emit-
ter with an endpoint energy of 70 keV. The Q value of the
exothermic reaction is 0.7 MeV. However, Coulomb bar-
rier effects (Coulomb barrier —4.9 MeV) assure that ther-
mal activation of ®3Ni is negligible [81]. Figure 7 shows
the (n,p) cross-section according to several datalibraries.
The cross-sections start to increase around 1 MeV; upto a
neutron energy of about 4 MeV, the dataof al librariesare
largely consistent. Discrepancies occur above 4 MeV. Ex-
perimental data are limited and lie in the 14 MeV region
[84-86], an exception being the recent data by Shibata
etal. [87].

To assess the production of ®3Ni in copper samples ex-
posed to the Hiroshima A-bomb explosion, DS86 neutron
spectra such as those shown in Fig. 8 are used [41]. The
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cross-sections in Fig. 7 were collapsed into the broad en-
ergy-group structure employed in DS86, using a 300K
Maxwellian distribution of neutron energiesbelow 0.125eV
and a 1/E distribution of neutron energies above 0.125 eV
asweighting factors. They werethen folded with the DS86
neutron spectrum close to the hypocenter, to derive the
yield of ®*Ni in a 100 g copg)er sample. The resulting
amounts were 1.7-10°, 1.8-10°, and 1.3-10° nuclei when
the cross-sections from JENDL 3.2, ADL-3T, and ENDF/
B-VI, respectively, were used. The calculated number of
%3Ni nuclei, thus, did not vary substantially, although the
cross-sections differ at high energies. This is so because
the cross-sections are similar between 1 and 4 MeV, while
the DS86 neutron fluence is low for larger energies. Most
of the ®3Ni is produced by neutrons between 1 and 5 MeV.
This isillustrated in Fig. 9, which shows the fraction of
83Cu(n,p)®3Ni activation beyond a specified energy for
different ground ranges, using DS86 neutron spectra for
Hiroshima and the ENDF/B-V1 cross-section.
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83Ni can also be produced by thermal neutrons via
the reaction %2Ni (n,y)®*Ni with a cross-section of about
15 barn. Thiscontribution is proportional to theimpurities
of stable nickel (with 3.6% isotopic abundance of ®Ni) in
the copper sample.

For illustration, the production of ®3Ni was cal culated,
as described above, for a copper sample with the (n,p)
cross-section taken from the ENDF/B-V1 cross-section li-
brary and the DS86 neutron spectra at distances 5, 500,
1000, 1500, and 2000 m from the hypocenter (see Fig. 8
for examples). The results are given as the diamonds on
theupper lineinFig. 10. The squaresonthelower linegive
the contribution dueto the ®2Ni (n, y)®3Ni reaction, for these
calculationsanickel impurity of 19 ppmisassumed, which
was measured in a copper rain gutter from Hiroshima
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(McAninch JE, 1998, personal communication). It is seen
inthefigurethat the concentration of ®Ni produced by fast
neutrons (diamonds) decreases by a factor of 1000 from
the hypocenter to a distance of 1500 m. The contribution
of the reaction %2Ni (n,y)®*Ni is insignificant for all dis-
tances. If, however, the nickel impurity was 500 ppm, the
thermal neutrons would produce the same number of ®3Ni
nuclei at the hypocenter viathe (n,y) reaction as fast neu-
trons via the (n,p) reaction.

Detection

Shibata et al. [81] suggested using low-level beta-count-
ing for the detection of ®*Ni in Hiroshima samples. They
estimated that in a 1 g copper sample exposed at 100 m
from the hypocenter, the produced ®*Ni activity was
2.8-1072 B, and that a 2 g copper sample would be suffi-
cient — at abackground rate of 3.4 cpmin this counter and
adetection efficiency of 55% —to produce asignal 3 sigma
above background at a measuring time of 1000 min. The
information so obtained could be valuable as an indepen-
dent check of the 3P data close to the hypocenter. How-
ever, the approach cannot provide information beyond
1000 m from the hypocenter, unless sample masses of
about 1 kg are available. As stated earlier, the uncertain-
ties of the *P data are large at this distance, while the dis-
crepancies between thermal neutron activation measure-
ments and DS86 cal culations are highly significant.
Straume has emphasized the potentially important im-
plications of the neutron discrepancy for the interpretation
of the risk estimates on the basis of the data from Hirosh-
ima [88, 89] and has pointed out that accelerator mass
spectrometry (AMS) is a powerful tool to measure small
amounts of long-living radionuclides that can be informa-
tive with regard to the neutron fluences. He also reported
initial studies regarding the use of AMS for the determi-
nation of ®3Ni in Hiroshima samples [78]. He irradiated
copper wireswith fast neutrons from a 2>2Cf source. After
irradiation, nickel was extracted from the copper samples
by use of electrolysis [79]. By means of a second chemi-
cal purification process, samples were transferred to the
sample holders required for the AMS measurement [80].
This step employs the reaction of nickel with carbon
monoxide to form nickel tetracarbonyl. ®3Ni was then
measured by a combination of AMS and the detection of
characteristic projectile x-rays. First results of this ap-
proach indicated that for a 95% confidence measurement
near the hypocenter about 20 g of copper isrequired [78].
However, considerably higher sensitivity can be
achieved. Recently, it was shown —in studies with 5°Ni —
that AM S in combination with the use of a gas-filled ana-
lyzing magnet system (GAMS) can achieve detection lim-
itsthat are about 2 orders of magnitude better than the de-
tection limits for ®Ni with the AMS and characteristic
x-ray method [90]. Present and future activities will focus
on the development of AMS with GAMSfor ®Ni. Extrap-
olating the background-limited detection limit for *°Ni
shows that with use of GAMS, adetection limit of ®3Ni/Ni



302

6E-01
o JENDL 3.2
a ADL-3T
» Dixon(1961)
« Johnson(1967)
a Bass(1961)
- » Bass(1964)
x Bormann(1960)
o Bartle(1974)

5E-01

4E-01

Sigma / barn
s
3
.—4-9-3-1
——

— ot
—t
——eo—1
——y
[N

—a—
——
a
a

3E-01 - o Aleksandrov(1975)
R a o Foland(1987)
o T
o
2E-01 g B ]
@  a o 5
© ‘ oF
1E-01 -~ °g R .
L “ o o T
0E+00 1—2
0.0E+00 5.0E+06 1.0E+07 1.5E+07 2.0E+07
Energy / eV
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of about 10722 should be attainable, and thislimit is, there-
fore, indicated in Fig. 10. Accordingly, it is expected that,
close to the hypcenter, copper samples with a mass of less
than 1 g are sufficient. These are estimates based on the
DS86 neutron fluences. If the actual fluences are larger —
in line with the present experimental evidence for thermal
neutrons — measurements should be possible at even
greater distances. However, the actual applicability of the
method to samples, such as wires or gutters from Hirosh-
ima, remains to be shown.

Discussion of 3°Ar
Production

A systematic searchfor possiblethreshol d reactionsshowed
that the reaction *°K (n,p)3°Ar is another promising pos-
sibility for the detection of fast neutronsin Hiroshima[82],
provided the argon has been trapped within a matrix with-
out substantial leakage since 1945. A matrix which con-
tains enough potassium and which has suitable reten-
tion/fixation characteristics is granite (Schultz L, 1998,
personal communication). 3°Ar is a beta-emitter and has a
half-life of 269 years and an endpoint energy of 0.6 MeV.
The reaction is exothermic with Q = 0.2 MeV. Due to a
Coulomb barrier of —3.4 MeV, thermal activation is ex-
pected to be negligible. The corresponding cross-sections,
takenfromseveral cross-sectionlibraries, areshowninFig.
11, together with measurements available in the literature
[91-98]. At this point, it should be noted, however, that
one publication reports ameasurement at thermal energies
of 32+16 mb [99]. Taking again the DS86 neutron spectra
(see Fig. 8 for examples) and assuming that activation by
thermal neutrons is negligible, one finds that similarly to
83N about 80% or more of the *°Ar nuclei were produced
by neutrons with energies between 1 and 5 MeV (Fig. 12).
In thisenergy region, measurements do not agree well with
the figures obtained from cross-section data files. More-
over, only afew measurements were made for these ener-
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gies. Potential measurements of *°Ar on Hiroshima and
Nagasaki sampleswould, thus, have to be accompanied by
Cross-section measurements in the energy region between
1 and 5 MeV aswell as at thermal energies.

A 100% sample of the gravestone contains 3.6-10%2
atoms of *°K (93.26% isotopic abundance of *°K). Thus,
with the cross-section from the JENDL-3.2 library, with a
DS86 neutron spectrum for the distance 107 m from the
hypocenter, and with abomb yield of 15 kt, 5.5-108 nuclei
of 3°Ar are estimated for a 100 g sample from the
surface of the gravestone. In 1998, this corresponds to an
activity of about 40 mBq, which could be registered by so-
phisticated low-level beta-counting techniques (see be-
low). Figure 13 shows for a (hypothetical) 100-g sample



equal to that from the gravestone, the corresponding count-
ing rates of °Ar at different distances from the epicenter
assuming a counting efficiency of 60%; again, the DS86
neutron spectra (Fig. 8) and the cross-sections from the
JENDL-3.2 library are used.

Production in granite by background reactions

Background production of radionuclides in the granite is
due to natural radioactivity, i.e., due to neutrons originat-
ing either from spontaneous fission of 22U or from alpha-
decays of nuclides of the thorium and uranium decay se-
ries and subsequent (a,n) reactions, or due to cosmic rays
that induce reactions either in situ, i.e., at the location of
the quarry, or subsequently in the gravestone. The in situ
production depends on shielding due to above-lying mate-
rial and is, therefore, dependent on geologic erosion rates.

Withthe elemental composition of thegranite[100] and
with the neutron yields taken from Feige et al. [101], 4.2
neutrons are produced per g granite per year from the
0.95 ppm U and 4.4 ppm Th which have been measured in
the granite. From this, and from a crude estimate of the
production cross-section of 100 mb for typical neutron en-
ergies from the (a,n) reactions, a steady state concentra-
tion of about 23 atoms of °Ar per g granite can be esti-
mated. Theproduction of *°Ar near thesurface of thegrave-
stone due to cosmic raysis estimated to be of the order of
200 atoms per year and per g potassium or calcium [102,
103]. After an estimated exposure age of 80 years of the
gravestoneand with theelemental composition of thegran-
ite, about 500 3°Ar nuclei per g granite were produced at
the surface. Earlier in situ production of 3°Ar in the gran-
ite can be neglected due to shielding at the location of the
guarry and due to the short physical half-life.

Sample preparation and detection

The determination of noble gases in stone meteoritesis a
well established technique. Noble gases in chondrites are
mixtures of different components. Radiogenic isotopesare
produced by the decay of natural radionuclides such as*°K
or the isotopes of uranium and thorium. Cosmogenic nu-
clides are produced by the interaction of cosmic rayswith
meteoritic matter. Other gascomponentsaretrapped in me-
teorites, e.g., solar particles that are incorporated close to
the surface. In order to extract noble gases from meteor-
itic material, typical sample masses of up to 150 mg are
heated at about 100°C for at least 1 day, to get rid of ad-
sorbed rare gases of atmospheric origin. The samples are
then heated in a tantalum oven at about 1700°C for about
30 min. The completeness of gas extraction is checked by
repeated heat-up. By use of atemperature-controlled char-
coal trap the gases are separated cryogenically into three
fractions: He plus Ne, Ar, and Kr plus Xe. For details, see
for example [104, 105].

With regard to Hiroshima, measurements of *°Ar are of
interest, and then sample masses larger than 150 mg are
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needed (see Fig. 13). Work has been initiated to upgrade
the experimental set-up for handling such large samples
(Schultz L, 1998, personal communication).

Typical background counting rates for high pressure
proportional gas counters used in low-level laboratoriesto
detect 3°Ar activitiesin groundwater samplesare of the or-
der of 3-10™ cts/s[106], (Loosli HH, 1998, personal com-
munication). For adetector efficiency of 60%, a10-g sam-
ple of the gravestone at a ground range of 107 m should
lead to acounting rateinthe detector whichisabout 7 times
above the stated background counting rate. Figure 13
shows vs slant range the predicted counting rate in the de-
tector due to *°Ar for a 100-g sample. The diamonds on
thelinerefer to closeto the hypocenter, and to the distances
500, 1000, and 1500 m from the hypocenter. One infers
that a 100-g sample 1500 m from the hypocenter could still
produce a count rate of 3-107° cts/s. For a practicable
measuring time of 8 weeks, the background corrected re-
sult for the sample will then significantly differ from zero
(ona3sigmastatistical uncertainty). Therefore, with gran-
ite samples of masses up to 100 g, it appears possible to
extend the measurements up to ground ranges of 1500 m.
Suitable samplescan befound, for example, asgranite peb-
blesin concrete. Concreteitself is not suited, since it does
not retain argon sufficiently.

Discussion of 1°Be

10Be (half-life 1.6-10° years) is another radionuclide of
interest. It was produced during the A-bomb expl osions by
thereactions °Be(n,y)'°Be and 1°B (n,p)'°Be, the latter re-
action being exothermic with Q = 0.2 MeV and Coulomb
barrier —0.9 MeV. Figures 14 and 15 show for both reac-
tionsthe cross-sectionstaken fromthe ENDF/B-V 1 library
and experimental datafrom the literature [107, 108]. Fig-
ure 15 shows that the ENDF/B-VI cross-section of the
(n,p)-reaction does not fit the experimental result of
6.4+0.5 mb obtained by Lal et al. [108] for the neutron en-
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Fig. 16 Production of 1°Be in Hiroshimain a sample of the grave-
stone, for different ground ranges and energies. Activation by
®Be(n,y)1°Be and °B (n,p)°Be is included, and given in terms of
fraction beyond specified energies. Calculations were performed on
the basis of DS86 neutron fluences and ENDF/B-V I cross-sections
shown in Figs. 14 and 15. In the energy range from 107> to 10° eV,
the ENDF/B-VI cross-section for the (n,p) reaction is normalised to
the experimental data given by Lal et al. [108] (Fig. 15)

ergy 25.3 meV. No further experimental data could be
found for this reaction. Accordingly, in order to estimate
the production of °Be from 1°B, the ENDF/B-VI cross-
section curvewasnormalizedinthe energy rangefrom 10~
to 10° eV to 6.4 mb at 25.3 meV.

For a 100-g sample of the gravestone (3 ppm B; 19.9%
isotopic abundance of 1°B) with the DS86 neutron spec-
trum at adistance of 107 m from the hypocenter and cross-
section as discussed above, one estimates, that about
1.5-10° atoms of °Be were produced by the reaction
108 (n,p)1°Be. A fraction of 3% is due to neutrons with en-
ergies in excess of 10° eV. It is interesting to note that for
adistance of 2000 m from the hypocenter, this fraction in-
creases to almost 50% because of the hardening of the neu-
tron spectrum. Via the reaction °Be(n,y)'°Be and due to

3 ppm Be in the gravestone, about 10° °Be nuclei were
produced by thermal neutronsin a 100 g sample. Adding
0.5 mg Beasacarrier for the required chemistry resultsin
a'%Be/Beratio of 3-10**whichiswell above current de-
tection limits of AMS facilities ( see e.g., [109]). The re-
action 13C(n,a)*°Be plays only aminor role because of its
high threshold energy and low abundance of carbon in
granite (see below). Figure 16 shows the fraction of 1°Be
activation in the gravestone beyond specified energies, for
the 1°B (n,p)°Be and °Be(n,y)°Be reactions, and for dif-
ferent ground ranges in Hiroshima, based on DS86 neu-
tron spectra and the cross-sections from above.

The production of 1°Be by neutrons from spontaneous
fission of 228U and due to the decay of the thorium and ura-
nium seriesis minor. For the elemental composition of the
gravestone [100] and with the production rate of 4.2 neu-
trons per g granite and year (see above), asteady-state con-
centration of about 3 atoms of 1°Be per g graniteisinferred
duetothereactions°Be(n,y)'°Beand 1°B (n,p)'°Be. Insitu
production of 1°Be in granite due to cosmic-ray-induced
spallation and muon reactions can be estimated from in-
formation provided by Heisinger et a. [110]. The type of
granite from which the gravestone was made has an age of
about of 80 million years [111]. Typical erosion rates in
theregion of interest are estimated to be about 0.1 mm/year
[112]. For these erosion rates, the saturation concentration
for 1°Be in granite is about 4-10% nuclei per gram at the
surface and about 5-10° nuclei per gram at adepth of 10 m
[110] (Heisinger B, 1998, personal communication). For
an estimated depth of 10—15 m of the original granite stone
at the location of the quarry, the contribution of thein situ
production is estimated to be less than 50% of the bomb
signal. In the case of °Be, in situ production is therefore
not negligible and has to be taken into account.

With an exposure age of about 80 years for the grave-
stone and with a production rate of 6 atoms of °Be per g
granite and year at the surface [110], a background con-
centration of 480 atoms of °Be per g graniteis estimated.

The measurement of 1°Be in the gravestone could pro-
vide an independent check of thermal neutrons at this site
and could shed light on the discrepancy found for the ac-
tivation of “Ca and >2Eu, on the one hand, and of *Cl,
on the other. Samples with high boron content but low be-
ryllium content could yield additional information on the
fast neutron fluence at large distances from the hypocen-
ter. Materials that fullfill such requirements are being ex-
plored at present.

Discussion of *C

14 with its half-life of 5730 years is a familiar radionu-
clide which can be measured by beta-counting and AMS.
It iswidely used for dating applications.

In the gravestone, 1*C was Predominantly produced by
thereactions N (n,p)**C and 1’0 (n,a)**C. Thefurther re-
action *3C(n,y)**C can be disregarded in view of its small
thermal cross-section and the low abundance of carbon in
granite (typical values are 35-300 ppm [113]). Figure 17
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Fig. 18 ENDF/B-VI cross-section for the reaction ’O(n,a)**C
(solidline), compared to available experimental data(squares, [114])

shows the ENDF/B-V| cross-section for the N (n,p)**C
reaction, whichiswell supported by many published meas-
urements; the reaction is — through the interaction of sec-
ondary neutrons from cosmic rays with nitrogen of the at-
mosphere — the main source for the global **C inventory.
For the second reaction, the ENDF/B-V| cross-section, as
shown in Fig. 18, does not fit experimental data for ener-
gies larger than about 100 eV [114].

Typical concentrations of nitrogen in granite are of
the order of 20 ppm [115]. For a 100-g sample of the
gravestone, one estimates with the ENDF/B-VI cross-
section in Fig. 17 and with the DS86 neutron spectrum
at ground range 107 m about 10° atoms of **C due to the
(n,p) reaction on nitrogen. A similar number of **C nu-
clei, i.e., 1.2-10°, should be produced via the (n,a) re-
action on oxygen. Thiswas cal culated on the basis of the
measured oxygen mass abundance of about 50% in the
granite, with 0.038% isotopic abundance of 1’0, and in
terms of the measured cross-section for energies bel ow
1 MeV measured by Koehler and Graff [114] and the
ENDF/B-VI cross-section for energies above 1 MeV
(Fig. 18). Even a carbon impurity of 300 ppm resultsin
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Fig. 19 Production of 2*C in Hiroshima in a sample of the grave-
stone, for different ground ranges and energies. Activation by
1N (n,p)}*C and 'O (n,a)*Cisincluded, and givenin termsof frac-
tion beyond specified energies. Calculations were performed on the
basisof DS86 neutron fluencesand ENDF/B-V | cross-section shown
in Fig. 17. The production via the (n,a) reaction was calculated us-
ing the experimental data given by Koehler et al. [114] for energies
below 1 MeV, and the ENDF/B-V1 cross-section for energies above
that value (Fig. 18)

a4C/*2C ratio of about 107*2, which is easily measured
by AMS [109].

The steady-state concentration of C due to reactions
induced by the U and Th decay seriesis calculated to be
20 nuclei per g granite. As for in situ production due to
cosmic radiation, the steady-state concentration is in the
range of 7-10% *4C nuclei per g granite at the surface. For
an assumed depth of 10-15 m of the original granite at the
location of the quarry, the steady-state concentration is
about 3-10° C nuclei per g granite. During an exposure
period of 80 years at the graveyard and with a surface pro-
duction rate of 20 nuclei per g quartz and year, 1600 nu-
clei of **Cwereproduced per gram of thegravestone[110].
The background reactions are, thus, negligible compared
with the bomb-induced signal.

It is interesting to note that about 7% of the nuclei pro-
duced by the 1’O(n,a)**C reaction are due to neutrons with
energies larger than 65 eV. The fraction increases to about
25% at 2000 m from the hypocenter. Figure 19 shows the
fraction of 14C activation in the gravestone beyond specified
energies, for the*N (n,p)**C and 'O (n,a)**C reactions, and
for different ground ranges in Hiroshima, based on DS86
neutron spectra and the cross-sections from above. Calcula-
tions of the production of C for other ground distances pro-
vide the dependencein Fig. 20 which showsthat, for granitic
samples with 300 ppm carbon content, 24C can be detected
up to distances of about 1000 m from the hypocenter.

Discussion of **Ni
Another radioisotope which could be measured in samples

from Hiroshima and Nagasaki is **Ni. This radionuclide
(half-life 1.08 - 10° years [116]) is mainly produced by
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Fig. 21 ENDF/B-VI cross-section for the reaction *®Ni (n,y)*°Ni

thermal neutrons through the reaction *®Ni (n,)**Ni. The
cross-section decreases proportional to 1/v, with avalue of
46b at 25 meV (Fig. 21), which is well established by
measurements of several authors [117-119]. Additional
experimental values for neutron energies in the keV and
MeV region are given in [120-123]. The fact that **Ni is
mainly produced by thermal neutrons is illustrated in
Fig. 22, which shows the fraction of *°Ni activation in the
gravestonebeyond specified energies, for the>®Ni (n,y)*°Ni
reaction, and for different ground ranges in Hiroshima,
based on DS86 neutron spectra and the corresponding
ENDF/B-VI cross-section.

Asafunction of distance from the hypocenter, ratios of
>Ni/Ni were calcul ated for the DS86 neutron spectra and
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Fig. 22 Productionof >°Ni (Hiroshima) viathereaction >®Ni(n,)*°Ni
for different ground ranges and energies, given in terms of fraction
of activation beyond specified energies. Calculations were per-
formed onthe basis of DS86 neutron fluencesand ENDF/B-V1 cross-
section from Fig. 21
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Fig. 23 Expected **Ni/Ni ratiosfor potential copper or gravestone
samples without addition of nickel carrier, at different slant rang-
es. Given ratios are calculated using DS86 neutron spectra and
ENDF/B-VI cross-section. A typical detection limit is shown for
comparison [90]. Given slant ranges correspond to ground ranges
of 5, 500, 1000, and 1500 m, respectively. Line between symbols
serves as eye guide

with the cross-section in Fig. 21. These results are shown
in Fig. 23 in relation to the detection limit **Ni/Ni = 1073
which was published recently for the same experimental
set-up that isto be employed for the detection of ®3Ni [90].
One concludes that *°Ni could be detected up to a ground
range of about 1000 m, provided no carrier needs to be
added for sample preparation. It is interesting to note that
in a 100-g copper sample with 19 ppm nickel impurity,
about 2 mg nickel is present, which is enough to prepare
an AM Ssample. Any potential copper samplewith 20 ppm
nickel impurity or more offers, therefore, the possibility to
measure—at ground ranges smaller than say 1000 m—both
*Ni for an estimate of thethermal neutron fluenceand ®*Ni
for an estimate of the fast neutron fluence.
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For the gravestone, aratio of **Ni/Ni =2.1-10 1 ises-
timated. Since the Ni content of the gravestone is about
2 ppm, about 3.6-10" atoms of *°Ni were produced in a
100-g sample. Even if 1 mg carrier is necessary for chem-
ical extraction, theresulting ratio **Ni/Ni = 2-102iswell
above the established detection limit (see above).

Discussion of 31Xe

Following the Apollo missions in the late 1960s, studies
of lunar rocksreveal ed anomal ously highisotopicfractions
of stable 13X e. Thisisotope is produced via neutron cap-
ture from 3°Ba with two subsequent 3~ decays. The high
abundance of 131X e was subsequently explained by alarge
(n,y) cross-section for epithermal energies. Measurements
of this cross-section were performed by Kaiser and Ber-
man [124]. Figure 24 showsthe (n,y) cross-section, which
is characterized by pronounced resonances in the epither-
mal energy region. With this cross-section and with the
DS86 neutron spectrum close to the hypocenter, 1.6-108
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atoms of ®1Xe should have been produced in a 100-g
sample of the granite gravestone. Some 65% of the 31X e
nuclei were produced by neutrons with energies between
29 and 275 eV (Fig. 25). Therefore, 1*X e could be amon-
itor for epithermal neutrons in Hiroshima (Y. Shukolyu-
kov, 1998, personal communication). In the gravestone,
131X e can be detected by use of conventional mass spec-
trometry. The feasibility of *3*Xe as a neutron monitor in
Hiroshimagranite depends crucially, however, on the con-
tent of atmospheric xenon in the granite. Preliminary stud-
iesare presently aimed at the investigation of the potential
use of 31X e as a neutron monitor for Hiroshima.

Conclusion

The thermal neutron discrepancy of Hiroshima was first
noted in the final report of the current dosimetry system
DS86. It was subse%uently confirmed by anumber of inves-
tigators. ®Ni and 3°Ar are the two radionuclides that were
generated by fast neutronsand that can, even today, be meas-
ured to obtain added information on the fast neutron fluence
from the A-bomb explosion in Hiroshima. It is shown that
recent developments will —in the near future —allow meas-
urements on samples up to ground ranges of about 1500 m
from the hypocenter. The results of these measurements
should contribute to the resolution of the neutron discrep-
ancy and, thereby, to improved estimates of the neutron
dosesto the A-bomb survivorsin Hiroshima. Whilethereis
no apparent neutron discrepancy in Nagasaki, similar meas-
urements may still bevaluablein ascertaining the agreement
between computations and measurements in this city.

The earlier simultaneous measurements of *°Cl, 41Ca,
80Co, 152Eu, and *™*Eu in granite from a gravestone indi-
cated that the neutron spectrum close to the hypocenter of
Hiroshima may have been harder than assumed in DS86.
It has, therefore, been suggested here to measure further
radionuclides, such as °Be, 14C, 3°Ar, *°Ni, and poten-
tially *1Xe, in the same sample. Two of these nuclides,
10B and *°Ni, are almost exclusively produced by thermal
neutrons. Some 3.5% of the '*C is produced by neutrons
with energies in excess of 65 eV. 'Xe is predominantly
produced by epithermal neutrons. 3°Ar is produced mainly
by fast neutrons, if the DS86 neutron spectrum is assumed.
The proposed set of ten radionuclides should provide, if
measured in the same sample, very firm information on the
neutron spectrum close to the hypocenter.
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