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Abstract. There is a systematic discrepancy between the measured radionuclide activation yields
in materials exposed to neutrons from the Hiroshima atomic bomb (A-bomb) and the calculated
activation based on the Dosimetry System 1986 (DS86). The data at lkm are 2-10-times
greater than the calculation and this implies that the actual level of exposure from the A-bomb
must be higher than previously thought. In this paper, these activity data, including 152Eu, 60Co,
36C1 and 32P, were analyzed using a computer code (the Monte Carlo neutron and photon
(MCNP) transport code system) to investigate the cause of the discrepancy. We present a
possible mechanism of the neutron emission in Hiroshima which can reproduce the activity yields
of 152Eu, 60Co, 36C1 and 32P assuming a small amount of leakage in the lateral direction (leakage
except that in the direction to the hypocenter area). The DS86 calculation did not take such
leakage into account. In addition to this leakage, we assume increase of the burst height about
90 m to adjust the activity yields at relatively short ground distances. Taking these two assump-
tions into account and using a simple bomb model and leakage, it is shown that our calculation
reproduces reasonably both the slopes and the absolute yield data of 152Eu, 32P, 60Co and 36C1
within about 1 km ground range. Over the ground range of about 1 km, it seems that further
consideration is necessary concerning not only the calculation but also the data themselves to
explain the DS86 discrepancy.

Key words: MCNP, DS86, dosimetry, atomic bomb, Hiroshima, neutron spectrum, neutron
kerma

Intro duction

Newradiation doses for the Hiroshima atomic bomb (A-bomb) survivors were
established in 1987 in the form of the Dosimetry System 1986 (DS86) [lj.
DS86 is now the official dosimetry system used with epidemiological data for
the A-bomb survivors and was used to establish new guidelines for radiation
safety by the International Commission on Radiation Protection [2] which
reflected the increased health risk.

However, after publication of the DS86 report [1], the neutron dosimetry
came into question based on further neutron measurements which were made
of materials which had been exposed to the A-bomb. The discrepancy was
originally discussed for 60Co activation by Loewe [3] before the DS86 publi-
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cation and these later measurements confirmed previous measurements that
indicated that the actual levels of exposure to neutrons may have been higher
than the levels based on DS86 [4-8]. By carefully evaluating all available
measurement data, Straume et al. [7] clearly demonstrated that the measured
data were 2- 10-times higher than the DS86 calculations at ground distances
of more than about 1 km. The purpose of this study was to provide a possible
explanation for the unexpectedly high levels observed.

There were many possible sources of error discussed later, such as activation
measurements, cross-sections used in the transport calculations, air and soil
component data, and so on. Among them, it has been pointed out that there
are two major possible causes for this discrepancy: one is an error in the
neutron transport calculations including activation from the epicenter to the
ground surfaces, and the second is inaccurate neutron source spectrum calcu-
lation at the point of detonation.

The first possibility was investigated, for example, by analyzing moist air
density data in Hiroshima. It was found that the estimated moist air density
used in DS86 was accurate enough for the air transport calculations [9].

Further clarification of the first possibility was made using the MCNP trans-
port code system with nuclear data [10]. At first, the accuracy of the code for
deep penetration in air-like material was verified by a 'benchmark test' using
a 25 Cf fission neutron source. Gold and nickel plates, inserted into moderators
including nitrogen, oxygen and hydrogen elements, were activated by thermal
and fast neutrons, respectively [11]. Similar experiments were performed
using indium, europium and cobalt metal foils as detectors and 10-cm thick
iron to moderate incident neutron energies. Good comparisons were obtained
for all of the experiments: the calculated and measured values were within
±40% [12].

More recently, Straume et al. [13] obtained specific activity data for 36C1 in
Nagasaki and at the Army Pulsed Radiation Facility, and found excellent
agreement between the data and the calculation. He concluded from these
results that the problem is in Hiroshima, especially with regard to the Hiro-
shima atomic bomb.

The second possibility, inaccurate neutron source spectrum calculation at
the point of detonation, is evaluated here. We used the MCNP code for the
analysis considering source terms and transport calculations using a simple
bomb model. In this paper we present a possible explanation for the DS86
discrepancy. We propose exact calculations by the specialists based on our
suggestion presented here.

Materials and methods

Computer code and input data

The code used was MCNP version 3A, which includes the Monte Carlo source
code [10] and the neutron cross-section library as shown in Hoshi et al. [11].
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Fig. 1. Comparison of the neutron source energy spectra for (1) the DS86 source term (a solid
line denoted as 'DS86'), (2) a 20-cm thick iron shell A-bomb calculation which includes 235U
fission source (a longer dashed line denoted as 'Fe 20 cm'), (3) the same calculation for a 15-cm
thick iron and 10-cm thick tungsten (inner) shell A-bomb (a shorter dashed line denoted as 'Fe
15 cm, W 10 cm'), (4) the same calculation for a 20-cm thick iron and 5-cm thick tungsten (inner)
shell A-bomb (a thick solid line denoted as 'Fe 20 cm, W 5 cm') and (5) bare-fission-energy of
235U (a dotted line denoted as 'Bare'). These spectra are normalized to the emissions of one
neutron. Similarity between the DS86 source spectrum and iron and tungsten shell calculation
implies almost no detonation in the DS86 assumption. The 20- and 5-cm iron shell calculation
is almost the same as DS86. As shown in Fig. 2, europium yield calculation is almost the same
as DS86. Therefore this source sometimes used as DS86 calculation.

The input data of the neutron transport calculations were taken from the DS86
source term spectrum as shown in Fig. 1, assuming spherically symmetric
neutron emission, and the soil components of the ground [1]. For the calcu-
lation of the bare-fission neutron calculation, the Maxwellian distribution of
n(£) = EV2exp(-E/T) (T= 1.38 MeV) as a function of energy E and sym-
metric point source were assumed (Fig. 1). The moist air density was taken
from Hoshi et al. [9], which was almost equal to the DS86 data.

Geometry of calculation

The neutron energy spectra at the ground surface were calculated using the
MCNP code out to 2km from the hypocenter at 0.1- or 0.2-km increments.
The energy division used was the same as that of the DS86. The total
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system used for the calculation was a cylindrically symmetric three-dimensional
geometry with a ceiling height of 2km and a ground thickness of 2m. The
burst height was 580m from the ground surface, which was used for DS86,
and also those of 670 and 760m were used. The results calculated were
basically taken within 2cm thickness in soil from the soil surface and, for
comparison with DS86, those at 1m depth was obtained. We chose the
calculation within 2cm in soil to compare with the activation data of 152Eu,
32P, 6OCo and 36C1, since the measured data were obtained from the surface
to 2-cm thickness of the specimens. Calculated points were regarded as
between the interval of increments (i.e., 50, 150, 250m, etc.).

Cross-section for yield calculation

The neutron fluences calculated within soils (cells) or surfaces were multiplied
by the cross sections of 151Eu(n,y)152Eu [14], 32S(n, p)32P, 59Co(n,y)60Co, and
35Cl(n,y)36Cl. The sulfur reaction cross sections were obtained from the Table
of McLane et al. [15]. The reaction cross-section of cobalt were taken from
JENDL-3 [16] and that of chlorine was obtained based on ENDF-IV, except
for thermal neutrons. For the thermal neutron reaction cross section of
chlorine, 41.80b was used [15]. For the calculation of the air kerma, data for
'Standard man' in the Table of Howerton [17] were used.

Data used

Activity data for 152Eu which were induced by the Hiroshima atomic bomb
neutrons used for the analysis were taken from Shizuma et al. [18], Nakanishi
et al. [6] and Hoshi et al. [4]. Those for 60Co were from Shizuma et al. [18],
Kerr et al. [5], Hoshi and Kato [19] and Hashizume et al. [20]. The data of
chlorine activity were from Straume et al. [7,8] and Kato et al. [21]. The yield
of 32P was originally measured by Yamasaki and Sugimoto [22] and Arakatsu
et al. [23]. Hamada [24] re-evaluated the Yamasaki and Sugimoto [22] data,
and Shimizu and Saigusa [25] also re-evaluated the Arakatsu [23] data. In this
study, these re-evaluated data, which are cited in Gritzner and Woolson [26],
were used for analysis.

Results and discussion

The slope of the europium data and its implication

Figure 1 shows energy spectra of DS86, bare fission, and different metal shell
calculations as noted in the figure legend. The 20-cm iron plus 5-cm tungsten
shell calculation is most similar to DS86. Before the analysis, we calculated
152Eu yields according to DS86 to compare with the 152Eu yields obtained
from neutron energy spectra at 1 m from the ground surface and 2 cm in soil.
The europium-specific activities obtained in the soil were 10-20% higher than
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Fig. 2. Comparison of 152Eu/Eu specific activities between the data [4,6,18] and the three
calculations for (1) 20-cm iron and 5-cm tungsten shell, (2) bare fission and (3) DS86 source as
denoted in the figure. Neutron source fluences were kept to that of the DS86 (2.4 x 1023). As
shown in this figure, the 20- plus 5-cm shell calculation is almost the same as the DS86 and the
slope of the bare fission source is close to the data.

those from the fluences at 1 m. Here, we use activity yield from the fiuences
in the soil for comparison with measured data.

Figure 2 also shows measured 152Eu values and calculations. The calculated
152Eu yields (solid line) were obtained based on the DS86 source-term neutron
spectra which are shown in Fig. 1, and the yield represented by the thick
dotted line were based on the 20-cm iron and 5-cm tungsten spherical shell
calculation. The yields are close to each other and are higher than the
measured data within an 800-m ground range and lower beyond this range.
The thin dotted line in Fig. 2, noted as 'Bare at 580 m', is the calculation using
a bare-fission neutron spectrum with the DS86 fluence (2.4 x 1023 of the source
term fluence). The slope of this line is almost equal to the data. Mendelsohn



180

CD
C

J2
coå *=

300

250 h

200 h

150

100

50

Bare fission

DS86

0.1 1 10

Neutron energy (MeV)
Fig. 3. Calculated relaxation length (L) from yield and slant distance relationships of 152Eu/Eu
specific radioactivities assuming monoenergetic energy neutron source terms. The relaxation
length was obtained from the least-square-fitting method of the yield times square of the slant
distance (Yxr2) and the slant distance (r) relationships assuming the equation
ln(Yx r2) = r/L + \n(Y0 x r2,), where Yo is the yield at ground zero (r0). Geometry and data
used are explained in the text. The relaxation length for bare fission source and for DS86 is
shown in the figure and the corresponding energies are about 2 and 0.6 MeV, respectively.

[27] pointed out a similar observation in the iron ring data of 60Co, whereby
the slope of its yields versus slant distances were almost the same as the
measured values when a bare-fission source term was assumed.

To understand basic behavior of neutrons at each energy, monoenergetic
neutron transport calculations were performed using the same geometry and
data as the previous calculation. From these calculations, it was deduced that:
(1) all calculations were expressed by straight lines in semilog plots, and (2)
the slopes decrease in a linear fashion in the energy range from 0.1 to 7 MeV.
From the slopes obtained by the least square fitting method, relaxation lengths
in air were calculated and plotted as a function of monoenergetic energy
neutron sources (Fig. 3). Errors of the relaxation lengths in Fig. 3 are within
a few percentage points.

From slopes (correspond to mean-free-paths) of the yield-distance curves,
as seen in Fig. 2, the equivalent effective neutron monoenergetic energies are
estimated in Fig. 3. The slope of the fission source corresponded to 2 MeV
of monoenergetic neutrons which is the same as that of the data. That of
DS86 correspond to about 0.6 MeV.
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Difference in burst heights and activity yields

Figure 4(a) compares the differences of 152Eu/Eu specific activity yields as-
suming three burst heights at 580, 670 and 760m for DS86 and bare fission
neutron sources. The total neutron fluence is fixed to that of DS86 (2.4 x 1023
of the source term fluence) and is also fixed to the DS86 fluence for the latter
calculations. Figure 4(a) shows the differences in europium yields with different
neutron energy spectra and at different burst heights. The changes of the
burst height results in those of yields near ground zero.

Figure 4(b) shows the same difference for 32P yields. The experimental
data are also shown in this figure. The difference of the energy spectra changes
yields much more than europium; that of the heights changes the yields almost
the same as europium. It should be noted that the DS86 source term can
reproduce the absolute yields of 32P at the shorter ground range.

Calculations which have openings for the lateral direction

As shown in Fig. 2, the slope of the europium data is similar to that of bare
fission neutrons. If these data suggest the leakage of bare fission neutrons,
and if we assume the DS86 neutron fluence, inclusion of the bare fission
neutrons increases the calculated yields both for europium and phosphorous.
The neutron fluence of the Hiroshima atomic bomb was determined by using
many different types of information such as heat ray, blast wave, y-ray mea-
surements, neutron measurements, and so on. Therefore such information
seems reliable.

If we assume the leakage of bare fission neutrons to explain the slope of
the europium data, we must decrease activity yield in the calculation especially
for phosphorous data. For this request we assumed leakage for the lateral
direction of the bomb as shown in upper right of Fig. 5, which assumes an
opening from 45° to 90° polar angles of which 0° axis is pointing to the
hypocenter. In this calculation we assumed a simple spherical atomic bomb
with a shell of 5-cm thick tungsten (inner) and 20-cm thick iron including bare
fission source at the center as DS86 source, and made an opening for directions
from 45° to 90° to this spherical atomic bomb. In both Fig. 5(a) and (b)
closed circles show opened calculations and open circles show closed shell
calculations, respectively, for europium and phosphorous. Those indicated by
open squares between the two calculations are 5, 10 and 15% mixing of the
two calculations, of which % means, e.g. , 5% open calculation plus 95% closed
calculation. For the burst height, 670 m was assumed in these calculations to
adjust the absolute yields of phosphorous since the yields of phosphorous can
be decreased and adjusted. Figure 5(a) and (b) show that the slopes for
europium are different among different % mixing, while phosphorous calcu-
lations are almost parallel. Increments by mixing are greater for the phos-
phorous calculation.
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From Fig. 6(a-d), 152Eu, 32P, 60Co and 36C1 were calculated based on two
assumptions: (1) 5% mixing of 45° to 90° open calculation and (2) a burst
height of 670 m. All of these four calculations show good agreement within
1km ground range. However, the data at more than 1km seem to be more
complicated. The experimental data are larger for 152Eu, 32P and 36C1, while
60Co is smaller than the calculations. Considering the calculation contradiction
between thermal activation for 152Eu and 36C1, 60Co is not explained easily
since differences of activation cross-sections in the thermal and epithermal
region do not seem to affect the yield calculations. The data has greater errors
for these larger ground distances, therefore it should first be determined
whether the trends of the data are statistically significant or not before
performing additional calculations.

Plot of measured to calculated yields

Figure 7 shows the ratios of measured to calculated yields for all of the data
based on the 5% of 45° to 90° open and the 670m burst height calculation.
As discussed, the ratios within 1 km ground range show good agreement,
whereas at ground distances greater than 1 km there are large fluctuations,
especially between cobalt and the other activation data. The cause is unknown
and is a subject for future studies.

Air kerma calculation

Figure 8 shows air kerma calculation for these assumptions. The DS86 value
is smaller than the 5% 45° to 90° open calculation within 0.7km and is larger
beyond this range.

Meanings of the results

There was an older dosimetry system for A-bomb survivors before DS86
(Tentative 1965 Dose, T65D). This system closely approximates the activity
yields of bare-fission-energy neutrons [3]. On the other hand, the DS86 [1]
almost assumed that nearly all neutron emission took place before the actual
bomb disassembly as seen from the similarity of the DS86 and the 20-cm iron
shell spectra (Fig. 1). The two systems were based on extremely different
assumptions. We assumed 5% of bare-fission-spectrum neutrons for lateral
direction, which corresponds to the midpoint between the two previous systems
(rather than closer to the DS86 system). Since it is well known that the chain
reaction of fissionable materials is stopped by the expansion of the same
material [28], a certain mechanism of leakage, for example from cracks in the
A-bomb casing in the early phase of the explosion, might have occurred during
the process of the explosion. This paper suggests that the possible cause of
the DS86 discrepancy is in the source spectrum of the Hiroshima A-bomb.
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Fig. 8. Kerma calculations for different assumptions are shown. The DS86 kerma and the 5%
mixing calculation cross at about 0.7 km.

The other openings and change of burst height

Other openings were tested such as: (1) narrower case of 35° rather than 45°
(from 55° to 90°) and also (2) parallel slit openings to the ground surface plane
which divide the spherical shell into two halves. Both calculations showed
slightly slower slopes, however, this did not seem to change the basic dis-
cussions in this paper. In one of the calculations, we removed the upper half
of the shell (the opening from 45° to 180°), however, this did not change the
basic discussions either.

Change of the burst height was originally requested to adjust absolute yields
of 32P. The change corresponds to an assumption that emission of the neutrons
occurred earlier than the production of the fire ball. (The burst height was
determined by heat rays which correspond to the position of the fire ball.)
Time duration from fission to fire ball creation is another topic for future
study.
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Gammarays

The gamma rays were not discussed in the paper due to the difficulty of
performing calculations using the simple assumption. We are presenting larger
gamma ray data [29-31] than DS86 at greater ground distances, beginning
from about 1.3 km. Generally, y-rays are much more effectively shadowed
for the direction to the hypocenter area by the metal casing of the bomb and,
from the leakages of y-rays and neutrons, y-ray doses should be increased by
prompt and secondary y-rays. The y-ray data may limit the direction and
percent of the leakage.

Conclusion

Wepropose the following points to explain the DS86 discrepancy: (1) opening
in the lateral direction and mixing with the unopened calculation and (2)
increase of burst height. There will be many actual combinations in the two
assumptions, however, all of the neutron activation data within 1 km ground
range were reasonably adjusted by the two simple assumptions of 5% mixing
of opened source and increasing the burst height by 90 m. More consideration
is necessary at a ground range over 1 km whether because of data scatter or
because of actual differences from our calculations. We hope the US groups
will perform exact calculations, including delayed neutrons and y-ray data,
based on the concept discussed in this paper.

Acknowledgements

This work was supported by grants from the Ministry of Education, Science
and Culture, and the Ministry of Health and Welfare, Japan.

References

1. Radiation Effects Research Foundation. In: Roesch WC (ed) US-Japan Joint Reassessment
of Atomic Bomb Radiation Dosimetry in Hiroshima and Nagasaki, Final Report. Hiroshima:
Radiation Effects Research Foundation; vols 1 and 2, 1987.

2. International Commission on Radiological Protection. 1990 Recommendations of the Inter-
national Commission on Radiological Protection. Oxford : Pergamon Press ; ICRP Publication
60; Ann. ICRP 1991;21(l-3).

3. Loewe WE, Mendelssohn E. Neutron and gamma ray doses at Hiroshima and Nagasaki.
Nucl Sci Eng 1982;8:325-350; 1982.

4. Hoshi M, Yokoro K, Sawada S, Shizuma K, Hasai H, Oka T, Morishima H, Brenner DJ.
Europium-152 activity induced by Hiroshima atomic bomb neutrons: Comparison with the
32P, 60Co, and 152Eu activities in dosimetry system 1986 (DS86). Health Phys 1989a;57:831 -
837.

5. Kerr GD, Dyer FF, Emery JF, Pace JV III, Brodzinski RL, Marcum J. Activation of cobalt



190

by neutrons from the Hiroshima bomb. Oak Ridge, TN: Oak Ridge National Laboratory;
Report No. ORNL-6590; 1990.

6. Nakanishi T, Ohtani H, Mizuochi R, Miyaji K, Yamamoto T, Kobayashi K, Imanaka TJ.
Residual neutron-induced radionuclei in samples exposed to the nuclear explosion over
Hiroshima: Comparison of the measured values with the calculated values. Radiat Res Suppl
1991;32:69-82.

7. Straume T, Egbert SD, Woolson WA, Finkel RC, Kubik PW, Gove HE, Sharma P, Hoshi
M.Neutron discrepancies in the new (DS86) Hiroshima dosimetry. Health Phys 1992;63:421-
426.

8. Straume T, Finkel RC, Eddy D, Kubik PW, Gove HE, Sharma P, Fujita S, Hoshi M. Use
of accelerator mass spectroscopy in the dosimetry of Hiroshima neutrons. Nucl Instrum
Methods Phys Res 1990;B52:552-556.

9. Hoshi M, Sawada S, Nagatomo T, Neyama Y, Marumoto K, Kanemaru T. Meteorological
observations at Hiroshima on days with weather similar to that of the atomic bombing:
Validity of the estimated atmospheric data in DS86 for neutron dose calculations. Health
Phys 1992a;63:656-664.

10. Briesmeister JF. MCNP-A General Monte Carlo code for neutron and photon transport,
version 3A. LA-7396-M, Rev. 2 Manual UC-32;1986.

ll. Hoshi M, Hiraoka M, Hayakawa N, Sawada S, Munaka M, Kuramoto A, Oka T, Iwatani
K, Shizuma K, Hasai H, Kobayashi T. Benchmark test of transport calculations of gold and
nickel activation with implications for neutron kerma at Hiroshima. Health Phys
1992b;63:532-542.

12. Iwatani K, Hoshi M, Shizuma K, Hiraoka M, Hayakawa N, Oka T, Hasai H. Benchmark
test of neutron transport calculations: II. Indium, nickel, gold, europium and cobalt acti-
vation with and without energy moderated fission neutrons by iron simulating the Hiroshima
A-bomb casing: Health Phys 1994;67:354-362.

13. Straume T, Harris LJ, Marchetti AA, Egbert SD. Neutrons confirmed in Nagasaki and at
the army pulsed radiation facility: Implications for Hiroshima. Radiat Res 1994;138:193-
200.

14. Hasai H, Iwatani K, Shizuma K, Hoshi M, Yokoro K, Sawada S, Kosako T, Morishima H.
Europium-152 depth profile of a stone bridge pillar exposed to the Hiroshima atomic bomb:
152Eu activities for analysis of the neutron spectrum. Health Phys 1987;53:227-239.

15. McLane V, Dunford CL, Rose PF. Neutron Cross Sections. Volume 2. Neutron Cross
Section Curves. New York: Academic Press, 1988.

16. Shibata K, Nakagawa T, Asami T, Fukahori T, Narita T, Chiba S, Mizumoto M, Hasegawa
A, Kikuchi Y, Nakajima Y, Igarashi S. Japanese Evaluated Nuclear Data Library, Version-
3 -JENDL3-. Japan Atomic Energy Research Institute; JAERI-1319, 1990.

17. Howerton RJ. Calculated neutron KERMA factors based on the LLNL ENDL data file.
UCRL-50400, vol. 27, February 1986; pp. 1-50.

18. Shizuma K, Iwatani K, Hasai H, Hoshi M, Oka T, Morishima H. Residual 152Eu and 60Co
activities induced by neutrons from the Hiroshima atomic bomb. Health Phys 1993;65:272-
282.

19. Hoshi M, Kato K. Data on neutrons in Hiroshima. In: Roesch WC (ed) US-Japan Joint
Reassessment of Atomic Bomb Radiation Dosimetry in Hiroshima and Nagasaki, Final
Report. Hiroshima: Radiation Effects Research Foundation 1987;2:252-255.

20. Hashizume T, Maruyama T, Shiragai A, Tanaka S. Estimation of the air dose from the
atomic bombs in Hiroshima and Nagasaki. Health Phys 1967;13:149-169.

21. Kato K, Yamamoto M, Nonaka M, Kumamaru T, Yamamoto Y, Yoshizawa Y. Chloride
isolation for accelerator mass spectrometry of 36C1 produced by atomic bomb neutrons. Anal
Sci 1987;3:489-491.

22. Yamasaki F, Sugimoto A. Radioactive 32P produced in sulfur in Hiroshima. In the Science
Council of Japan, 1953, Collection of Investigation Reports on the Investigation of Atomic
Bomb Casualties. Committee for Publication of Investigation Reports on the Atomic Bomb
Disaster (eds). Japan Science Promotion Society, Tokyo, pp. 16-18; 1953. Also in:
Yamasaki F, Sugimoto A. Radioactive 32P produced in sulfur in Hiroshima. In: Roesch WC



191

(ed) US-Japan Joint Reassessment of Atomic Bomb Radiation Dosimetry in Hiroshima and
Nagasaki, Final Report. Hiroshima: Radiation Effects Research Foundation; 1987;2:246-

23. Arakatsu F, Kimura K, Shimizu S, Hanatani T, Ueda R, Ishiwari, R, Takagi I, Kondo S,
Takase H, Aoki K, Ishizaki K, Ueda R, Hondo E, Nishikawa Y, Takai S, Horishige T,
Murao M. Report on survey of radioactivity in Hiroshima several days after the atomic
bomb explosion. In the Science Council of Japan, Collection of Investigation Reports on
the Investigation of Atomic Bomb Casualties. Committee for Publication of Investigation
Reports on the Atomic Bomb Disaster (eds). Japan Science Promotion Society, Tokyo.

24. Hamada T. Measurements of 32P in sulfur. In: Roesch WC (ed) US-Japan Joint Reassess-
ment of Atomic Bomb Radiation Dosimetry in Hiroshima and Nagasaki, Final Report.
Hiroshima: Radiation Effects Research Foundation; 1987;2:272-279.

25. Shimizu S, Saigusa T. Estimation of 32P induced in sulfur in utility-pole insulators at the
time of the Hiroshima atomic bomb. In: Roesch WC (ed) US-Japan Joint Reassessment of
Atomic Bomb Radiation Dosimetry in Hiroshima and Nagasaki, Final Report. Hiroshima-
Radiation Effects Research Foundation; 1987;2:266-268.

26. Gritzner ML, Woolson WA. Sulfur activation at Hiroshima. In: Roesch WC (ed) US-Japan
Joint Reassessment of Atomic Bomb Radiation Dosimetry in Hiroshima and Nagasaki, Final
Report. Hiroshima: Radiation Effects Research Foundation; 1987;2:283-292.

27. Mendelsohn E. Monte Carlo neutron and gamma-ray calculations. In: U.S.-Japan Joint
Workshop for Reassessment of Atomic Bomb Radiation Dosimetry in Hiroshima and Naga-
saki. Final Report. Hiroshima: Radiation Effects Research Foundation; 1987;2:30-47.

28. Compton AH. Report to the president of the national academy of sciences by the academy
committee on uranium. In: Bush-Conant Files RG227. Washington: National Archives
Microfilm Publications; 1990.

29. Ichikawa Y, Nagatomo T, Hoshi M, Kondo, S. Thermoluminescence dosimetry of gamma
rays from the Hiroshima atomic bomb at distances of 1.27 to 1.46 kilometers from the
hypocenter. Health Phys 1987;52:443 -451.

30. Hoshi M, Sawada S, Ichikawa Y, Nagatomo T, Uehara S, Kondo S. Thermoluminescence
dosimetry of gamma-rays from the Hiroshima atomic bomb at distances 1.91 -2.05 km from
the hypocenter. Health Phys 1989b;57: 1003 - 1008.

31. Nagatomo T, Ichikawa Y, Hoshi M. Thermoluminescence dosimetry of gamma rays using
ceramic samples from Hiroshima and Nagasaki: A comparison with DS86 estimates J Radiat
Res Suppl 1991;32:48-57.




