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There has been a large discrepancy between the Dosimetry system 1986 (DS86) 'and measured data,

some of which data in Hiroshima at about 1.5 km ground distance from the hypocenter are about 10 times

larger than the calculation. Therefore its causes have long been discussed　, since it will change the

estimated radiation risks obtained based on the Hiroshima and Nagasaki data. In this study the contradic-

tion was explained by a bare-fission-neutron leakage model through a crack formed at the time of neutron

emission. According to the present calculation, the crack has a 3 cm parallel spacing, which is symmetric

with respect to the polar axis from the hypocenter to the epicenter of the atomic bomb. We made also an

asymmetric opening closing 3/4 0f this symmetric geometry, because there are some data which shows

asymmetry '' . In addition, the height of the neutron emission point was elevated 90 m. By using the

asymmetric calculation, especially for long distant data located more than 1 km, it was verified that all of the

activity data induced by thermal and fast neutrons, were simultaneously explained within the data

scattering. The neutron kerma at a typical 1.5 km ground distance increases 3 and 8 times more than DS86

based on the symmetric and asymmetric model, respectively.
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INTRODUCTION

In 1986,日Dosimetry system 1986 (DS86)", which estimated radiation doses for the atomic-

bomb survivors in Hiroshima and Nagasaki, was established according to the project of the

US-Japan joint study. The DS86 has been used for the radiation risk estimation by using the

epidemiological data such as cancer induction for atomic bomb survivors at Radiation Effects

Research Foundation. Almost all of the radiation risk data are obtained based on its study and

recommended at the International Commission on Radiation Protection in 1990 . Those are

used to estimate risks of radiation for workers and general people who are in factories, mstitu-

tions hospitals and so on.

However the thermal-neutron-induced activity data, such as the specific activities of

;Eu, Co, Cl, measured after this project, showed discrepancy from the estimation based on

DS86　. The data were about half at short distances and agree with the DS86 calculation at

about 800 to 1000 m. From 1000 m, data come up very higher, for example, at most about 10

times higher than DS86 calculation as shown in Fig. 2 and in the upper figure of Fig. 3.

There are the other activity data15''of P, which was induced by fast neutrons (>1.6 MeV)

also showed similar discrepancy as those induced by thermal neutrons '. The -P data are impor-

tant because neutron doses for atomic bomb survivors were given by such fast neutrons.

Based on above mentioned data there have been many discussions for this question. At first

the measured data have been questioned such as (1) whether there were backgrounds in the mea-

surements of Eu or Co, (2) neutrons from the other sources, such as, cosmic rays, and (3)

problems for long distance samples in the process of the chemical enrichment. However we

have not found any problems for them.

Secondly, (4) data used in the DS86 was checked such as used air density data including

humidity was evaluated based on actual measurement ¥ however there were no problems for

such data. (5) Then the problem for the neutron transport calculation after they were released

from the Hiroshima atomic bomb was considered. Benchmark tests have been performed18,19)

using a Cf fission neutron source. The neutrons were transmitted through moderators (Lucite,

water, Nylon, ammonium chloride, polyethylene with boron), which have total thickness of 65

cm. The thickness corresponds to the ground distance about 1.5 km. Activation foils of gold,

indium, nickel, europium, cobalt were used to detect thermal neutrons and first neutrons, and

were compared with the calculation by the Monte Carlo N-Particle Transport Code System

(MCNP 4A) 'calculation. All of these calculated results agreed within the experimental e汀OrS

about30%.

There are the other discussions for this verification of the transport calculation. It is to

compare its discrepancy from Nagasaki. Only difference between two cities is in the source

terms of the two bombs. If there are no discrepancy in the case ofNagasaki, then the problem is

verified to be in the source term of the Hiroshima atomic bomb. Straume et al21) measured Cl

and showed that its data and calculation based on DS86 agree each other. Recently, Nakamshi et

al22) published Eu data, which seems to agree with DS86. So far, it is considered to be its

problem is in the neutron source term in Hiroshima, however, it will be necessary to confirm
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more the Nagasaki data.

The source term of Hiroshima atomic bomb was obtained in DS86 according to the precise

calculation by Whalen- '. The Hiroshima type bomb was called as gun type, in which two sub-

critical enriched - U was brought together at the head of the bomb and exploded. One of the

difficulties is that all of the atomic bombs ever used have been an implosion type. The bomb

body was made with thick steel and DS86 assumes that induced fission neutrons were emitted

before the bomb body was exploded. The neutrons from Hiroshima atomic bomb in DS86 inter-

acted with iron and lost their energy according to the inelastic scattering of the Fe(n, n')

reaction. Therefore the neutrons were attenuated more rapidly than the bare fission neutrons.

At more than 1 km the discrepancy increases very large. It seems we need the other mecha-

nism of an emission model. Among such considerations, a pancake type emission model was

proposed" , which means emission only for the horizontal direction from the bomb. However it

concluded this type of emission is not plausible since no neutrons emitted to the direction for its

bottom. As one of the considerations, fast neutron leakage model was tested" '. In this model,

bare fission neutrons leaked through a crack and succeeded in the explanation within about 900 m

ground range. However, it assumed relatively a large opening, therefore, only 5% of the total

neutron emission can be added to the closed or DS86 calculation. It is difficult to consider the

possibility that the crack was formed within the time of fission chain reaction about 1

microsecond. Also, it cannot produce difference caused by an asymmetric emission and, conse-

quently, it cannot solve the large discrepancy more than 1 km.

MATERIALS AND METHODS

In the present study, it is assumed to use 'already (1) known fission neutron spectrum, (2)

known outline of the Hiroshima bomb geometry, (3) known air component and (4) known soil

component. Using these factors, thermal- and first- neutron activation data have been tried to fit

simultaneously. Finally, we found a solution using a narrow 3-cm parallel opening, which is

symmetric with respect to the polar axis丘・om the hypocenter to the epicenter, as shown in

Fig. 1 (a). Theoutersizeofthebomb are showninFig. 1 '. Thedistancefromthebombheadto

the fission point was taken to be thick. It was essential because it caused heavy shielding to the

ground range area. The structure of the Hiroshima atomic bomb is still classified. Therefore it is

not clearly known for us, but there is a possibility that the other element such as tungsten was

used as tamper which reflect neutrons inside. We calculated the effect, however, it does not

essentially change the activity yields, if we adjust the total neutron fluence outside of the bomb

equal to DS86. The radius of the uranium was assumed from the used total uranium of42 kg.26)

which correspond to the sphere with the radius of 8.1 cm. We also assumed the height of neutron

emission of670 m, which is 90 m higher than that ofDS86. Using the bomb geometry as shown

in Fig. 1 , neutron-transport calculations through air were performed and neutron fluence spectra

in the 2-cm-surface soil disk and so on were obtained. The geometry of the calculation was taken

to be the same as the reference25)
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Fig. 1. Crack model of the Hiroshima atomic bomb used for the calculation. In (a) the symmetric opening is shown- The

opening has the narrow 3-cm parallel gap which is symmetric with respect to the polar axis from the hypocenter

to the direction of the epicenter of the Hiroshima atomic bomb. From here it is noted as the polar axis. In (b) the

asymmetric 90-C opening is indicated. To adjust the total area of the opening to be the same, the gap is taken to

be 12 cm. For the element of the bomb body, only iron was assumed. Since the structure of the Hiroshima

atomic bomb is classified. There is a possibility that the other element such as tungsten was used as tamper

which reflect neutrons inside. However, the present calculation using iron without tungsten do not essentially

change the conclusion, which is written in the text.

RESULTS AND DISCUSSION

Figure 2 shows the comparison of present calculation with the activity data of Eu, Co,

32P and Cl. The present calculation shows better agreement for thermal neutron activation and

first neutron activation data at relatively long distant place. The spacing was changed from 2 cm

to 10 cm to test the difference. From the comparison between the fast neutron and thermal neu-

tron yield, 2- or 3-cm spacing seemed to give the best fit. Here, we use 3-cm spacing. In addL

tion, different types of openings were tested such as taper openings, or parallel and slant
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Fig. 2. Comparison of the present calculation with the four types of the neutron-induced activity data. The europium

data (152Eu/Eu) are taken from the Hiroshima group2 5) (○) and Nakanishi et al-4 (・). Forthe calculation of the
thermal neutron activation, neutron fluences in the 2-cm-surface soil disk were used. The sulfur activation data

(32P,/S) are taken from Arakatsu et al (詛) and Hamada's reevaluation (△). For the calculation of the sulfur

activation, neutron fluences at about 10 m height were used and the effect of the porcelain insulator shielding ,

in which sulfur was included, was calculated. The three a:汀ows at the error bars indicate the ends of the lower

error limits are going down to zero. The cobalt activation data (60Co/Co) are taken from Hiroshima group- '

(○), Hashizume et al7) (・), Kerr et al8) (◇), Nakanishi et al" (▼) and Kimura et a19) (+). The data of Co at

about 1.4 km ground range are those from the Yokogawa bridge. The sampling point of the Yokogawa bridge

is about 1 1 m higher than the ground level, therefore 60% decrease of the yields from the ground surface were

corrected. The 36Cl data (3 Cl/Cl) are taken from Straume et al '(△). The present symmetric calculations are

shown by solid lines whereas the lower dashed lines indicate DS86. The results of the asymmetric emission are

indicated by dotted lines more than about 1 km ground range. For the yield calculation energy bin of the thermal

neutron was taken to be the same as DS86, which has only one energy bin. In the present calculation e汀OrS

occurring due to this large energy bin, were corrected for all of the thermal neutron activation based on血e

precise MCNP calculation. The correction factors, which decrease calculated yields, are 0.72, 0.80 and 0.83 for

'Eu侶u, 60Co/Co and Cl/Cl, respectively. The total released energy from the Hiroshima atomic bomb was

increased 20%, as discussed in the reference '. This is because the gamma-ray yields according to the neutron-

capture reaction do not change whether neutrons were emitted through iron or through crack.

The symmetric calculation shows better agreement than the DS86 for thermal neutron activation and first neu-

tron activation data at relatively long distant places. Within 1 km, the symmetric model agrees with the expen-

mental data within the data scattering. At more than 1 km ground range, asymmetric calculation gives higher

values and seems to give better fit. For the case of cobalt activation, relatively large data scattering are

observed. Directions of the almost all data more than 1 km are located between for the south and for the east.

openings. Even if we assume such openings, we had essentially the same result as the parallel

openings. Larger openings increase the yield of the ground range area more sensitively for fast

neutron reaction data of P than for the thermal neutron data. In addition to symmetric model

asymmetric calculation was made and shown in Fig. 1 by dashed lines. By using this calculation

better fits at more than 1 km ground range were obtained.

About the crack formation, we should consider its possibility. It is known that the chain

reaction must be finished within an order of one microsecond while for the formation of the
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Fig. 3. Ratios of the measured to calculated activity yields are shown. Upper figure shows comparison with DS86 and

lower one does with the present calculation. If the calculation and data agreed with each other, the plots should

scatter around the value of one. The upper figure, which compare with DS86, shows lower values than unity at

short distances and, from more than 1 km, data seems to increase up to very high level. The open circles in the

present calculation are based on the symmetric calculation. While closed circles more than 0.9 km ground

distance indicates those based on the asymmetric calculation of which data are in the direction between to the

south and to the east. Five open circles more than 0.9 km ground range are located almost in the direction to the

north. The co汀ection less than O・9 km ground range was not made. For asymmetric calculation it lowers the

data points within 30% for thermal neutron and within 46% for fast neutron activation, respectively. The lower

figure indicates that the present calculation is reasonably reproduced the data within data scattering.



A CRACK MODEL FOR HIROSHIMA ATOMIC BOMB NEUTRONS 151

crack an order of one millisecond should be needed. However, it was reported about 3% of

uranium was burned out and 97% was left without fission2 ¥ therefore the chain reaction must be

stopped when it lost the criticality. It may be due to the increase of the volume, therefore we

must know the mechanism of the volume inclement within a order of a few to several microsec-

ond or longer reaction period to enlarge the volume. Or there may be a process of the crack

formation begun before the chain reaction started.

The elevation of height was incorporated because the -P yields were almost agreed with

DS86 and that the assumption of the fast-neutron leakage increases not only for P but also

thermal neutron reaction yield. It is necessary to include the factor to reduce the P yield calcu-

lation near ground zero. The elevation of the height reduces the yield near hypocenter but not for

larger distant activation. There is some directly observed record of the Hiroshima atomic bomb

explosion that showed two times flushes of the Hiroshima atomic bomb. For example Uda et al29)

noted time between two flushes is the order of 0.5 second. Endo et al 'estimated time between

the two flashes to be from 0.1 to 0.5 second based on the direct observation and calculated the

difference of the height correspond to 40 to 200 m using the estimated speed at the epicenter from
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Fig. 4. Tissue kerma in air are obtained from the neutron spectra at 1-m ground surface. Within 1-km ground range,

there are not many survivors since this area was very heavily destroyed and, more than 2-km ground range,

doses for the survivors are low. Therefore typical ground range is between 1 km and 2 km. At 1.5 km, the

present calculation is 3 and 8 times higher than DS86 (solid line) for symmetric (solid line with open circles) and

asymmetric calculation (dotted line with closed circles), respectively.
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380 to 400 m/s. From these information 90 m elevation seems to be within reasonable range.

In Fig. 2, results of the asymmetric emission are indicated by dashed lines. There are three

published data, which shows asymmetric yields. ( 1 ) Radiation from the hypocenter area within

about 500 m was measured immediately after the bombing and found asymmetry to the direc-

tions of southwest and east . (2) There was a trend of the anisotropy for Eu activation to the

southeast direction '. (3) Difference of the cancer mortality was found to the direction for west

southwest . Although these directions are not agree each other, it may be coming from the

difference of neutron energy or from more than two openings. However it can be noted that such

asymmetry will be considered by crack formation. In Fig. 3 comparisons of the data with DS86

and the present study are shown. The open circles in the lower figure indicates comparison based

on symmetric calculation. The closed circles indicates co汀ection by using the asymmetry calcu-

lation, directions of which data are taken between those located to the south and to the east.

In Fig. 4 tissue kerma in air was calculated. The kerma is 3 times higher at the typical point

of 1.5 km and 8 times, respectively for symmetry and asymmetry calculation.

CONCLUSION

In this study, the new neutron emission model was presented. To explain the measured

data, neutron emission according to the concepts of (1) heavy shielding to the direction for the

hypocenter (46 cm thickness), (2) strong horizontal collimation which co汀esponds to 3 cm par-

allel spacing, and (3) elevation of the neutron emission point about 90 m. In addition, (4) the

yield of the Hiroshima atomic bomb was increased 20% . According to the model presented

here, discrepancy from thermal and fast neutron activation data of 152Eu, 60Co, 36Cl and P was

explained simultaneously. Not only the parameters noted here such as the spacing of the crack,

the change of height, increment of the bomb yield, but also the total dosimetry system for each

survivor and for each organ should be precisely reevaluated to obtain final dose evaluation sys-

tem for the atomic bomb survivors. The epidemiological data in Hiroshima and Nagasaki should

be also reevaluated based on the newly estimated doses. It is to know true radiation risks for

people.

ACKNOWLEDGEMENTS

The present study was supported by grants from the Ministry of Education, Science and

Culture, and the Ministry of Health and Welfare, Japan.

REFEREN CES

1. Radiation Effects Research Foundation. Roesch, W. C. (1987) Ed. US-Japan Joint Reassessment of Atomic Bomb

Radiation Dosimetry in Hiroshima and Nagasaki, Final Report. Radiation Effects Research Foundation, Hiroshima,



A CRACK MODEL FOR HIROSHIMA ATOMIC BOMB NEUTRONS 153

Vol.1and2.

2. Hoshi, M., Hasai, H. and Yokoro, K. (1991) Studies of radioactivity produced by the Hiroshima atomic bomb: 1.

Neutron-induced radioactivity measurements for dose evaluation. J. Radiat. Res. 32 Suppl., 20-31.

3. Hoshi, M., Yokoro, K., Sawada, S., Shizuma, K., Iwatani, K., Hasai, H., Oka, T., Morishima, H. andBrenner, D. J.

(1989) Europium-152 activity induced by Hiroshima atomic bomb neutrons. Comparison with the P, Co, and

s2Eu activities in dosimetry system 1986(DS86). Health Phys. 57: 831- 837.

4. Shizuma, K., Iwatani, K., Hasai, H., Oka, T., Morishima, H. and Hoshi, M. (1992) Specific activities of Co and

l '-Eu in samples collected from the atomic-bomb dome in Hiroshima. J. Radiat. Res. 33: 15 1- 162.

5. Shizuma, K., Iwatani, KリHasai, HリHoshi, M., Oka, T. and Morishima, H. (1993) Residual 15-Eu and 60Co activities

induced by neutrons from the Hiroshima atomic bomb. Health Phys. 65: 272-282.

Shizuma, K., Iwatani, K., Hasai, H., Oka, T., Endo, S., Takada, J., Hoshi, M., Fujita, S., Watanabe, T. and Imanaka,

T. (1998) Residual Co activity in steel samples exposed to the Hiroshima atomic-bomb neutrons. Health Phys.

75:278-284.

7. Hashizume, T., Maruyama, T., Shiragai, A., Tanaka, E., Izawa, ML, Kawamura, S. and Nagaoka, S. (1967) Estima-

tion of the air dose from the atomic bombs in Hiroshima and Nagasaki. Health Phys. 13: 149- 169.

8. Kerr, G. D., Dyer, F. R, Emery, J. R, Pace III, J. V., Brodzinski, R. L. and Marcum, J. (1990) Activation of cobalt

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

9. Kimura, T., Takano, N., Iba, T., Fujita, S., Watanabe, T., Maruyama, T. and Hamada, T. (1990) Determination of

specific activity of cobalt ( Co/Co) in steel samples exposed to the atomic bomb in Hiroshima. J. Radiat. Res. 31:

207-213.

10. Straume, T., Egbert, S. D.t Woolson, W. A., Finkel, R. C, Kubik, P. W., Gove, H. E., Sharma, P. and Hoshi, M.

(1992) Neutron discrepancies in the new (DS86) Hiroshima dosimetry. Health Phys. 63: 421-426.

ll. Endo, S., Iwatani, K., Oka, T., Hoshi, M., Shizuma, K., Imanaka, T., Takada, J., Fujita, S. and Hasai, H. (1999)

DS86 neutron dose: Monte Carlo analysis for depth profile of Eu activity in a large stone sample. J. Radiat. Res.

40:169-181.

12. Miyazaki, Y., Sasaki, T. and Ikeda, M. (1953) Radioactivity induced by the Hiroshima atomic bomb in Hiroshima

city and its vicinity. In the Science Council of Japan, 1953, Collection of Investigation Reports on the Investigation

of Atomic Bomb Casualties. Ed. Committee for Publication of Investigation Reports on the Atomic Bomb Disaster.

pp. 34-35, Japan Science Promotion Society, Tokyo.

13. Peterson, Jr. A. V., Prentice, R. L., Ishimaru, T., Kato, H. and Mason, M. (1983) Investigation of circular asymme-

try in cancer mortality of Hiroshima and Nagasaki A-bomb survivors. Radiat. Res. 93: 184- 199.

14. International Commission on Radiological Protection. (1991) Recommendations of the International Commission

on Radiological Protection. Oxford, Pergamon Press, ICRP Publication 60: Ann. ICRP 21(1-3).

15. 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., Take, S., Horishige, T. and Murao, M. (1953) 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. Ed. Committee for

Publication of Investigation Reports on the Atomic Bomb Disaster, pp. 5- 10, Japan Science Promotion Society.

Tokyo.

16. Hamada, T. (1987) Measurements of P in sulfur. In: US Japan Joint Reassessment of Atomic Bomb Radiation

Dosimetry in Hiroshima and Nagasaki, Final Report. Ed. W. C. Roesch, Vol. 2, pp. 272-279, Radiation Effects

Research Foundation, Hiroshima.

17. Hoshi, M., Sawada, S., Nagatomo, T., Neyama, T., Marumoto, K. and Kanemaru, T. (1992) Meteorological obser-

vations 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. 63: 656-664.

18. Hoshi, MリHiraoka, M., Hayakawa, N., Sawada, S., Munaka, M., Kuramoto, A., Oka, T., Iwatani, K., Shizuma, K.,

Hasai, H. and Kobayashi, T. (1992) Benchmark test of transport calculations of gold and nickel activation with

implications for neutron kerma at Hiroshima. Health Phys. 63: 532-542.

19. Iwatani, K., Hoshi, M., Shizuma, K., Hiraoka, M., Hayakawa, N., Oka, T. and Hasai, H. (1994) Benchmarktest of



154 M. HOSHI ET AL.

neutron transport calculations, II. Indium, nickel, gold, europium and cobalt activation with and without energy

moderated fission neutrons by iron simulating the Hiroshima A-bomb casing. Health Phys. 67: 354-362.

20. Briesmeister, J. F. (1993) MCNP-A General Monte Carlo N-Particle Transport Code, version 4A. LA-12625-M,

Manual UC-705 and 700.

21. Straume, T. Harris, L. J., Marchetti, A. A. and Egbert, S. D. (1994) Neutrons confirmed in Nagasaki and at the

Army Pulsed Radiation Facility: Implications for Hiroshima. Radiat. Res. 138: 193-200.

22. Nakamshi, T., Miwa, K. and Ohki, R. (1998) Specific radioactivity ofeuropium-152 in roof tiles exposed to atomic

bomb radiation in Nagasaki. J. Radiat. Res. 39: 243-250.

23. Whalen, P. P. (1983) Source terms for the initial radiations. US-Japan Joint Workshop for Reassessment of Atomic

Bomb Radiation Dosimetry in Hiroshima and Nagasaki. Radiation Effects Research Foundation, Hiroshima.

24. Pace 111, J. V. (1994) Overview of the nuclear data related to the Hiroshima dosimetry discrepancy. Ed. J. K.

Dickens, Proceedings of the international conference Nuclear data for science and technology. Gathnburg, Tennes-

see, May 9-13, 1994.

25. Hoshi, M., Takada, J., Oka, T., Iwatani, K., Shizuma, K. and Hasai, H. (1996) Apossible explanation for the DS86

discrepancy between the data and calculation in Hiroshima. In: Nagasaki Symposium Radiation and Human Health.

Ed. S. Nagataki and S. Yamashita, pp. 175-191. Elsevier Science B.V.

26. Rhodes, R. (1986) The Making of the Atomic Bomb. Simon and SchusterLtd, London.

27. Hoshi, M., Takada, J., Endo, S., Shizuma, K., Iwatani, K., Oka, T., Fujita, S. and Hasai, H. (1998) Problems of

radiation dose evaluation in Hiroshima and Nagasaki and their explanation. Radiat. Protec. Dos. 77: 15-23.

28. Grace, C. S. (1994) Nuclear weapons -Principles, effects and survivabihty-. Brassey s New Battlefield Weapons

Systems and Technology Series, Vol. 10, Brassey's, London.

29. Uda, M., Sugawara, Y. and Kita, Y. (1953) Report No. 86. "A note by Mr. Kita, assistant meteorological engineer,

Hiroshima District Meteorological Observatory in Ebayama". In Appendix 3 "Report of experiences (Extract) of

Meteorological study report of damage by Hiroshima A-bomb. In the Science Council of Japan, 1953. Collection of

lnvestigation Reports on the Investigation of Atomic Bomb Casualties. Ed. Committee for Publication of Investiga-

tion Reports on the Atomic Bomb Disaster, pp. 132, Japan Science Promotion Society, Tokyo, (in Japanese).

30. Endo, S. Shizuma, K., Fujita, S., Umehara, N., Harima, T., Takada, J. and Hoshi, M. (1999) Study of burst height

and neutron emission height of the Hiroshima atomic bomb. Proc. Hiroshima Umv. RIRBM 40.(in press)




