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Abstract Fluence spectra at several ground distances in
Hiroshima and Nagasaki are provided along with associ-
ated Xuence-to-kerma coeYcients from the Dosimetry Sys-
tem 2002 (DS02). Also included are transmission factors
for calculating expected responses of in situ sample mea-
surements of neutron activation products such as
32P,36Cl,39Ar,41Ca, 60Co,63Ni,152Eu, and 154Eu. The free-in-
air (FIA) Xuences calculated in 2002 are available for 240
angles, 69 energy groups, 101 ground distances, 5 heights,
4 radiation source components, 2 cities. The DS02 code
uses these Xuences partitioned to a prompt and delayed por-
tion, collapsed to 58 energy groups and restricted to 97
ground distances. This is because the Xuence spectra were
required to be in the same format that was used in the older
Dosimetry System 1986 (DS86) computer code, of which
the DS02 computer code is a modiWcation. The 2002 calcu-
lation Xuences and the collapsed DS02 code Xuences are
presented and brieXy discussed. A report on DS02, which is
available on the website at the Radiation EVects Research
Foundation, provides tables and Wgures of the A-bomb neu-
tron and gamma-ray output used as the sources in the 2002
radiation transport calculations. While Wgures illustrating
the Xuence spectra at several ground ranges are presented in

the DS02 Report, it does not include any tables of the cal-
culated Xuence spectra in the DS02 report. This paper pro-
vides, at several standard distances from the hypocenter,
the numerical information which is required to translate the
FIA neutron Xuences given in DS02 to a neutron activation
measurement or neutron and gamma-ray soft-tissue dose.

Introduction

The cohort of the atomic bomb survivors of Hiroshima and
Nagasaki comprises the major basis for investigations of
late eVects such as solid cancer and leukemia induced by
ionizing radiation in humans. To deduce the corresponding
risk coeYcients, quantiWcation of health eVects and radia-
tion doses are required. The recent DS02 Report on A-
bomb survivor dosimetry describes calculations of neutron
and gamma-ray Xuences and the corresponding doses to
survivors in both cities, and comparisons with measure-
ments of activation and dose from the A-bombs [1]. While
the required bomb parameters were determined from histor-
ical research, the leakage of neutrons and gamma rays from
the bombs and the Wssion product neutron and gamma-ray
emissions in the Wreball were determined from new studies
by staV members at the Los Alamos National Laboratory
(LANL). The prompt radiation transport from the bomb to
the ground was calculated at Oak Ridge National Labora-
tory (ORNL) and the delayed radiation transport from the
Wreball to the ground was calculated at Science Applica-
tions International Corporation (SAIC). Radiation transport
in an air-over-ground environment is generally calculated
using either discrete ordinates or Monte Carlo methods [2].
Both methods were used in this work. However, only the
discrete ordinates transport (DOT) calculations are cur-
rently capable of providing suYciently detailed energy and
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angular distributions of the air-transported radiation Welds
at every 25 m out to the large distances (2,500 m) of inter-
est in the dosimetry for the atomic bomb survivors at Hiro-
shima and Nagasaki [1, 2].

The resulting free-in-air (FIA) radiation Xuences near
the ground were saved, combined, and used for several
tasks related to the calculation and veriWcation of a survi-
vors’ radiation dose. For example, the FIA radiation
Xuences were transported into rocks, roof tiles, bricks, and
other objects using Monte Carlo computer codes and then
folded with various radiation responses to compare with the
hundreds of in situ sample measurements made by US, Jap-
anese, and German scientists. These eVorts included ther-
mal luminescence dosimetry (TLD) measurements in
quartz crystals from gamma rays as well as neutron activa-
tion measurements of 60Co (5.271 years), 152Eu
(13.51 years), 154Eu (8.59 years), 36Cl (301,000 years), and
41Ca (102,000 years) which had been produced by moder-
ated A-bomb neutrons, and of 32P (14.26 days), 63Ni
(100.1 years) and 39Ar (269 years) which had been pro-
duced by fast A-bomb neutrons [3]. While these activation
measurements had been made immediately after the bomb-
ing and continued during the following decades [4], they
intensiWed during the development of the DS02 dosimetry
system. Thus, newer measurement results became available
recently dealing with the detection of 36Cl in granite and
concrete samples [5–8], of 152Eu in granite samples [9–11],
of 63Ni in copper samples [12–14], and of 39Ar in granite
samples [15].

In addition, the calculated FIA radiation Xuences were
also transported through shielding materials and the human
body to obtain organ-dose estimates for individual survi-
vors using the DS02 computer code at Radiation EVects
Research Foundation (RERF).

This paper provides a description of the FIA Xuence data
that was calculated during the DS02 work and gives a few
tables of the DS02 Xuence spectra at 1 m above ground and
several representative distances from the hypocenters of the
bombs at both cities. Additionally, Xuence-to-kerma coeY-
cients and transmission factors used in DS02 are provided
to make them generally available for calculating kerma and
responses for future sample measurements at the two cities.

Materials and methods

2002 Calculation energy group boundaries 
and Xuence-to-kerma coeYcients

In 2002 the radiation calculations were carried out in a vari-
ety of energy group structures depending on the source res-
olution and the requirements of the calculation [1]. For
example, the prompt radiation was calculated using the

Vitamin-B6 (199 neutron/42 gamma-ray) energy groups
[16] to capture the Wne spectral variations seen as the neu-
trons and gamma-rays leaked out through the bomb cas-
ings. There was also a concern that the thermal neutron
Xuence could be aVected by thermal up-scatter near the air-
ground interface and the Vitamin-B6 group cross section
set allowed for up-scatter to be included in the calculation.
The delayed radiation was generally calculated in the
DABL69 (46 neutron/23 gamma-ray) energy groups [17],
because the delayed source spectra were much smoother; it
had been found that the thermal neutron up-scatter used for
the prompt radiation was not critically important; and the
delayed neutron doses were smaller. The Xuence spectra for
both prompt and delayed radiations were collapsed into the
common energy group structure of DABL69 in Table 1.

Many methods, parameters and data used in the 2002
calculations represent signiWcant improvements over those
used in the DS86 calculations [18]. These included the
energy spectra of all sources of neutrons and gamma rays,
the Hiroshima yield and height of burst, and the angular
distributions of the prompt radiation leakage from the Hiro-
shima bomb. For radiation transport, there were improve-
ments in energy resolution, spatial meshing, cross sections,
delayed-radiation transport code and time resolution of the
density in the developing Wreball. These changes resulted in
better agreement between the 2002 calculations and mea-
surements of neutron activation and gamma-ray dose than
were obtained with calculations within the framework of
DS86 [1]. The calculated Xuences or doses at the two cities
did not change drastically (i.e., the Xuences at all ranges,
energy groups, and cities changed by less than 25%) and
most of the total doses changed by less than 10%. Thus,
conWdence was greatly increased in the Xuence and dose
calculations at all ranges for both cities. The 2002 calcula-
tions, which were the basis for the DS02 comparison with
measurements and DS02 survivor dosimetry are more fully
described in the DS02 Report, published in 2005 [1].

Fluence-to-kerma coeYcients for soft tissue

Kerma is the sum of the initial energies of all charged parti-
cles liberated by indirectly ionizing radiations such as neu-
trons and photons in a small volume element of a speciWed
material divided by the mass of the material in that volume
element [19]. The DS02 Xuence-to-kerma coeYcients were
based on the composition for total soft tissue of the body
from ICRP-1975 Reference Man [20, 21], the energy mass-
absorption coeYcients for photons from Hubbell and Selt-
zer [22], and the elemental kerma coeYcients for neutrons
from ICRU Report 63 [23]. The kerma coeYcients for pho-
tons are based on a soft-tissue composition composed of 12
elements. These 12 elements included the 11 most abun-
dant elements in the body (H, C, N, O, Na, Mg, P, S, Cl, K
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and Ca) plus iron (Fe) which is one of the most abundant
elements in organs of special interest such as the lungs and
red bone marrow [21]. The kerma coeYcients for photons
based on the energy mass-absorption from Hubbell and
Seltzer span the energy range from 10 keV to 20 MeV.

The kerma coeYcients for neutrons are based only on
the four major elements of the body (H, C, N and O) with
the mass fractions for the other eight elements (Na, Mg, P,
S, Cl, K, Ca and Fe) being assigned to oxygen because the
neutron kerma coeYcients were not available for these
eight elements in ICRP Report 63. This approach works
well with the neutron energies of less than 20 MeV. At
thermal energies, nearly all of the kerma in soft tissue
comes from protons produced by neutron capture in nitro-
gen. At higher neutron energies between 1 keV and 1 MeV,
the proton recoils from elastic scattering by hydrogen con-
tribute 90% or more to the soft-tissue kerma. The recoil-
proton contribution drops to about 80% at 10 MeV and
70% at 20 MeV, the highest neutron energy of interest here.

Table 1 Energy group boundaries and Xuence-to-kerma coeYcients
for the 2002 calculations

Group no. Upper energy 
boundary (MeV)

Soft-tissue 
kerma coeYcient 
(Gy cm2)

Neutron

1 1.96 £ 10+1 6.90 £ 10¡11

2 1.69 £ 10+1 6.73 £ 10¡11

3 1.45 £ 10+1 6.61 £ 10¡11

4 1.40 £ 10+1 6.57 £ 10¡11

5 1.38 £ 10+1 6.47 £ 10¡11

6 1.25 £ 10+1 6.38 £ 10¡11

7 1.22 £ 10+1 6.33 £ 10¡11

8 1.11 £ 10+1 6.04 £ 10¡11

9 1.00 £ 10+1 5.83 £ 10¡11

10 9.05 £ 10+0 5.54 £ 10¡11

11 8.19 £ 10+0 5.45 £ 10¡11

12 7.41 £ 10+0 5.12 £ 10¡11

13 6.38 £ 10+0 4.71 £ 10¡11

14 4.97 £ 10+0 4.58 £ 10¡11

15 4.72 £ 10+0 4.43 £ 10¡11

16 4.07 £ 10+0 4.18 £ 10¡11

17 3.01 £ 10+0 3.55 £ 10¡11

18 2.39 £ 10+0 3.33 £ 10¡11

19 2.05 £ 10+0 3.20 £ 10¡11

20 1.61 £ 10+0 2.89 £ 10¡11

21 1.26 £ 10+0 2.61 £ 10¡11

22 1.03 £ 10+0 2.50 £ 10¡11

23 9.62 £ 10¡1 2.22 £ 10¡11

24 8.21 £ 10¡1 2.06 £ 10¡11

25 7.43 £ 10¡1 1.93 £ 10¡11

26 6.39 £ 10¡1 1.79 £ 10¡11

27 5.50 £ 10¡1 1.63 £ 10¡11

28 3.69 £ 10¡1 1.29 £ 10¡11

29 2.47 £ 10¡1 1.02 £ 10¡11

30 1.58 £ 10¡1 8.06 £ 10¡12

31 1.11 £ 10¡1 5.64 £ 10¡12

32 5.25 £ 10¡2 3.57 £ 10¡12

33 3.43 £ 10¡2 2.61 £ 10¡12

34 2.48 £ 10¡2 2.14 £ 10¡12

35 2.19 £ 10¡2 1.49 £ 10¡12

36 1.03 £ 10¡2 6.39 £ 10¡13

37 3.35 £ 10¡3 2.21 £ 10¡13

38 1.23 £ 10¡3 9.25 £ 10¡14

39 5.83 £ 10¡4 4.49 £ 10¡14

40 2.75 £ 10¡4 2.09 £ 10¡14

41 1.01 £ 10¡4 1.04 £ 10¡14

42 2.90 £ 10¡5 9.37 £ 10¡15

43 1.07 £ 10¡5 1.36 £ 10¡14

44 3.06 £ 10¡6 2.28 £ 10¡14

45 1.13 £ 10¡6 3.74 £ 10¡14

Table 1 continued

Group no. Upper energy 
boundary 
(MeV)

Soft-tissue 
kerma coeYcient 
(Gy cm2)

46 4.14 £ 10¡7 1.50 £ 10¡13

1.00 £ 10¡11

Gamma ray

47 2.00 £ 10+1 3.78 £ 10¡11

48 1.40 £ 10+1 3.03 £ 10¡11

49 1.20 £ 10+1 2.66 £ 10¡11

50 1.00 £ 10+1 2.28 £ 10¡11

51 8.00 £ 10+0 1.98 £ 10¡11

52 7.00 £ 10+0 1.78 £ 10¡11

53 6.00 £ 10+0 1.61 £ 10¡11

54 5.00 £ 10+0 1.43 £ 10¡11

55 4.00 £ 10+0 1.21 £ 10¡11

56 3.00 £ 10+0 1.03 £ 10¡11

57 2.50 £ 10+0 8.96 £ 10¡12

58 2.00 £ 10+0 7.53 £ 10¡12

59 1.50 £ 10+0 5.84 £ 10¡12

60 1.00 £ 10+0 4.25 £ 10¡12

61 7.00 £ 10¡1 2.86 £ 10¡12

62 4.50 £ 10¡1 1.92 £ 10¡12

63 3.00 £ 10¡1 1.03 £ 10¡12

64 1.50 £ 10¡1 5.30 £ 10¡13

65 1.00 £ 10¡1 3.49 £ 10¡13

66 7.00 £ 10¡2 3.16 £ 10¡13

67 4.50 £ 10¡2 4.64 £ 10¡13

68 3.00 £ 10¡2 1.07 £ 10¡12

69 2.00 £ 10¡2 3.51 £ 10¡12

1.00 £ 10¡2
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The remaining soft-tissue kerma is from heavier charged
particles produced by a variety of nuclear reactions, primar-
ily recoils of carbon, nitrogen, and oxygen atoms. The
kerma coeYcients in ICRU Report 63 are only provided
down to 0.0253 eV, but the (n, p) cross section for nitrogen
shows a 1/v dependence at thermal energies. Thus, it is pos-
sible to extrapolate the kerma coeYcients to lower thermal
energies of interest using 1/v scaling.

The DS02 Xuence-to-kerma coeYcients are discussed in
more detail and compared with Xuence-to-kerma coeY-
cients from early studies in Chap. 12, Part A of the DS02
Report [1]. The DS02 kerma conversion coeYcients are
also provided in the DS02 Report in the multi-group for-
mats of the DLC31 [24] and Vitamin-B6 Libraries [16],
and in a point-wise format for use in the MCNP computer
code [25].

Results

2002 Total Xuence spectra at several ground ranges

The 2002 angular energy Xuences were calculated with the
discrete ordinates method, and results were saved from zero
to 2,500 m ground range [ground range is the distance to
the hypocenter, which is the vertical projection of the point
of explosion (epicenter) to the ground] in 25 m increments
and at Wve heights between 1 and 25 m. The Xuence was
obtained from the angular Xuence by weighting each of the
discrete angles. The 240 angular weights sum to one. The
units for the Xuence are particles cm¡2. The Xuences were
also collapsed into the coarser DABL69 energy group
structure (Table 1). These Xuences are given in Table 2 and
3 for Hiroshima and Nagasaki, respectively, at 1 m height
above ground and for six ground ranges (0, 500, 1,000,
1,500, 2,000 and 2,500 m). The explosive yields and burst
height are 16 kt (TNT) and 600 m for Hiroshima, and 21 kt
and 503 m for Nagasaki, respectively. The kerma is calcu-
lated when the Xuence distribution with respect to energy is
folded with the Xuence-to-kerma coeYcients given in
Table 1. These kerma values are within a percent of those
found in Tables 11 and 13 on pages 186 and 192 of the
DS02 Report. The kerma values in the DS02 Report were
calculated using the original Vitamin-B6 Wne group
Xuences and conversion coeYcients. Collapsing Xuence
spectra to a coarser energy group structure usually causes a
minor round oV in the folded results.

2002 Total Xuences and partial Xuences for four bomb 
radiation sources

The 2002 total FIA Xuences in Tables 2 and 3 are the sum
of the partial Xuences from calculations for each of the four

bomb radiation sources. These are neutron and gamma-ray
sources that are either prompt (Wssion and secondary emis-
sions which leak through the bomb casing in less than
approximately 10 �s) or delayed (emissions from the
Wssion products distributed within the Wreball in times
greater than approximately 1 ms¡1). The four sources are
commonly referred to as (1) prompt neutron bomb leakage,
(2) delayed neutron Wreball emission, (3) prompt gamma-
ray bomb leakage, and (4) delayed gamma-ray Wreball
emission. Tables 4 and 5 give the Xuences from each of
these four sources at 1,500 m from the hypocenter in Hiro-
shima and Nagasaki, respectively. When the partial
Xuences are summed together the total Xuences in the pre-
vious Tables 2 and 3 are obtained. The neutron and gamma-
ray Xuences are plotted as Xuence per unit lethargy on a
logarithmic energy scale at six standard ground ranges for
Hiroshima and Nagasaki in Figs. 1, 2, 3, and 4. Only the
neutron Xuences above 0.01 MeV are plotted, because the
neutron Xuence per lethargy is nearly constant below
0.01 MeV and the thermal neutron Maxwellian peak is too
narrow to be resolved with the lowest energy group. This
also allows the energy structure of the dose-contributing
Xuence to be seen more clearly. The complete neutron and
gamma-ray Xuence spectra with Wne energy resolution are
shown on pp. 153–154 and 160–162 of the DS02 Report.
The average value of the curve over any logarithmic range
of energy, (E to 2.718 £ E), corresponds to the neutron or
gamma-ray Xuence within that energy range. At distances
greater than 1,000 m, which represent the majority of the
survivor locations at the two cities, very little change is
noted in either the spectral shape of the neutron or gamma-
ray Xuence with ground distance or distance from the hypo-
center.

DS02 code Xuences

The DS02 code, used at RERF to calculate survivor doses,
is a modiWcation of the DS86 code [18, 26]. The DS86 code
was based on shielding calculations using the DLC31 (37
neutron/21 gamma-ray) group structure [24]. Because most
of the shielding calculations in the DS86 code were reused
in DS02, any new shielding calculations for DS02 were
also collapsed into the DLC31 energy group structure.
Therefore, the DS02 code FIA Xuences used the same mod-
iWed DLC31 (37 prompt neutron/21 prompt gamma-ray/21
delayed gamma-ray/lower 14 of 37 delayed neutron; i.e.,
group numbers 24–37) energy group structure of DS86.

The 2002 FIA Xuences remained partitioned into prompt
and delayed components to separate the survivors’ prompt
and delayed doses. This also permitted the code to perform
a time-dependent shielding calculation if needed. The 2002
FIA secondary gamma-ray Xuences produced from the
prompt neutrons were added to the prompt gamma-ray
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Table 2 Hiroshima 2002 total neutron and gamma-ray FIA Xuences at 1 m above ground

Group no. 0 m (cm¡2) 500 m (cm¡2) 1,000 m (cm¡2) 1,500 m (cm¡2) 2,000 m (cm¡2) 2,500 m (cm¡2)

Neutron

1 0.00 £ 10+0 0.00 £ 10+0 0.00 £ 10+0 0.00 £ 10+0 0.00 £ 10+0 0.00 £ 10+0

2 6.20 £ 10+4 8.45 £ 10+4 1.65 £ 10+4 6.56 £ 10+2 3.20 £ 10+1 1.33 £ 10+0

3 4.30 £ 10+4 6.53 £ 10+4 1.53 £ 10+4 1.04 £ 10+3 5.65 £ 10+1 2.56 £ 10+0

4 5.58 £ 10+4 2.41 £ 10+5 1.35 £ 10+4 7.81 £ 10+2 3.95 £ 10+1 1.91 £ 10+0

5 7.18 £ 10+5 6.74 £ 10+5 1.01 £ 10+5 5.14 £ 10+3 2.80 £ 10+2 1.33 £ 10+1

6 3.33 £ 10+5 2.67 £ 10+5 4.35 £ 10+4 2.46 £ 10+3 1.18 £ 10+2 5.56 £ 10+0

7 3.73 £ 10+6 2.74 £ 10+6 3.00 £ 10+5 1.80 £ 10+4 9.71 £ 10+2 4.48 £ 10+1

8 1.01 £ 10+7 8.25 £ 10+6 7.75 £ 10+5 5.19 £ 10+4 2.49 £ 10+3 1.25 £ 10+2

9 3.01 £ 10+7 1.77 £ 10+7 2.34 £ 10+6 1.60 £ 10+5 9.51 £ 10+3 5.58 £ 10+2

10 1.24 £ 10+8 4.18 £ 10+7 5.20 £ 10+6 3.77 £ 10+5 2.59 £ 10+4 1.65 £ 10+3

11 8.88 £ 10+7 4.96 £ 10+7 5.09 £ 10+6 3.39 £ 10+5 2.03 £ 10+4 1.27 £ 10+3

12 3.54 £ 10+8 1.89 £ 10+8 2.22 £ 10+7 1.68 £ 10+6 1.10 £ 10+5 7.06 £ 10+3

13 1.75 £ 10+9 7.39 £ 10+8 7.39 £ 10+7 4.91 £ 10+6 3.09 £ 10+5 1.97 £ 10+4

14 8.68 £ 10+8 3.77 £ 10+8 4.36 £ 10+7 3.39 £ 10+6 2.58 £ 10+5 1.80 £ 10+4

15 1.82 £ 10+9 6.65 £ 10+8 6.26 £ 10+7 4.17 £ 10+6 2.77 £ 10+5 1.86 £ 10+4

16 4.35 £ 10+9 1.31 £ 10+9 9.77 £ 10+7 5.54 £ 10+6 3.33 £ 10+5 2.16 £ 10+4

17 1.03 £ 10+10 3.27 £ 10+9 2.46 £ 10+8 1.27 £ 10+7 6.63 £ 10+5 3.74 £ 10+4

18 2.69 £ 10+9 9.29 £ 10+8 7.71 £ 10+7 4.14 £ 10+6 2.28 £ 10+5 1.26 £ 10+4

19 1.99 £ 10+10 5.85 £ 10+9 4.14 £ 10+8 2.08 £ 10+7 1.03 £ 10+6 5.53 £ 10+4

20 2.60 £ 10+10 6.65 £ 10+9 4.08 £ 10+8 1.90 £ 10+7 9.05 £ 10+5 4.77 £ 10+4

21 4.42 £ 10+10 1.04 £ 10+10 5.66 £ 10+8 2.37 £ 10+7 1.07 £ 10+6 5.51 £ 10+4

22 2.21 £ 10+10 4.85 £ 10+9 2.45 £ 10+8 9.95 £ 10+6 4.45 £ 10+5 2.29 £ 10+4

23 6.18 £ 10+10 1.34 £ 10+10 6.21 £ 10+8 2.19 £ 10+7 8.98 £ 10+5 4.42 £ 10+4

24 5.40 £ 10+10 1.12 £ 10+10 4.92 £ 10+8 1.69 £ 10+7 6.73 £ 10+5 3.28 £ 10+4

25 7.91 £ 10+10 1.59 £ 10+10 6.65 £ 10+8 2.22 £ 10+7 8.73 £ 10+5 4.20 £ 10+4

26 1.33 £ 10+11 2.68 £ 10+10 1.04 £ 10+9 3.17 £ 10+7 1.14 £ 10+6 5.27 £ 10+4

27 2.67 £ 10+11 5.07 £ 10+10 1.86 £ 10+9 5.44 £ 10+7 1.97 £ 10+6 8.96 £ 10+4

28 3.18 £ 10+11 5.77 £ 10+10 2.00 £ 10+9 5.59 £ 10+7 1.98 £ 10+6 8.95 £ 10+4

29 4.07 £ 10+11 6.97 £ 10+10 2.27 £ 10+9 6.15 £ 10+7 2.11 £ 10+6 9.36 £ 10+4

30 3.23 £ 10+11 5.35 £ 10+10 1.66 £ 10+9 4.37 £ 10+7 1.48 £ 10+6 6.51 £ 10+4

31 6.64 £ 10+11 1.06 £ 10+11 3.16 £ 10+9 8.14 £ 10+7 2.73 £ 10+6 1.18 £ 10+5

32 3.53 £ 10+11 5.52 £ 10+10 1.59 £ 10+9 4.04 £ 10+7 1.34 £ 10+6 5.76 £ 10+4

33 2.58 £ 10+11 4.00 £ 10+10 1.14 £ 10+9 2.87 £ 10+7 9.51 £ 10+5 4.09 £ 10+4

34 9.67 £ 10+10 1.50 £ 10+10 4.22 £ 10+8 1.06 £ 10+7 3.48 £ 10+5 1.50 £ 10+4

35 5.44 £ 10+11 8.38 £ 10+10 2.34 £ 10+9 5.81 £ 10+7 1.91 £ 10+6 8.18 £ 10+4

36 8.52 £ 10+11 1.30 £ 10+11 3.55 £ 10+9 8.73 £ 10+7 2.85 £ 10+6 1.22 £ 10+5

37 7.84 £ 10+11 1.18 £ 10+11 3.17 £ 10+9 7.68 £ 10+7 2.47 £ 10+6 1.05 £ 10+5

38 6.20 £ 10+11 9.28 £ 10+10 2.44 £ 10+9 5.86 £ 10+7 1.87 £ 10+6 7.88 £ 10+4

39 6.55 £ 10+11 9.75 £ 10+10 2.53 £ 10+9 6.02 £ 10+7 1.90 £ 10+6 7.95 £ 10+4

40 9.32 £ 10+11 1.38 £ 10+11 3.53 £ 10+9 8.28 £ 10+7 2.60 £ 10+6 1.08 £ 10+5

41 1.26 £ 10+12 1.83 £ 10+11 4.63 £ 10+9 1.08 £ 10+8 3.35 £ 10+6 1.38 £ 10+5

42 1.08 £ 10+12 1.56 £ 10+11 3.86 £ 10+9 8.88 £ 10+7 2.74 £ 10+6 1.13 £ 10+5

43 1.44 £ 10+12 2.06 £ 10+11 4.99 £ 10+9 1.14 £ 10+8 3.48 £ 10+6 1.43 £ 10+5

44 1.22 £ 10+12 1.75 £ 10+11 4.16 £ 10+9 9.41 £ 10+7 2.85 £ 10+6 1.17 £ 10+5

45 1.31 £ 10+12 1.87 £ 10+11 4.39 £ 10+9 9.83 £ 10+7 2.96 £ 10+6 1.21 £ 10+5

46 9.05 £ 10+12 1.33 £ 10+12 3.21 £ 10+10 7.32 £ 10+8 2.26 £ 10+7 9.36 £ 10+5

Total 2.29 £ 10+13 3.45 £ 10+12 9.09 £ 10+10 2.24 £ 10+9 7.37 £ 10+7 3.20 £ 10+6
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Xuences. The neutron and gamma-ray Xuences were then
collapsed into the energy group structure of DLC31. The
same was done for the delayed Xuences. The DS02 code
energy group boundaries are provided in Table 6. Tables 7
and 8 provide the 2002 prompt and delayed FIA Xuences at
1,500 m as used in the DS02 code for Hiroshima and Naga-
saki, respectively. It is noted from Tables 7 and 8 that, in
addition to the prompt radiation, both the delayed neutrons
and gamma rays make a signiWcant contribution to Xuence
and dose at Nagasaki, while only the delayed gamma rays
make a signiWcant contribution to Xuence and dose at Hiro-
shima.

Ground and surface composition eVects on Xuence

The eVect of free water content in several diVerent interface
materials on the FIA Xuence was investigated using the
MCNP radiation transport code [25] and the prompt-
neutron source term for the Hiroshima bomb from the
DS02 studies [1]. The ratios of various nuclear reactions,
using the FIA Xuence at 1 m above diVerent interface mate-
rials, to the same reactions at 1 m above wet ground (30%
moisture) are compared in Table 9. In damp ground, the

moisture content was taken as 15%, and it is zero in the dry
ground. The composition and density of dry ground were
taken from [2], and the composition and density for con-
crete and granite were taken from [9]. The 50 cm thickness
of the normally used wet ground in the DS02 calculations
was simply replaced with 50 cm of the material of interest
using the appropriate composition and density. The three
(n, �) neutron capture reactions are proportional to the ther-
mal neutron Xuence. The neutron kerma results primarily
from neutrons with energies between 0.5 and 2 MeV, and
the (n, p) reactions in copper and sulfur are due to neutrons
with energies greater than their threshold reaction energies
of approximately 2 and 3 MeV, respectively.

The ratios in Table 9 were obtained from the MCNP
radiation transport calculations between ground ranges of
200–1,000 m where the MCNP results were accurate to
within 5%. The result for damp ground (15% moisture) is
not very diVerent from the normally-used wet ground (max-
imum change of 6% for neutron kerma). Hence, the wet soil
used in our DS02 calculations gives reliable neutron
Xuences over ground for the range of free water content that
would be normally expected in the soils of either Hiroshima
or Nagasaki. The other data for dry soil, concrete, and gran-

Table 2 continued

Group no. 0 m (cm¡2) 500 m (cm¡2) 1,000 m (cm¡2) 1,500 m (cm¡2) 2,000 m (cm¡2) 2,500 m (cm¡2)

Gamma ray

47 9.41 £ 10+5 4.76 £ 10+5 1.12 £ 10+5 1.98 £ 10+4 5.18 £ 10+3 9.68 £ 10+2

48 1.18 £ 10+7 5.21 £ 10+6 1.10 £ 10+6 1.84 £ 10+5 4.38 £ 10+4 8.10 £ 10+3

49 8.51 £ 10+10 3.09 £ 10+10 5.07 £ 10+9 8.84 £ 10+8 1.78 £ 10+8 3.91 £ 10+7

50 5.10 £ 10+10 1.81 £ 10+10 2.98 £ 10+9 5.68 £ 10+8 1.20 £ 10+8 2.70 £ 10+7

51 1.46 £ 10+11 3.74 £ 10+10 4.32 £ 10+9 7.05 £ 10+8 1.34 £ 10+8 2.75 £ 10+7

52 1.72 £ 10+11 4.93 £ 10+10 6.37 £ 10+9 9.70 £ 10+8 1.73 £ 10+8 3.39 £ 10+7

53 5.37 £ 10+11 1.69 £ 10+11 2.20 £ 10+10 3.10 £ 10+9 4.92 £ 10+8 8.57 £ 10+7

54 4.41 £ 10+11 1.36 £ 10+11 1.98 £ 10+10 3.11 £ 10+9 5.21 £ 10+8 9.25 £ 10+7

55 8.84 £ 10+11 2.85 £ 10+11 3.99 £ 10+10 5.59 £ 10+9 8.33 £ 10+8 1.33 £ 10+8

56 6.58 £ 10+11 2.19 £ 10+11 2.99 £ 10+10 3.88 £ 10+9 5.46 £ 10+8 8.16 £ 10+7

57 1.47 £ 10+12 3.61 £ 10+11 3.84 £ 10+10 4.61 £ 10+9 6.24 £ 10+8 9.16 £ 10+7

58 1.24 £ 10+12 3.82 £ 10+11 4.83 £ 10+10 5.72 £ 10+9 7.44 £ 10+8 1.06 £ 10+8

59 1.90 £ 10+12 5.89 £ 10+11 7.08 £ 10+10 7.81 £ 10+9 9.65 £ 10+8 1.35 £ 10+8

60 1.96 £ 10+12 5.95 £ 10+11 6.50 £ 10+10 6.73 £ 10+9 8.11 £ 10+8 1.13 £ 10+8

61 3.23 £ 10+12 9.52 £ 10+11 9.71 £ 10+10 1.01 £ 10+10 1.26 £ 10+9 1.83 £ 10+8

62 3.53 £ 10+12 9.89 £ 10+11 9.64 £ 10+10 9.71 £ 10+9 1.19 £ 10+9 1.70 £ 10+8

63 9.09 £ 10+12 2.52 £ 10+12 2.39 £ 10+11 2.38 £ 10+10 2.87 £ 10+9 4.09 £ 10+8

64 7.40 £ 10+12 2.04 £ 10+12 1.90 £ 10+11 1.85 £ 10+10 2.22 £ 10+9 3.14 £ 10+8

65 9.70 £ 10+12 2.69 £ 10+12 2.43 £ 10+11 2.28 £ 10+10 2.66 £ 10+9 3.71 £ 10+8

66 9.85 £ 10+12 2.79 £ 10+12 2.47 £ 10+11 2.24 £ 10+10 2.56 £ 10+9 3.52 £ 10+8

67 1.69 £ 10+12 4.87 £ 10+11 4.36 £ 10+10 4.04 £ 10+9 4.78 £ 10+8 6.83 £ 10+7

68 6.43 £ 10+10 1.86 £ 10+10 1.66 £ 10+9 1.54 £ 10+8 1.82 £ 10+7 2.60 £ 10+6

69 3.65 £ 10+8 1.02 £ 10+8 8.89 £ 10+6 8.30 £ 10+5 1.00 £ 10+5 1.46 £ 10+4

Total 5.41 £ 10+13 1.54 £ 10+13 1.51 £ 10+12 1.55 £ 10+11 1.94 £ 10+10 2.83 £ 10+9
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Table 3 Nagasaki 2002 total neutron and gamma-ray FIA Xuences at 1 m above ground

Group no. 0 m (cm¡2) 500 m (cm¡2) 1,000 m (cm¡2) 1,500 m (cm¡2) 2,000 m (cm¡2) 2,500 m (cm¡2)

Neutron

1 4.36 £ 10+6 8.53 £ 10+5 5.03 £ 10+4 2.52 £ 10+3 1.40 £ 10+2 7.47 £ 10+0

2 7.67 £ 10+6 1.50 £ 10+6 8.58 £ 10+4 4.47 £ 10+3 2.63 £ 10+2 1.51 £ 10+1

3 7.61 £ 10+6 1.42 £ 10+6 7.08 £ 10+4 3.17 £ 10+3 1.60 £ 10+2 8.49 £ 10+0

4 4.23 £ 10+6 8.24 £ 10+5 4.16 £ 10+4 1.96 £ 10+3 9.58 £ 10+1 5.28 £ 10+0

5 1.74 £ 10+7 3.39 £ 10+6 1.78 £ 10+5 8.73 £ 10+3 4.46 £ 10+2 2.34 £ 10+1

6 6.61 £ 10+6 1.28 £ 10+6 6.20 £ 10+4 2.88 £ 10+3 1.37 £ 10+2 7.11 £ 10+0

7 5.88 £ 10+7 1.09 £ 10+7 5.28 £ 10+5 2.28 £ 10+4 1.02 £ 10+3 5.09 £ 10+1

8 1.06 £ 10+8 2.03 £ 10+7 1.04 £ 10+6 4.74 £ 10+4 2.25 £ 10+3 1.15 £ 10+2

9 2.47 £ 10+8 5.00 £ 10+7 2.87 £ 10+6 1.46 £ 10+5 8.00 £ 10+3 4.66 £ 10+2

10 4.97 £ 10+8 1.02 £ 10+8 6.55 £ 10+6 3.62 £ 10+5 2.22 £ 10+4 1.36 £ 10+3

11 5.53 £ 10+8 1.05 £ 10+8 5.98 £ 10+6 3.07 £ 10+5 1.69 £ 10+4 1.01 £ 10+3

12 2.06 £ 10+9 4.13 £ 10+8 2.69 £ 10+7 1.51 £ 10+6 8.95 £ 10+4 5.76 £ 10+3

13 7.38 £ 10+9 1.42 £ 10+9 8.73 £ 10+7 4.61 £ 10+6 2.59 £ 10+5 1.58 £ 10+4

14 3.18 £ 10+9 6.83 £ 10+8 5.18 £ 10+7 3.23 £ 10+6 2.17 £ 10+5 1.53 £ 10+4

15 6.22 £ 10+9 1.17 £ 10+9 6.83 £ 10+7 3.78 £ 10+6 2.27 £ 10+5 1.49 £ 10+4

16 1.17 £ 10+10 2.00 £ 10+9 9.81 £ 10+7 4.84 £ 10+6 2.73 £ 10+5 1.74 £ 10+4

17 2.03 £ 10+10 3.79 £ 10+9 1.99 £ 10+8 9.14 £ 10+6 4.75 £ 10+5 2.77 £ 10+4

18 4.94 £ 10+9 9.76 £ 10+8 5.67 £ 10+7 2.75 £ 10+6 1.46 £ 10+5 8.35 £ 10+3

19 3.11 £ 10+10 5.77 £ 10+9 2.95 £ 10+8 1.34 £ 10+7 6.74 £ 10+5 3.72 £ 10+4

20 3.49 £ 10+10 5.92 £ 10+9 2.72 £ 10+8 1.19 £ 10+7 5.84 £ 10+5 3.22 £ 10+4

21 4.78 £ 10+10 7.85 £ 10+9 3.40 £ 10+8 1.42 £ 10+7 6.72 £ 10+5 3.64 £ 10+4

22 2.28 £ 10+10 3.46 £ 10+9 1.43 £ 10+8 5.89 £ 10+6 2.77 £ 10+5 1.49 £ 10+4

23 4.72 £ 10+10 7.64 £ 10+9 3.07 £ 10+8 1.20 £ 10+7 5.41 £ 10+5 2.84 £ 10+4

24 3.67 £ 10+10 5.89 £ 10+9 2.33 £ 10+8 8.97 £ 10+6 4.01 £ 10+5 2.07 £ 10+4

25 5.01 £ 10+10 7.85 £ 10+9 3.05 £ 10+8 1.15 £ 10+7 5.09 £ 10+5 2.63 £ 10+4

26 6.50 £ 10+10 1.06 £ 10+10 4.14 £ 10+8 1.51 £ 10+7 6.48 £ 10+5 3.33 £ 10+4

27 1.18 £ 10+11 1.85 £ 10+10 7.06 £ 10+8 2.56 £ 10+7 1.09 £ 10+6 5.55 £ 10+4

28 1.33 £ 10+11 1.95 £ 10+10 7.19 £ 10+8 2.58 £ 10+7 1.09 £ 10+6 5.48 £ 10+4

29 1.48 £ 10+11 2.14 £ 10+10 7.66 £ 10+8 2.70 £ 10+7 1.12 £ 10+6 5.63 £ 10+4

30 1.06 £ 10+11 1.54 £ 10+10 5.40 £ 10+8 1.89 £ 10+7 7.78 £ 10+5 3.90 £ 10+4

31 1.94 £ 10+11 2.86 £ 10+10 9.94 £ 10+8 3.43 £ 10+7 1.41 £ 10+6 7.01 £ 10+4

32 9.37 £ 10+10 1.41 £ 10+10 4.86 £ 10+8 1.67 £ 10+7 6.84 £ 10+5 3.39 £ 10+4

33 6.65 £ 10+10 1.01 £ 10+10 3.47 £ 10+8 1.19 £ 10+7 4.86 £ 10+5 2.40 £ 10+4

34 2.44 £ 10+10 3.73 £ 10+9 1.28 £ 10+8 4.38 £ 10+6 1.79 £ 10+5 8.84 £ 10+3

35 1.33 £ 10+11 2.04 £ 10+10 7.00 £ 10+8 2.39 £ 10+7 9.83 £ 10+5 4.84 £ 10+4

36 1.96 £ 10+11 3.05 £ 10+10 1.04 £ 10+9 3.56 £ 10+7 1.46 £ 10+6 7.15 £ 10+4

37 1.67 £ 10+11 2.65 £ 10+10 9.04 £ 10+8 3.06 £ 10+7 1.25 £ 10+6 6.15 £ 10+4

38 1.25 £ 10+11 2.01 £ 10+10 6.87 £ 10+8 2.32 £ 10+7 9.45 £ 10+5 4.67 £ 10+4

39 1.26 £ 10+11 2.05 £ 10+10 7.00 £ 10+8 2.36 £ 10+7 9.60 £ 10+5 4.72 £ 10+4

40 1.69 £ 10+11 2.81 £ 10+10 9.55 £ 10+8 3.21 £ 10+7 1.30 £ 10+6 6.35 £ 10+4

41 2.15 £ 10+11 3.62 £ 10+10 1.23 £ 10+9 4.10 £ 10+7 1.65 £ 10+6 8.04 £ 10+4

42 1.83 £ 10+11 2.97 £ 10+10 1.01 £ 10+9 3.34 £ 10+7 1.34 £ 10+6 6.50 £ 10+4

43 2.75 £ 10+11 3.78 £ 10+10 1.29 £ 10+9 4.25 £ 10+7 1.72 £ 10+6 8.27 £ 10+4

44 2.98 £ 10+11 3.13 £ 10+10 1.05 £ 10+9 3.48 £ 10+7 1.41 £ 10+6 6.78 £ 10+4

45 4.14 £ 10+11 3.33 £ 10+10 1.09 £ 10+9 3.60 £ 10+7 1.45 £ 10+6 7.04 £ 10+4

46 3.99 £ 10+12 2.74 £ 10+11 8.48 £ 10+9 2.81 £ 10+8 1.13 £ 10+7 5.52 £ 10+5

Total 7.56 £ 10+12 7.86 £ 10+11 2.67 £ 10+10 9.26 £ 10+8 3.87 £ 10+7 1.94 £ 10+6
123



318 Radiat Environ Biophys (2007) 46:311–325
ite suggests that the eVects of the local neutron scattering
environment can be very important when considering neu-
tron activation of building materials or neutron kerma for
shielded survivors.

Gamma-ray doses from the prompt and delayed gamma-
ray bomb sources are unaVected by the moisture content of
the ground. The ground moisture had some aVect on sec-
ondary gamma rays produced by neutrons that interact with
the ground. When the ground was recalculated using con-
crete, there was a 10% decrease in the secondary gamma-
ray dose component directly under the Hiroshima burst, and
no change beyond 1,000 m. For Nagasaki, there was almost
no diVerence under the burst, but beyond 1,000 m this dose
component increased by 10–15%. At Hiroshima, the drier
concrete allows the bomb’s primary neutron Xuence (i.e.,
high energy neutrons) to penetrate and be captured deeper
into its depth reducing the gamma-ray dose above the con-
crete because of the increased distance the gamma rays
must travel back out to the surface. While this is also true at
Nagasaki, there the drier concrete also reduces the neutron
moderation of the bomb’s primary Xuence (i.e., low energy
epithermal neutrons). The neutrons can scatter farther back
up into the air; where they are eventually captured by nitro-

gen and emit a high energy gamma ray, which slightly
increases the gamma-ray dose especially at far distances.
These are negligible changes in the total (prompt, delayed
and secondary) gamma-ray dose due to soil moisture con-
tent variations.

Transmission factors for measurement samples

Most measurement samples were chosen from shortly after
the bombing until the present time so that their incident sur-
face would be in the line-of-sight to the bomb. But there
was always some sample material between the measured
location and photon or neutron Xuence incident on the sur-
face of the sample. Also, the backscattering material had a
composition which usually diVered from the DS02 ground,
and often neighboring structures provided varying amounts
of side shielding. Customized shielding calculations, using
the DS02 FIA Xuence, were used to determine the activa-
tion or kerma at the measurement point for samples where
the geometry and material were known. The ratio of the
activation or kerma in the sample and that at 1 m above
ground is called the transmission factor (TF). These calcu-
lated TFs were also used to estimate the shielding for other

Table 3 continued

Group no. 0 m (cm¡2) 500 m (cm¡2) 1,000 m (cm¡2) 1,500 m (cm¡2) 2,000 m (cm¡2) 2,500 m (cm¡2)

Gamma ray

47 1.18 £ 10+7 3.96 £ 10+6 7.40 £ 10+5 1.47 £ 10+5 3.41 £ 10+4 9.01 £ 10+3

48 2.77 £ 10+9 9.09 £ 10+8 1.58 £ 10+8 3.02 £ 10+7 6.59 £ 10+6 1.59 £ 10+6

49 2.34 £ 10+11 6.64 £ 10+10 1.02 £ 10+10 1.69 £ 10+9 3.45 £ 10+8 8.12 £ 10+7

50 1.79 £ 10+11 5.29 £ 10+10 8.52 £ 10+9 1.49 £ 10+9 3.06 £ 10+8 6.98 £ 10+7

51 2.46 £ 10+11 5.93 £ 10+10 8.21 £ 10+9 1.29 £ 10+9 2.46 £ 10+8 5.27 £ 10+7

52 3.78 £ 10+11 9.58 £ 10+10 1.30 £ 10+10 1.93 £ 10+9 3.46 £ 10+8 6.97 £ 10+7

53 1.27 £ 10+12 3.24 £ 10+11 4.03 £ 10+10 5.37 £ 10+9 8.50 £ 10+8 1.51 £ 10+8

54 1.09 £ 10+12 3.10 £ 10+11 4.23 £ 10+10 5.97 £ 10+9 9.52 £ 10+8 1.63 £ 10+8

55 2.30 £ 10+12 6.50 £ 10+11 8.18 £ 10+10 1.03 £ 10+10 1.47 £ 10+9 2.25 £ 10+8

56 2.16 £ 10+12 5.89 £ 10+11 6.67 £ 10+10 7.53 £ 10+9 9.71 £ 10+8 1.39 £ 10+8

57 2.66 £ 10+12 6.85 £ 10+11 7.75 £ 10+10 8.62 £ 10+9 1.10 £ 10+9 1.54 £ 10+8

58 3.39 £ 10+12 8.95 £ 10+11 9.93 £ 10+10 1.06 £ 10+10 1.30 £ 10+9 1.80 £ 10+8

59 5.73 £ 10+12 1.48 £ 10+12 1.46 £ 10+11 1.44 £ 10+10 1.69 £ 10+9 2.30 £ 10+8

60 5.83 £ 10+12 1.49 £ 10+12 1.32 £ 10+11 1.23 £ 10+10 1.40 £ 10+9 1.93 £ 10+8

61 9.89 £ 10+12 2.40 £ 10+12 1.96 £ 10+11 1.83 £ 10+10 2.20 £ 10+9 3.16 £ 10+8

62 1.10 £ 10+13 2.49 £ 10+12 1.94 £ 10+11 1.77 £ 10+10 2.07 £ 10+9 2.92 £ 10+8

63 2.84 £ 10+13 6.29 £ 10+12 4.77 £ 10+11 4.28 £ 10+10 4.98 £ 10+9 6.97 £ 10+8

64 2.34 £ 10+13 5.11 £ 10+12 3.77 £ 10+11 3.32 £ 10+10 3.82 £ 10+9 5.33 £ 10+8

65 2.92 £ 10+13 6.52 £ 10+12 4.65 £ 10+11 3.94 £ 10+10 4.41 £ 10+9 6.02 £ 10+8

66 2.83 £ 10+13 6.58 £ 10+12 4.59 £ 10+11 3.76 £ 10+10 4.12 £ 10+9 5.58 £ 10+8

67 5.40 £ 10+12 1.24 £ 10+12 8.62 £ 10+10 7.23 £ 10+9 8.20 £ 10+8 1.15 £ 10+8

68 2.09 £ 10+11 4.76 £ 10+10 3.30 £ 10+9 2.76 £ 10+8 3.15 £ 10+7 4.42 £ 10+6

69 1.15 £ 10+9 2.56 £ 10+8 1.78 £ 10+7 1.51 £ 10+6 1.74 £ 10+5 2.49 £ 10+4

Total 1.61 £ 10+14 3.74 £ 10+13 2.98 £ 10+12 2.78 £ 10+11 3.34 £ 10+10 4.83 £ 10+9
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samples where few details were available on sample shield-
ing. Chapters 7B, 8J, and 9E of the DS02 Report [1] thor-
oughly discuss the details of these calculated and estimated
TFs for gamma rays, thermal neutrons and fast neutrons,
respectively.

Transmission factors for TLD kerma from gamma rays
range from 0.7 to 1.0 for samples in line-of-sight. The most
important parameters aVecting the TFs were incident angle
to the surface and depth in the sample. An elevated sample
increased the kerma by decreasing the slant range to the
bomb. Some TLD samples had neighboring structures pro-
viding partial side shielding. Because of this partial shield-
ing from buildings or trees, it was estimated that a few of
the Nagasaki samples had an additional 20% reduction in
kerma.

Transmission factors for thermal neutron activation sam-
ples ranged from 0.7 to 1.1 for samples within 10 cm of the
irradiated surface. The most important parameter aVecting
TF was the hydrogen content. For samples that were deeper
than 10 cm the TF dropped exponentially. At the deeper

Table 4 Hiroshima 2002 partial neutron and gamma-ray FIA Xuences
from four bomb radiation sources at 1 m above ground for a ground
range of 1,500 m

Group no. Prompt 
neutron 
(cm¡2)

Delayed 
neutron 
(cm¡2)

Prompt 
gamma 
(cm¡2)

Delayed 
gamma 
(cm¡2)

Neutron

1 0.00 £ 10+0 – – –

2 6.56 £ 10+2 – – –

3 1.04 £ 10+3 – – –

4 7.81 £ 10+2 – – –

5 5.14 £ 10+3 – – –

6 2.46 £ 10+3 – – –

7 1.80 £ 10+4 – – –

8 5.19 £ 10+4 – – –

9 1.60 £ 10+5 – – –

10 3.77 £ 10+5 – – –

11 3.39 £ 10+5 2.78 £ 10+1 – –

12 1.68 £ 10+6 2.78 £ 10+3 – –

13 4.88 £ 10+6 2.81 £ 10+4 – –

14 3.36 £ 10+6 3.36 £ 10+4 – –

15 4.13 £ 10+6 3.85 £ 10+4 – –

16 5.48 £ 10+6 6.10 £ 10+4 – –

17 1.24 £ 10+7 3.04 £ 10+5 – –

18 4.00 £ 10+6 1.36 £ 10+5 – –

19 2.01 £ 10+7 6.83 £ 10+5 – –

20 1.83 £ 10+7 6.58 £ 10+5 – –

21 2.27 £ 10+7 9.45 £ 10+5 – –

22 9.54 £ 10+6 4.02 £ 10+5 – –

23 2.08 £ 10+7 1.11 £ 10+6 – –

24 1.60 £ 10+7 8.96 £ 10+5 – –

25 2.10 £ 10+7 1.22 £ 10+6 – –

26 2.98 £ 10+7 1.91 £ 10+6 – –

27 5.11 £ 10+7 3.37 £ 10+6 – –

28 5.22 £ 10+7 3.62 £ 10+6 – –

29 5.75 £ 10+7 4.07 £ 10+6 – –

30 4.07 £ 10+7 2.96 £ 10+6 – –

31 7.59 £ 10+7 5.55 £ 10+6 – –

32 3.77 £ 10+7 2.77 £ 10+6 – –

33 2.68 £ 10+7 1.97 £ 10+6 – –

34 9.83 £ 10+6 7.30 £ 10+5 – –

35 5.41 £ 10+7 4.01 £ 10+6 – –

36 8.12 £ 10+7 6.04 £ 10+6 – –

37 7.14 £ 10+7 5.32 £ 10+6 – –

38 5.45 £ 10+7 4.07 £ 10+6 – –

39 5.61 £ 10+7 4.19 £ 10+6 – –

40 7.70 £ 10+7 5.79 £ 10+6 – –

41 9.99 £ 10+7 7.56 £ 10+6 – –

42 8.26 £ 10+7 6.28 £ 10+6 – –

43 1.06 £ 10+8 8.02 £ 10+6 – –

44 8.75 £ 10+7 6.55 £ 10+6 – –

Table 4 continued

Group no. Prompt 
neutron 
(cm¡2)

Delayed 
neutron 
(cm¡2)

Prompt 
gamma 
(cm¡2)

Delayed 
gamma 
(cm¡2)

45 9.16 £ 10+7 6.76 £ 10+6 – –

46 6.79 £ 10+8 5.23 £ 10+7 – –

Gamma ray

47 1.97 £ 10+4 1.58 £ 10+2 – –

48 1.74 £ 10+5 9.13 £ 10+3 – –

49 8.61 £ 10+8 2.16 £ 10+7 1.45 £ 10+6 –

50 4.96 £ 10+8 1.25 £ 10+7 4.52 £ 10+7 1.37 £ 10+7

51 5.23 £ 10+8 1.32 £ 10+7 1.13 £ 10+8 5.65 £ 10+7

52 7.90 £ 10+8 2.02 £ 10+7 5.35 £ 10+7 1.06 £ 10+8

53 2.29 £ 10+9 6.20 £ 10+7 6.74 £ 10+7 6.75 £ 10+8

54 1.45 £ 10+9 3.95 £ 10+7 7.76 £ 10+7 1.54 £ 10+9

55 1.70 £ 10+9 4.68 £ 10+7 1.06 £ 10+8 3.73 £ 10+9

56 8.70 £ 10+8 2.39 £ 10+7 6.21 £ 10+7 2.93 £ 10+9

57 1.06 £ 10+9 3.20 £ 10+7 7.67 £ 10+7 3.44 £ 10+9

58 1.24 £ 10+9 3.59 £ 10+7 8.74 £ 10+7 4.36 £ 10+9

59 1.60 £ 10+9 4.61 £ 10+7 1.19 £ 10+8 6.05 £ 10+9

60 1.39 £ 10+9 3.99 £ 10+7 1.03 £ 10+8 5.20 £ 10+9

61 2.55 £ 10+9 7.24 £ 10+7 1.75 £ 10+8 7.26 £ 10+9

62 2.31 £ 10+9 6.68 £ 10+7 1.62 £ 10+8 7.18 £ 10+9

63 5.38 £ 10+9 1.58 £ 10+8 3.84 £ 10+8 1.78 £ 10+10

64 4.22 £ 10+9 1.21 £ 10+8 3.04 £ 10+8 1.38 £ 10+10

65 4.57 £ 10+9 1.22 £ 10+8 3.41 £ 10+8 1.78 £ 10+10

66 4.37 £ 10+9 9.06 £ 10+7 3.44 £ 10+8 1.76 £ 10+10

67 1.11 £ 10+9 1.03 £ 10+7 9.17 £ 10+7 2.83 £ 10+9

68 4.28 £ 10+7 2.43 £ 10+5 3.65 £ 10+6 1.07 £ 10+8

69 2.61 £ 10+5 8.32 £ 10+2 2.17 £ 10+4 5.47 £ 10+5
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locations the important parameters were depth, hydrogen
content, and the concentration of any neutron absorbing
isotopes in the material, such as gadolinium.

Transmission factors for fast neutron activation copper
reactions ranged from 0.8 to 1.1 and for sulfur reactions
averaged about 0.93. These were all line-of-sight samples.
The most important parameter was the amount of mass sur-
rounding the sample, such as the thickness of the copper
wire, the steel pipe containing the copper wire, or the por-
celain insulators surrounding the sulfur. For example, the
shielding of sulfur just due to the insulator was 0.85. The
hydrogen content of the nearby building or street was also
important. For example, a lower hydrogen content of con-
crete or dry soil increased fast neutron sulfur activation by
10% because of increased backscatter.

The shielding is generally no more than a 20% eVect and
is not required in order to demonstrate broad agreement
between the DS02 Xuence calculations and measurements.
However, including the shielding of the Xuence in the anal-

Table 5 Nagasaki 2002 partial neutron and gamma-ray FIA Xuences
from four bomb radiation sources at 1 m above ground for a ground
range of 1,500 m

Group no. Prompt 
neutron 
(cm¡2)

Delayed 
neutron 
(cm¡2)

Prompt 
gamma 
(cm¡2)

Delayed 
gamma 
(cm¡2)

Neutron

1 2.52 £ 10+3 – – –

2 4.47 £ 10+3 – – –

3 3.17 £ 10+3 – – –

4 1.96 £ 10+3 – – –

5 8.73 £ 10+3 – – –

6 2.88 £ 10+3 – – –

7 2.28 £ 10+4 – – –

8 4.74 £ 10+4 – – –

9 1.46 £ 10+5 – – –

10 3.62 £ 10+5 – – –

11 3.07 £ 10+5 7.91 £ 10+1 – –

12 1.50 £ 10+6 7.50 £ 10+3 – –

13 4.54 £ 10+6 7.39 £ 10+4 – –

14 3.15 £ 10+6 8.36 £ 10+4 – –

15 3.68 £ 10+6 9.52 £ 10+4 – –

16 4.69 £ 10+6 1.46 £ 10+5 – –

17 8.57 £ 10+6 5.72 £ 10+5 – –

18 2.52 £ 10+6 2.29 £ 10+5 – –

19 1.22 £ 10+7 1.14 £ 10+6 – –

20 1.08 £ 10+7 1.07 £ 10+6 – –

21 1.28 £ 10+7 1.47 £ 10+6 – –

22 5.27 £ 10+6 6.24 £ 10+5 – –

23 1.04 £ 10+7 1.64 £ 10+6 – –

24 7.65 £ 10+6 1.31 £ 10+6 – –

25 9.74 £ 10+6 1.77 £ 10+6 – –

26 1.24 £ 10+7 2.72 £ 10+6 – –

27 2.09 £ 10+7 4.74 £ 10+6 – –

28 2.07 £ 10+7 5.04 £ 10+6 – –

29 2.14 £ 10+7 5.59 £ 10+6 – –

30 1.48 £ 10+7 4.05 £ 10+6 – –

31 2.67 £ 10+7 7.60 £ 10+6 – –

32 1.29 £ 10+7 3.77 £ 10+6 – –

33 9.19 £ 10+6 2.70 £ 10+6 – –

34 3.38 £ 10+6 9.98 £ 10+5 – –

35 1.85 £ 10+7 5.49 £ 10+6 – –

36 2.74 £ 10+7 8.24 £ 10+6 – –

37 2.35 £ 10+7 7.19 £ 10+6 – –

38 1.77 £ 10+7 5.51 £ 10+6 – –

39 1.79 £ 10+7 5.67 £ 10+6 – –

40 2.43 £ 10+7 7.83 £ 10+6 – –

41 3.08 £ 10+7 1.02 £ 10+7 – –

42 2.49 £ 10+7 8.47 £ 10+6 – –

43 3.17 £ 10+7 1.08 £ 10+7 – –

44 2.60 £ 10+7 8.81 £ 10+6 – –

Table 5 continued

Group no. Prompt 
neutron 
(cm¡2)

Delayed 
neutron 
(cm¡2)

Prompt 
gamma 
(cm¡2)

Delayed 
gamma 
(cm¡2)

45 2.69 £ 10+7 9.10 £ 10+6 – –

46 2.09 £ 10+8 7.14 £ 10+7 – –

Gamma ray

47 1.50 £ 10+4 3.12 £ 10+2 – –

48 5.73 £ 10+4 1.08 £ 10+4 – –

49 1.59 £ 10+9 2.47 £ 10+7 7.81 £ 10+7 –

50 9.37 £ 10+8 1.43 £ 10+7 5.29 £ 10+8 1.24 £ 10+7

51 9.52 £ 10+8 1.60 £ 10+7 2.60 £ 10+8 6.67 £ 10+7

52 1.42 £ 10+9 2.40 £ 10+7 3.66 £ 10+8 1.25 £ 10+8

53 4.03 £ 10+9 7.27 £ 10+7 4.67 £ 10+8 8.00 £ 10+8

54 2.63 £ 10+9 4.58 £ 10+7 1.46 £ 10+9 1.84 £ 10+9

55 2.99 £ 10+9 5.42 £ 10+7 1.90 £ 10+9 5.34 £ 10+9

56 1.55 £ 10+9 2.77 £ 10+7 1.46 £ 10+9 4.50 £ 10+9

57 1.83 £ 10+9 3.86 £ 10+7 1.51 £ 10+9 5.25 £ 10+9

58 2.14 £ 10+9 4.23 £ 10+7 1.79 £ 10+9 6.65 £ 10+9

59 2.79 £ 10+9 5.44 £ 10+7 2.37 £ 10+9 9.15 £ 10+9

60 2.41 £ 10+9 4.70 £ 10+7 2.02 £ 10+9 7.84 £ 10+9

61 4.42 £ 10+9 8.53 £ 10+7 2.98 £ 10+9 1.09 £ 10+10

62 3.98 £ 10+9 7.90 £ 10+7 2.88 £ 10+9 1.08 £ 10+10

63 9.24 £ 10+9 1.85 £ 10+8 6.80 £ 10+9 2.66 £ 10+10

64 7.15 £ 10+9 1.39 £ 10+8 5.40 £ 10+9 2.05 £ 10+10

65 7.46 £ 10+9 1.34 £ 10+8 5.99 £ 10+9 2.58 £ 10+10

66 6.86 £ 10+9 9.30 £ 10+7 5.94 £ 10+9 2.47 £ 10+10

67 1.72 £ 10+9 1.01 £ 10+7 1.57 £ 10+9 3.92 £ 10+9

68 6.66 £ 10+7 2.33 £ 10+5 6.27 £ 10+7 1.47 £ 10+8

69 3.97 £ 10+5 9.46 £ 10+2 3.69 £ 10+5 7.41 £ 10+5
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ysis improves the agreement and strengthens the conWdence
in both the calculations and the measurements.

Conclusions

The DS02 FIA Xuences are currently available from the
2002 calculations in the DABL69 energy group structure,
and for the DS02 code in a DLC31 energy group structure.

The 2002 calculation Xuences from 0 to 2,500 m ground
range are available as total Xuence spectra or they can be
partitioned according to the four radiation sources for
which calculations were made. The DS02 code Xuences are
available as prompt and delayed Xuences from 100 to
2,500 m ground range.

Both of these sets of Xuences, at Wve heights for both
cities, are also available in terms of angular distribution.
The DS02 code Xuences are currently being used at

Fig. 1 Hiroshima DS02 neutron 
Xuences as a function of energy 
at 1 m above ground for ground 
ranges of 0, 500, 1,000, 1,500, 
2,000, and 2,500 m from the 
hypocenter
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Fig. 2 Nagasaki DS02 neutron 
Xuences as a function of energy 
at 1 m above ground for ground 
ranges of 0, 500, 1,000, 1,500, 
2,000, and 2,500 m from the 
hypocenter
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Fig. 3 Hiroshima DS02 gam-
ma-ray Xuences as a function of 
energy at 1 m above ground for 
ground ranges of 0, 500, 1,000, 
1,500, 2,000, and 2,500 m from 
the hypocenter
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Fig. 4 Nagasaki DS02 gamma-
ray Xuences as a function of en-
ergy at 1 m above ground for 
ground ranges of 0, 500, 1,000, 
1,500, 2,000, and 2,500 m from 
the hypocenter
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Table 6 Energy group boundaries and Xuence-to-kerma conversion
coeYcients used in the DS02 code

Group no. Upper energy 
boundary 
(MeV)

Soft-tissue
kerma coeYcient 
(Gy cm2)

Neutron

1 1.96 £ 10+1 6.73 £ 10¡11

2 1.69 £ 10+1 6.73 £ 10¡11

3 1.49 £ 10+1 6.61 £ 10¡11

4 1.42 £ 10+1 6.57 £ 10¡11

5 1.38 £ 10+1 6.47 £ 10¡11

6 1.28 £ 10+1 6.38 £ 10¡11

7 1.22 £ 10+1 6.33 £ 10¡11

8 1.11 £ 10+1 6.04 £ 10¡11

9 1.00 £ 10+1 5.83 £ 10¡11

10 9.05 £ 10+0 5.54 £ 10¡11

11 8.19 £ 10+0 5.45 £ 10¡11

12 7.41 £ 10+0 5.12 £ 10¡11

13 6.38 £ 10+0 4.71 £ 10¡11

14 4.97 £ 10+0 4.58 £ 10¡11

15 4.72 £ 10+0 4.43 £ 10¡11

16 4.07 £ 10+0 4.18 £ 10¡11

17 3.01 £ 10+0 3.55 £ 10¡11

18 2.39 £ 10+0 3.33 £ 10¡11

19 2.31 £ 10+0 3.20 £ 10¡11

20 1.83 £ 10+0 2.73 £ 10¡11

21 1.11 £ 10+0 2.02 £ 10¡11

22 5.50 £ 10¡1 1.30 £ 10¡11

23 1.58 £ 10¡1 8.06 £ 10¡12

24 1.11 £ 10¡1 5.64 £ 10¡12

25 5.25 £ 10¡2 3.17 £ 10¡12

26 2.48 £ 10¡2 2.14 £ 10¡12

27 2.19 £ 10¡2 1.49 £ 10¡12

28 1.03 £ 10¡2 6.39 £ 10¡13

29 3.35 £ 10¡3 2.21 £ 10¡13

30 1.23 £ 10¡3 9.25 £ 10¡14

Table 6 continued

Group no. Upper energy 
boundary 
(MeV)

Soft-tissue
kerma coeYcient 
(Gy cm2)

31 5.83 £ 10¡4 3.09 £ 10¡14

32 1.01 £ 10¡4 1.04 £ 10¡14

33 2.90 £ 10¡5 9.37 £ 10¡15

34 1.07 £ 10¡5 1.36 £ 10¡14

35 3.06 £ 10¡6 2.28 £ 10¡14

36 1.13 £ 10¡6 3.74 £ 10¡14

37 4.14 £ 10¡7 1.50 £ 10¡13

1.00 £ 10¡11

Gamma ray

38 1.40 £ 10+1 2.66 £ 10¡11

39 8.94 £ 10+0 2.28 £ 10¡11

40 7.48 £ 10+0 1.98 £ 10¡11

41 7.00 £ 10+0 1.78 £ 10¡11

42 6.00 £ 10+0 1.61 £ 10¡11

43 5.00 £ 10+0 1.43 £ 10¡11

44 4.00 £ 10+0 1.21 £ 10¡11

45 3.00 £ 10+0 1.03 £ 10¡11

46 2.50 £ 10+0 8.96 £ 10¡12

47 2.00 £ 10+0 7.53 £ 10¡12

48 1.50 £ 10+0 5.84 £ 10¡12

49 1.00 £ 10+0 4.25 £ 10¡12

50 7.00 £ 10¡1 2.86 £ 10¡12

51 4.50 £ 10¡1 1.92 £ 10¡12

52 3.00 £ 10¡1 1.03 £ 10¡12

53 1.50 £ 10¡1 5.30 £ 10¡13

54 1.00 £ 10¡1 3.49 £ 10¡13

55 7.00 £ 10¡2 3.16 £ 10¡13

56 4.50 £ 10¡2 4.64 £ 10¡13

57 3.00 £ 10¡2 1.07 £ 10¡12

58 2.00 £ 10¡2 3.51 £ 10¡12

1.00 £ 10¡2
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Table 7 Hiroshima DS02 code prompt and delayed components for
neutron and gamma-ray FIA Xuence at 1 m above ground for a ground
range of 1,500 m

Group no. Prompt (cm¡2) Delayed (cm¡2)

Neutron

1 0.00 £ 10+0

2 6.56 £ 10+2

3 1.04 £ 10+3

4 7.81 £ 10+2

5 5.14 £ 10+3

6 2.46 £ 10+3

7 1.80 £ 10+4

8 5.19 £ 10+4

9 1.60 £ 10+5

10 3.77 £ 10+5

11 3.39 £ 10+5

12 1.68 £ 10+6

13 4.88 £ 10+6

14 3.36 £ 10+6

15 4.13 £ 10+6 1.03 £ 10+5

16 5.48 £ 10+6 6.10 £ 10+4

17 1.24 £ 10+7 3.04 £ 10+5

18 4.00 £ 10+6 1.36 £ 10+5

19 2.01 £ 10+7 6.83 £ 10+5

20 4.10 £ 10+7 1.60 £ 10+6

21 9.71 £ 10+7 5.53 £ 10+6

22 1.61 £ 10+8 1.11 £ 10+7

23 4.07 £ 10+7 2.96 £ 10+6

24 7.59 £ 10+7 5.55 £ 10+6

25 6.44 £ 10+7 4.74 £ 10+6

26 9.83 £ 10+6 7.30 £ 10+5

27 5.41 £ 10+7 4.01 £ 10+6

28 8.12 £ 10+7 6.04 £ 10+6

29 7.14 £ 10+7 5.32 £ 10+6

30 5.45 £ 10+7 4.07 £ 10+6

31 1.33 £ 10+8 9.98 £ 10+6

32 9.99 £ 10+7 7.56 £ 10+6

33 8.26 £ 10+7 6.28 £ 10+6

34 1.06 £ 10+8 8.02 £ 10+6

35 8.75 £ 10+7 6.55 £ 10+6

36 9.16 £ 10+7 6.76 £ 10+6

37 6.79 £ 10+8 5.23 £ 10+7

Total 2.09 £ 10+9 1.50 £ 10+8

Gamma ray

38 8.63 £ 10+8 2.16 £ 10+7

39 5.42 £ 10+8 2.62 £ 10+7

40 6.35 £ 10+8 6.97 £ 10+7

41 8.43 £ 10+8 1.27 £ 10+8

42 2.36 £ 10+9 7.37 £ 10+8

43 1.53 £ 10+9 1.58 £ 10+9

Table 7 continued

Group no. Prompt (cm¡2) Delayed (cm¡2)

44 1.81 £ 10+9 3.78 £ 10+9

45 9.32 £ 10+8 2.95 £ 10+9

46 1.13 £ 10+9 3.47 £ 10+9

47 1.32 £ 10+9 4.40 £ 10+9

48 1.72 £ 10+9 6.09 £ 10+9

49 1.49 £ 10+9 5.24 £ 10+9

50 2.72 £ 10+9 7.33 £ 10+9

51 2.47 £ 10+9 7.25 £ 10+9

52 5.76 £ 10+9 1.80 £ 10+10

53 4.52 £ 10+9 1.40 £ 10+10

54 4.91 £ 10+9 1.79 £ 10+10

55 4.72 £ 10+9 1.77 £ 10+10

56 1.20 £ 10+9 2.84 £ 10+9

57 4.64 £ 10+7 1.07 £ 10+8

58 2.83 £ 10+5 5.48 £ 10+5

Total 4.15 £ 10+10 1.14 £ 10+11

Table 8 Nagasaki DS02 code prompt and delayed components for
neutron and gamma-ray FIA Xuence at 1 m above ground for a ground
range of 1,500 m

Group no. Prompt (cm¡2) Delayed (cm¡2)

Neutron

1 2.52 £ 10+3

2 4.47 £ 10+3

3 3.17 £ 10+3

4 1.96 £ 10+3

5 8.73 £ 10+3

6 2.88 £ 10+3

7 2.28 £ 10+4

8 4.74 £ 10+4

9 1.46 £ 10+5

10 3.62 £ 10+5

11 3.07 £ 10+5

12 1.50 £ 10+6

13 4.54 £ 10+6

14 3.15 £ 10+6

15 3.68 £ 10+6 2.60 £ 10+5

16 4.69 £ 10+6 1.46 £ 10+5

17 8.57 £ 10+6 5.72 £ 10+5

18 2.52 £ 10+6 2.29 £ 10+5

19 1.22 £ 10+7 1.14 £ 10+6

20 2.36 £ 10+7 2.54 £ 10+6

21 4.54 £ 10+7 8.07 £ 10+6

22 6.30 £ 10+7 1.54 £ 10+7

23 1.48 £ 10+7 4.05 £ 10+6

24 2.67 £ 10+7 7.60 £ 10+6
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RERF to calculate FIA kerma to soft tissue and absorbed
doses to 15 organs of the body for individual survivors
in the major RERF population study samples. A com-
panion paper is planned that will provide typical DS02
Xuence spectra (1) inside Japanese wooden houses, (2)
behind dense shielding structures, and (3) within survi-
vors’ organs from the atomic-bomb at Hiroshima and
Nagasaki.
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