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ABSTRACT

The analysis of radiation doses received during the World War II attack on Nagasaki
provides an important source of biomedical information. More than 40 years after the
war, it has been possible to make a satisfactory calculation of the doses to personnel
inside reinforced concrete buildings by use of a 3-dimensional discrete ordinates code,
TORT. The results were used to deduce a new value of the LD50 parameter that is in
good agreement with traditional values. The new discrete ordinates software appears
to have potential application to conventional radiation transport calculations as well.

INTRODUCTION
Since the wartime attacks on Hiroshima and Nagasaki, it has been widely recognized
that correlating the radiation doses with the resulting physiological effects could ben-
efit such peacetime activities as planning responses to radiation accidents and hostile
attacks. Of special significance are the personnel exposed inside reinforced concrete
buildings, which were the subject of this study. The buildings protected the occupants
from the effects of blast and thermal flash to some extent, and so numerous cases
of high-level radiation injury, uncomplicated by severe mechanical injuries, burns, or
pre-existent illness, could be isolated.

Although various physiological effects could be correlated with the doses, the first
application has been to support a revaluation of the LD50 parameter, i.e. the dose at
which the risk of fatality within a given period (such as 60 days) is 50%. To accomplish
this, it was necessary to screen case histories to provide an unbiased set for which
the location at the time of blast could be established and for which the incidence of
death due to radiation could be determined. This study entailed the construction of



building models, the determination of fluence outside the buildings, and the calculation

of radiation penetration to the site of the personnel. Subsequent statistical processing

then provided the lethality threshold correlation.

BUILDING MODELS
Buildings at ground ranges of roughly 500 m were selected for this study, since this

gave a mix of personnel survival and fatality at each site. The two buildings used in

this study were at Nagasaki because the source is more accurately known there The

first building was the main building at the Chinzei school. It was roughly 70 m by

17 m by 15 m high, and it sat on a hill about 18.3 m above sea level southwest of

"ground zero," i.e. the surface point below the detonation. There were four floors and

a basement, but no cases included in this study were located above the second floor.

The computer model shown in Figure 1 indicates the general layout.

Exterior walls consisted of 25 cm of reinforced concrete, while the floors were 12

cm of that material. The roof was of tile construction. All floors were supported by

concrete pillars and beams. The roof over the partial fourth floor was supported by

wooden posts, while the north end of the building contained an auditorium extending

from the third floor to a roof supported by a steel latticework. Internal walls were

represented as a combination of wood and plaster except in the case of the stairwell

support walls. Based on after-blast photographs, the stairwell walls were modeled as 14

cm of concrete. Various blueprints, sketches, and photographs from post-war studies

were available to guide the detailed modeling. The size and location of the windows

proved to be especially important, and these parameters were chosen with much care.

The second building studied was the south wing of the Shiroyama school. This

building, 56 m by 9 m by 13 m high, sat on a hill 24.4 m above sea level west of ground

zero. The external walls were 30.5 cm of reinforced concrete, while all floors and the

roof were 14 cm concrete slabs. Two external stairwells were located on the north side,

and a passageway led to the other wings. Only a portion of the passageway was modeled

for this study. All interior walls were of the same wood-and-plaster construction used

in Chinzei School.



EXTERNAL FLUENCE

The prompt fluence at the building sites was calculated in several steps. [1] First, the
time-dependent fluence inside the weapon assembly during detonation was determined
using a neu^ronics-hydrodynamics code. Then, a radiation transport code was used to
calculate the escape of fluence from the assembly. With the assembly represented as
a point source, the DOT deep-penetration transport code[2] was used to transport the
radiation through the air-ground environment to the building sites. Special attention
was given to the air density as a function of altitude and to the moisture content. It was
necessary to use several sets of multigroup cross sections at various ranges to account
for the large spectral shift.

The delayed radiation was calculated by an entirely different process. [1] While the
prompi, radiation emerged from a small and virtually motionless source, the delayed
emission was from a large cloud that moved and changed shape and composition during
the emission. Further, the weapon had already perturbed the pressure and temperature
of the air through which the delayed radiation traveled. The calculation was accom-
plished by coupling a model of the debris cloud to an air hydrodynamics code and a
neutron transport code. A special correction for the effect of the ground was made.
While delayed gammas caused roughly half of the dose in the cases studied, delayed
neutrons were negligible.

It became necessary to know how much of the delayed radiation arrived before the
shock wave, since it was assumed that the shock wave disrupted the light-construction
interior walls and threw the personnel to the floor. It was deduced that 70% of the
delayed fluence arrived after the shock wave at the ranges of interest.

BUILDING PENETRATION

The nuclear cross section data for the building were taken from the "DABL-69" set[3]
having 43 neutron energy groups and 26 gamma groups. The models contained only
five basic mixtures: reinforced concrete, earth, air, wood, and plaster. The nuclear
densities are listed in Reference 4, together with many details of the calculations and
results.

The actual penetration into the buildings was performed using the method of dis-
crete ordinates. This method has been in widespread use since the 1950's, and its
strengths and weaknesses are well known. A new computer code, T0RT,[5] was de-
veloped principally for this project; however, numerous features and flexibilities in the



code make it generally useful for a wide diversity of applications. TORT is based on

the well-proven techniques of DOT,[2] and was designed to run very large problems

on a Cray or equivalent computer. Reference 5 describes much of the theory behind

the code as well as instructions for its U3e. The code features nodal and characteristic

procedures that are relatively novel at the level of large production problems.[6,7,8]

Much attention was given to examining the requirements to provide sufficient accu-

racy. In various locations, either streaming through the windows, penetration through

the roof and floors above, or both may dominate. Although weighted difference pro-

cedures were used in early calculations, it was found that the new nodal procedure

provided more dependable results, and it was used in all of the final results. Similarly,

an Sio directional mesh gave results superior to S^, and it was adopted. The use of Pi

scattering was determined to be sufficient, however.

Numerous comparisons of various discrete ordinates, Monte Carlo, and experimen-

tal results were performed in order to prove accuracy. In a result of particular interest,

a model of Chinzei School, similar to Figure 1, was solved using both TORT and the

MORSE Monte Carlo code,[4] with the resulting flux reduction factors for a point at

the center of the first floor:

TORT MORSE
NEUTRON REDUCTION FACTOR 13 14±8%

GAMMA REDUCTION FACTOR 32 27±12%

While the Monte Carlo method was well suited to the complicated geometry of the

model, it could not produce the volume of results required for this study, and it re-

mained a benchmark method.

DOSIMETRY

Three kinds of dose were obtained from the study: free-in-air tissue kerma (FIA), bone

marrow kerma (BM), and small intestine kerma (SI). The latter two responses were

obtained by tabulating the escape of adjoint histories from a Monte Carlo model of a

young adult manikin. [4] Each response was represented as an energy-dependent function

that could be folded with the fluence at a particular location. A three-dimensional

spatial interpolation was employed to relate the response to a particular personnel



Figure 1. Model for Chinzei School.



spatial interpolation was employed to relate the response to a particular personnel
location and to assess the uncertainty in the computed dose due to spatial variations
of the flux.

Tables 1 and 2 summarize dose results at three "key" positions for the two buildings.
The results are given for each of the constituent radiations which comprised the total
dose. Figures 2 and 3 show contour plots of the FIA dose for Chinzei and Shiroyama
Schools, respectively. One may note the marked difference in contour shapes due to the
direct incidence of line-of-sight radiation in Chinzei vs. the acutely scattered radiation
in Shiroyama.

A complete uncertainty analysis was made, although some of the input data were
conjectural rather than rigorous. The estimated random uncertainty in internal dose,
27%, is in good agreement with a 25% value deduced from the observed variability of
the results in the Chinzei School building. Including the data from Shiroyama increases
the observed variability to 54%, however, due to significant differences in the results
obtained in the two buildings. These differences may be due to source errors, modeling
errors, or true differences in the populations of the buildings.

RESULTS AND CONCLUSIONS

It was possible to calculate the doses to personnel in two concrete buildings at Nagasaki
by the use of a novel three-dimensional discrete ordinates procedure. When full statis-
tical analysis was performed on these results,[9] the FIA LD50 for uninjured persons
was in satisfactory agreement with the older values.[4] BM dose was about 70% of the
FIA dose, while SI dose was about 61%. Including cases with mechanical injuries did
not perturb the LD50 significantly, while burn injuries reduced it by roughly 10% or
less.

Numerous people at Oak Ridge National Laboratory, Dikewood Corporation, Sci-
ence Applications International, Defense Nuclear Agency, and elsewhere contributed to
this study as indicated in Reference 4. Their roles are gratefully acknowledged.



TABLE 1
Free-In-Air Doses from Various Sources Outside Building Near,

a Window Facing the Source, and Deep Inside
the First Floor of Chinzei School

Prompt gamma
Air/ground capture gamma
Early delayed gamma*
Late delayed gamma*
Building capture gammas
All gammas
Prompt neutron

Exterior

1083 cGy
2695
1881
4389
0
10048
335

Point 3,
near
window

295 cGy
810
406
953
25
2489
97

Point 1,
center of
first floor

16cGy
59
29
83
11
198
10

Early and late refer to time of survival of the radiation relative to the blast wave.

TABLE 2
Free-In-Air Doses from Various Sources Outside
Building, Near a Window, and Deep Inside the

Second Floor of Shiroyama School

Exterior

770 cGy
2230
1407
3283
0
7690
230

Point 5,
near
window

328 cGy
895
548
1286
23
3080
115

Point 1,
center of
second floor

24cGy
142
45
176
22
409
15

Prompt gamma
Air/ground capture gamma
Early delayed gamma*
Late delayed gamma*
Building capture gammas
All gammas
Prompt neutron

Early and late refer to time of survival of the radiation relative to the blast wave.
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Figure 2. Chinzei School dose distribution. (Logio of FIA dose, cGy)



48 cm above chird floor:

48 cm above second floor:
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Figure 3. Shiroyama School dose distribution. (Logio of FIA dose, cGy)


