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FINDINGS OF A RECENT ORNL REVIEW OF DOSIMETRY
FOR THE JAPANESE ATOMIC-BOMB SURVIVORS

George D. Kerr
ABSTRACT

More detail than previously available on the leakage
spectra of neutrons from the Nagasaki and Hiroshima weapons
was provided by calculations made at the Los Alamos National
Laboratory in 1976. Several neutron-transport calculations
using these data predicted significantly less neutron exposure
in Hiroshima than the current radiation-exposure estimates for
survivors designated as T65D {or Tentative 1965 Doses). The
difference was extremely important since recent studies using
the T65D estimates have predicted a very large leukemia risk
for neutrons at low exposure levels in Hiroshima.

A review of the dosimetry for the atomic-bomb survivors,
requested by the National Council on Radiation Protection
through the U.S5. Department of Energy, was started in late
1979. Several early studies aimed at resolving the discrep-
ancies gave ambiguous results. This was especially true of
sulfur activation by fast neutrons which was more easily
related to neutron leakage from the weapons and to neutron
exposure of the survivors than thermal neutron activation of
other materiais. A breakthrough was provided in mid-1980
by information on sulfur activation found in a Japanese report
on radiation surveys made in the two cities immediately after
the bombings. This information quickly resolved many of the
ambiguities between the newer neutron-transport calculations
and the olider 765D estimates.

Some findings of the review are that the neutron expo-
sures in Hiroshima were probably less than the T65D:estimates
by factors varying from about four at a ground distance of
1000 m to eight at 2000 m, and the gamma-ray exposures were
greater than the T650 estimates starting at about 1000 m and
were probably larger by a factor of about three at 2000 m.

In Nagasaki, the situation was reversed with respect to gamma
rays, and the T65D estimates were higher, but the differences
were small {i.e., about 20% at 1000 m and 30% at 2000 m).

As a result, it now appears that leukemia and other late
effects at lower exposure levels in Hiroshima were due largely
to gamma rays rather than neutrons. This may not be true at
higher exposure Tevels in Hiroshima, however.

Any reanalysis of data on late effects among the atomic-
bomb survivors should be regarded as highly speculative until
some other important issues have been investigated in more
detail. These jssues include the anisotropy in neutron leakage
from the Hiroshima weapon, the energy yield of the Hiroshima
weapon, the shielding factors for houses, and the organ-dose
factors for the atomic-bomb survivors.



INTRODUCTION

The epidemiological studies of the atomic-bomb survivors by the
Radiation Effects Research Foundation (RERF), formerly the Atomic Bomb
Casualty Commission (ABCC), provide invaluable quantitative data on the
late effects of radiation exposure (National Academy of Sciences, 1980;
United Nations, 1980). Because of the importance attached to these data
in the assessment of radiation exposure risks, an up-to-date review of
the dosimetry for the atomic-bomb survivors was recently requested by
the National Council on Radiation Protection (NCRP} through the U.S.
Department of Energy. The expert assistance of others in the review has
been provided at the request of the NCRP by both the U.S. Department of
Energy (DOE) and the U.S. Defense Nuclear Agency (DNA).

A primary objective of the review was to determine whether the
large Teukemia risk for neutrons found at low exposure levels in Hiroshima
by Rossi and Mays (1978) and by Ishimaru et al. (1979) was real or whether
it was the result of a bias in the current radiation-exposure estimates
for survivors designated as T65D (or Tentative 1965 Doses) (Auxier,
1977). The potential for a bias existed because the two weapens dropped
in Japan were of entirely different design, content, and construction
(Brown and MacDonald, 1977; Groueff, 1967). Some radiation-exposure
data were available from test firings of Nagasaki-type weapons, but the
Hiroshima~-type weapon was never fired outside the one combat drop in
Japan.

The Hiroshima weapon, code named Little Boy, was a massive gun-
assembly device (see Fig. 1) which used a small propellant charge to
shoot one piece of 235U down a barrel into a second piece to form a
critical mass at the time of explosion (ATE) (Glasstone and Dolan, 1977;
Thomas and Witts, 1977). This weapon was exploded about 8:15 AM on
August 6, 1945, over the center of the city (see Fig. 2) at a height of
580 m or 1900 feet (Hubbell et al., 1969; Hiroshima and Nagasaki Cities,
1981). The Nagasaki weapon, code named Fat Man, was an implosion-type
device (see Fig. 1) which used thick charges of high explosive (HE) to
compress a subcritical mass of 23%u (and a tamper of 238y) into a
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Fig. 1. Schematic illustrating the principle of a gun-assembly
devige (top) and implosion-type device (bottom) (Glasstone and Dolan,
1977).
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Fig. 2. Map showing built-up areas and location of ground zero
in Hiroshima.



critical mass ATE (Glasstone and Dolan, 1977; Lamont, 1965). It was
expioded about 171:02 AM on August 9, 1945, over the Urakami Valley in
the northern part of the city (see Fig. 3) at a height of 503 m or
1650 feet (Kerr and Solomon, 1976; Hiroshima and Nagasaki Cities, 1981).
The radiation exposure decreases rapidiy with increasing distance
from the burst point of a weapon due in part to geometrical attenuation
and in part to atmospheric attenuation (Abbott, 1973). Thus, one
important parameter in the estimation of a survivor's radiation exposure
is distance from the burst point (or air-zero point) of the weapon (see
Fig. 4). The distance R from air zero in the ¢ase of a flat ground
surface is given by the square root of d2 + H? where H is the weapon's
burst height and d is the survivor's distance from ground zero. If the
terrain near ground zero is uneven, as in Nagasaki, then the slant
distance R is equal to the sguare root of d2 + (H - h)? where h is the
survivor's elevation relative to ground zero. Shielding by uneven
terrain and surrounding structures are other important parameters that
must be taken into account in estimating a survivor's radiativn exposure
{see Fig. 5) (Arakawa, 1960). The structural shielding conditions
reported by survivors who were close to ground zero ATE are broken down
into several categories in Table 1 (Kerr, 1979a; Davis et al., 1966).

TENTATIVE 1965 DOSES

Most of the survivors were exposed inside residential wood-frame
structures (see Table 1), and the uniformity of Japanese house construc-
tion made a definitive dosimetry study feasible (Noble, 1968; Auxier,
1977). The current radiation-exposure estimates take into account a
survivor's shielding by surrounding structures primarily through the
house-shielding factors developed by Cheka et al. (1965), and a survivor's
distance from ground zero through the tissue kerma vs distance relation-
ships developed by Auxier et al. (0Oak Ridge National Laboratbry, 1965b;
Auxier et al., 1966). These estimates are designated as T65D (Milton
and Shohoji, 1968) to distinguish them from some earlier radiation-
exposure estimates for survivors designated as T57D (or Tentative 1957
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Fig. 4. Schematic illustrating the relationship between the height of burst H above ground,
the survivor's distance d from ground zero, and the slant distance R from the burst point or air-zero
point of the weapon.
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Table 1. Approximate percentage of survivors reporting various
exposure conditions at distances less than 1600 m from
ground zero in Hiroshima and 2000 m from
ground zero in Nagasaki

Percentage of Percentage of

Exposure conditions Hiroshima Nagqsaki
survivors survivors
Outdoors
Unshielded 16 5
Shielded 10 10
Indoors
Wooden frame structures 75 65
Concrete and other structures 54 20?

Mostly heayy concrete or brick buiidings.

bAbout half heavy concrete buildings, and about half
light industrial steelframe buildings either at the Steel and
Arms Works south of ground zero or at the Ordnance and Torpedo
Plant north of ground zero.
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Doses) (Arakawa, 1960; Ritchie and Hurst, 1959; York, 1957). In the
case of the Fat Man device, some radiation-exposure data were available
from weapon tests, and these data were used in constructing the T65D
tissue kerma vs distance relationships for Nagasaki. Several duplicate
Fat Man devices were fired during the Trinity test in July 1945 and the
Crossroads Able and Baker tests in 1946 {Wilson, 1956; Auxier, 1977),
and results of these tests indicate the energy yield of the Nagasaki
weapon was equivalent to 22 (£2) kilotons (or kton) of TNT (Malik, 1954;
1980).

There were no data from weapon tests in the case of Little Boy, and
the T65D tissue kerma vs distance relationships for Hiroshima were
constructed by using data from several of the most nearly appropriate
weapon tests and data from reactor experiments (Oak Ridge National
Laboratory, 1965b; Auxier et al., 1966). One reactor experiment at
Los Alamos National Laboratory (LANL) using the Ichiban Critical Assembly
provided data on neutron leakage from Little Boy (0ak Ridge National
Laboratory, 1965a; Thorngate et al., 1966), and another reactor experi-
ment at the Nevada Test Site (NTS) using the ORNL Health Physics Research
Reactor (HPRR) provided data on the penetration of neutrons (and gamma
rays) in an air-over-ground geometry (Haywood et al., 1964; Haywocod,
1965). The resulting tissue kerma vs distance relationships were
normalized to an estimated energy yield of 12.5 (+2.5) kton for the
Hiroshima weapon. Later studies by Lord Penney et al. (1968; 1970) and
by Auxier et al. (Oak Ridge National Laboratory, 1968; Auxier, 1977)
reduced the estimated probable error to x10% (or about 1 kton).

The T65D tissue kerma vs distance relationships were found to agree
in general with results of independent studies by Hashizume et al.
(1967) of the Japanese National Institute of Radiological Sciences
(JNIRS) and Ichikawa et al. (1966) of the University of Kyoto, Japan
(see Fig. 6). The gamma-vray exposurs at various ground distances in
both Hiroshima and Nagasaki were estimated by Ichikawa et al. (1966)
using thermcluminscence of the crystalline component from roof tiles.
Some rather large uncertainities were involved in the distance estimates
of their study (Hashizume et al., 1967). Since roof tiles were used
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only on Japanese houses and all houses close to ground zero were
destroyed, the exact location of each roof-tile sample ATE was in doubt.
The estimates of gamma-ray and neutron exposure in the JINIRS study by
Hashizume et al. (1967) were derived from measurements of the gamma-
induced thermoluminescence in decorative-tile and brick samples and
neutron-induced ©%Co radioactivity in steel reinforcing-rod samples
taken from commercial buildings that had been repaired and used for a
number of years after the bombings. Thus, the exact Tocation of each
sample ATE was well known, and the uncertainty in the ground distance
was minimized. The JNIRS study seemed to confirm the T65D study (Auxier,
1975; Hashizume and Maruyama, 1975a), and the T65D estimates of a
survivor's radiation exposure were used with a great deal of confidence
until recently.

NEUTRON LEAKAGE DATA

A letter was circulated in 1976 by Preeg of LANL which gave more
detail than previously available on the leakage spectra of neutrons (and
gamma rays) from the Fat Man and Little Boy devices (see Tables 2 and 3)
(Preeg, 1976). Included in the letter were the results of some addi-
tional calculations of neutron penetration in an infinite air medium
using the HEART computer code which predicted significantly less neutron
exposure in Hiroshima per unit energy yield of Little Boy than the T65D
estimates. This was also found to be the case in more realistic air-
over-ground calculations in 1977 by Kaul and Jarka of Science Applica-
tions, Inc. (SAI) using the ATR4 computer code (Kaul and Jarka, 1977)
and by J. Pace of ORNL using the DOT computer code {J. Pace, 1977).

Some troublesome discrepancies existed in the air-over-ground calcula-
tions, however. It was shown in 1979 by J. Pace of ORNL that the
moisture content of the air was an extremely important parameter in the
calculations for Little Boy (see Fig. 7) (J. Pace, 1979). Kaul and

Jarka had used a dry NTS-type air in their 1977 calculations, while

J. Pace in his 1977 calculations had used a moist air composition derived
from data on atmospheric conditions existing ATE in Hiroshima (Malik,
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Table 2. Leakage spectra of neutrons from the
Little Boy and Fat Man devices as
calculated by Preeg {1976)

Energy interval Neutron leakage (n kton~!)

(MeV) Little Boy Fat Man

6.07 E+0 to 7.79 E+02 9.54 E+19 5.34 E+19
3.68 E+0 to 6.07 E+0 3.65 E+20 1.10 E+20
2.865 E+0 to 3.68 E+0 4.39 E+20 8.84 E+19
2.232 E+0 to 2.865 E+0 7.79 £420 1.51 E+20
1.738 E+0 to 2.232 E+0 1.21 E+21 1.19 £+20
1.353 E+0 to 1.738 E+0 1.54 E4+21 1.14 E+20
8.23 E-1 to 1.353 E+0 5.18 E+21 2.37 E+20
5.00 E-1 to 8.23 E-1 1.19 E+22 1.66 E+20
3.03 E-1 to 5.00 E-1 1.85 E+22 7.91 E+19
1.84 E-1 to 3.03 E-] 1.65 E+22 8.15 E+19
6.76 E-2 to 1.84 E-1 2.77 E+22 9.88 E+19
2.48 E-2 t0 6.76 E-2 1.18 E+22 4.98 £+19
9.12 E-3 to 2.48 E-2 1.81 E+22 5.30 E+19
3.35 E-3 to0 9.12 E-3 3.98 E+2] 6.35 E+19
1.235 E-3 to 3.35 E-3 3.21 E+21 6.83 E+19
4.54 E-4 to 1.235 E-3 2.11 E+21 1.6 E+22
1.67 E-4 to 4.54 E-4 5.74 E+20 6.10 E+22
6.14 E-5 to 1.67 E-4 1.69 E+20 5.30 E+22
2.26 E-5 to 6.14 E-5 3.76 E+19 2.66 E+22
8.32 E-6 to 2.26 E-5 8.43 E421
3.06 E-6 to 8.32 E-6 2.25 E421
1.13 E-6 to 3.06 E-6 9.56 E+20
4.14 E-7 to 1.13 E-6 6.18 E+19

Total 1.28 £423 1.71 £423

“Read as 6.07 x 100 or 6.07, etc.
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Leakage spectra of gamma rays from
the Little Boy and Fat Man devices as

calculated by Preeg (1976)

Energy interval

Gamma-ray 1eaka?e
(photons kton~1!)

(MeV)

Little Boy Fat Man

9.0 to 10.0 1.67 E+19¢ 9.52 E+18
8.0 to 9.0 1.57 E+19 3.66 E+18
7.0 to 8.0 5.18 E+20 9.52 E+20
6.0 to 7.0 1.36 E+20 2.56 E+20
5.0 to 6.0 1.05 E+20 1.82 E+20
4.0 to 5.0 2.48 E+20 4.46 E+20
3.0 to 4.0 3.78 E+20 7.03 E+20
2.0 to 3.0 5.33 E+20 1.94 E+21
1.0 to 2.0 7.95 E+20 3.65 E+2]
0.5 to 1.0 1.44 E+21 9.80 E+20
0.1 to 0.5 6.26 E+19 2.00 E+20
Total 4.25 E+21 9.32 E+21

%Read as 1.67 x 1019, etc.
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1976). A summary of atmospheric conditions ATE in both Hiroshima and
Nagasaki is given in Table 4 (Malik, 1976; Kaul, 1981; Hiroshima and
Nagasaki Cities, 1981).

One of the first investigations of this review started in 1979 was
of data related to the neutron leakage from Little Boy and Fat Man (see
Table &) (Kerr, 1979b). The most recent data came, of course, from the
Monte Carlo calculations by Preeg (1976). He used a spherically sym-
metric mockup of the weapons and a one-dimensional (1-D) hydro code
which took into account the dynamic effect of weapon burnup on neutron
(and gamma-ray) leakage from the weapons. The Little Boy device was
cylindrically symmetric, and Preeg knew that the 1-D neutron-leakage
calculation was approximate, but he thought in view of time and effort
constraints that it would suffice (Marcum, 1978).

The T65D tissue kerma vs distance relationships in Hiroshima were
constructed from neutron-leakage data obtained in 1964 studies using the
Ichiban Critical Assembly at LANL (Oak Ridge National Laboratory, 1965b;
Auxier et al., 1966). This was also a spherically symmetric mockup of
the Little Boy device. A spherical core of highly enriched uranium was
surrounded by spherical reflector and steel shells simulating the
weapon's tamper and casing (Thorngate et al., 1966). The spherical
design was used to simplify comparisons between experimental measure-
ments and theoretical calculations. However, one LANL calculation,
using Monte Carlo techniques, gave a value of 0.57 for the number of
leakage neutrons per fission and another, using muitigroup techniques,
gave a value of 0.81 (Thorngate et al., 1966). This higher theoretical
value was in good agreement with the experimental value obtained by ORNL
(see Table 5). The ORNL measured value of 0.77 (or more precisely
0.766) fast neutron per fission and another ORNL measured value of
1.14 x 107! Gy (1 gray or Gy = 100 rad) for the mean tissue kerma per
unit fluence (n cm~2) of fast neutrons having energies greater than
1 keV (Thorngate et al., 1966) gave
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Table 4. Summary of atmospheric conditions in
Hiroshima and Nagasaki ATE

Parameter Hiroshima Nagasaki

Atmospheric pressure (millibar)

Ground zero“b 1018 1014
Burst height 950 955
Atmospheric temperature (°C)
Ground zeroab 26.7 28.8
Burst height 23.0 25.6
Relative humidity (%)
Ground zerg® 80 71
Burst zero” 71 67
Dry air density (kg m~3)
Ground zero® 1.151 1.138
Burst height™ 1.095 1.088
Mean 1.123 1.113
Water vapor density (kg m-3)
Ground zero® 0.0203 0.0202
Burst height® 0.0146 0.0160
Mean 0.0174 0.0181
Atmospheric density (kg m-3)
Ground zero® 1.171 1.158
Burst height® 1.110 1.104
Mean 1.140 1.131

“Surface weather data from the Hiroshima District
Meteorological Observatory at 8:00 AM on August 6, 1945, and
the Nagasaki Meteorological Observatory at 11:00 AM on
August 9, 1945, See, for example, Hiroshima and Nagasaki
Cities (1981).

bEstimates of atmospheric conditions at burst height
from Malik (1976).

“Kaul (1981). Calculations using data on pages F-6 to
F-8, D-94, and E-7 to E-12 of the Handbook of Chemistry and
Physics (Weast, 1965).



Table 5. Summary of data on fast neutron and total neutron leakage from several devices

Total neutron leazkage fast neutron leakage?
Device . Type of A
investigation Neutron Neutron perb Neutron Neutron per
per fission per fission
fission neutron born fission neutron born
Ichiban Eritical LANL Monte Carlo 0.57 0.23
Assembly calculation®
ORNL experimental 0.77 0.31
measurement®
LANL muitigroup 0.81 0.33 0.79 0.32
calculation®
Little Boy ORNL experﬁmegta? 0.75 0.30
measurement
LANL Monte Carlo 0.86 0.35 0.84 g.34
calculation®
Fat Man ORNL experimegta? £.003 0.0009
measurement
LANL Monte Carlo 1.18 0.417 g.o0M $.0036
calculation®

ANeutrons with energies greater than 1 keV.

bAssumes that the average number of neutrons produced for each fission was 2.5 in the 235y
fueled Ichiban Critical Assembly or Little Boy device and 2.9 in the 23%Pu fueled Fat Man device.

“Thorngate et al. {1966).
doak Ridge National Laboratory (1969).
®preeg (1976).

8l
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as the T65D neutron-leakage factor for the tissue kerma at the burst
point of Little Boy (Auxier et al., 1966).

Additional neutron-leakage experiments using duplicate Little Boy
and Fat Man devices were conducted by ORNL in 1968 at the Burlington
Arsenal (Oak Ridge National Laboratory, 1969). These experiments were
made possible by the increased availability of 252(f, which produces
spontaneous fission neutrons at a rate of about 2.34 x 1012 n s-1 gm~1
of source material (Barker, 1969). It was determined from careful
comparisons with neutron sources calibrated by the U.S. Kational Bureau
of Standards that the neutron emission rate of the nominal 300-ugm
source used in the measurements was 6.07 x 108 n s=1 (Wagner and
Shinpaugh, 1968). The Burlington Arsenal replaced the HE and the core
components with polyethylene and depleted uranium, respectively, and
provided small bores for centering the 252Cf source in the replacement
cores of depleted uranium (see Figs. 8 and 9). A fast neutron-leakage
value based on neutron flux measurements made at a radius of 2 m from
the 252Cf source in the Little Boy device {see Fig. 10) is given in
Table 6 (Kerr, 1979b). These data indicate a leakage of about 0.30 fast
neutron per fission neutron born (or neutron from the 252Cf scurce) and
0.75 fast neutron per fission if it is assumed that 2.5 neutrons were
produced on the average per fission in the 235y fueled Little Boy device
(Murray, 1957). If it is further assumed that 2.9 neutrons were pro-
duced on the average per fission in the 23%Py fueled Fat Man device,
then the 2-m neutron-flux measurements (see Fig. 11) indicate a leakage
of about 0.0009 fast neutron per fission neutron born (or neutron from
the 252Cf source) and 0.003 fast neutron per fission (Kerr, 1979b).
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Table 6. Leakage of fast neutrons based on ORNL experiments using a duplicate
Little Boy device (Oak Ridge National Laboratory, 1969?
Angle of Angular interval Element of area Neutron
neutron flux about represented by Measured leakage
measurement, flux measurement, flux measurement,? neutron flux, rate,
o (degrees) 0 (degrees) AS (cm?) ¢ {n cm~2 s71) oAS (n s—1)
0 to  9.25 3.27 E+3P 153 5.00 E+5
18.5 9.25 to 27.7% 2.56 E+4 161 4.12 E+6
45.0 27.75 to 62.25 1.05 E+5 255 2.68 E+7
71.5 62.26 to 80.75 7.66 E+4 356 2.73 E+7
90.0 80.75 to 99.25 8.08 E+4 418 3.38 E+7
108.5 99.25 to 117.75 7.66 E+4 449 3.44 E+7
135.0 117.75 to 152.25 1.05 E+5 466 4.89 E+7
161.5 152.25 to 170.75 2.56 E+4 350 8.96 E+6
180.0 170.75 to 180.0 3.27 E+3 185 6.05 E+5
Total 5.03 E+5 1.85 E+8
Emission rate of neutrons from Californium-252 source = 6,07 E+8 n s-!
Leakage of source neutrons from the weapon = ggz&;zneéigg?gﬁ ;:EZ = ;:gg E:g = 0.30

Neutron flux measured at a radius of 2 m from 252Cf fission-neutron

center of weapon.

bRead as 3.27 x 103, etc.

source located at

€
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Fig. 11. Neutron flux measured at a radius of 2 m from a 2°2Cf
source at center of Fat Man's core. The neutron emission rate of the
source was 6.07 x 108 n s-! (Wagner and Shinpaugh, 1968).
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The experimental ORNL data and the theoretical LANL data on neutron
leakage from Fat Man differ significantly (see Table 5). Because of
the high hydrogen content of the thick HE layer about Fat Man's core,
most of the fast neutrons were moderated down to thermal energies before
they escaped from the device. The thermalized neutrons from the "cold"
device used in the ORNL measurements had energies of approximately
0.025 eV, while the thermalized "bomb" neutrons from the "hot" device
considered in the LANL calculations have energies of the order of
0.1 keV. In fact, the high energy tail of the Maxwellian distribution
(Murray, 1957) of thermalized "bomb" neutrens extended up into the fast
neutron-energy region above 1 keV. Only a small percentage of the
neutrons escaped from Fat Man as fast neutrons, but they were guite
energetic because of "hardening” of the fast-neutron spectrum by the
hydrogen (Ing and Cross, 1975a) in the thick HE layer. The leakage
spectrum of fast neutrons (and "bomb" thermal neutrons with energies
above 1 keV) had an average energy of about 1.6 MeV in the case of Fat
Man and only about 0.3 MeV in the case of Little Boy. Mostly fast
neutrons escaped from Little Boy, but they were severely degraded in
energy because of "softening” of the fast-neutron spectrum by the iron
(Ing and Cross, 1975b) in its massive steel casing.

The experimental ORNL data and the theoretical LANL data on both
"hot" and "cold" devices seemed to indicate that the effect of weapon
burnup on neutron leakage from Little Boy was small (see Table 5), and
the T65D neutron-leakage factor of 1.00 x 107 Gy m2 kton~! was found to
agree quite well with that obtained from Preeg's 1976 calculations of
the neutron-leakage spectrum from Little Boy (see Table 7) (Kerr, 1979b).
Thus, substantial agreement was found among the theoretical and experi-
mental data related to neutron leakage from the Ichiban Critical Assembly
and the Little Boy device, and the investigation failed to resolve the
large discrepancy between the older T65D estimates (Auxier et al., 1966)
and newer theoretical calculations (J. Pace, 1977) of the neutron
exposure in Hiroshima. Air-ground interface effects {French and Mooney,
1970; Straker, 1971) were also eliminated as a source of this large
discrepancy through a series of theoretical and experimental investiga-
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Table 7 (continued)

Energy interval

Energy spectrum Normalized energy Tissue kerma
of spectrum of per

Mean tissue kerma
per fluence

(MeV) Teakage neutrons, leakage neutrons, fluence neutron,? neutron,

AN %n kton=1) AN* = AN/N K (Gy n=! ecm2) KaN* {Gy n~! cm2)
6.14 E-5 to 1.67 E-4 1.69 E+20 1.36 E-3 1.51 E-14 2.05 E-17
2.26 E-5 to 6.14 E-5 3.76 E+19 3.03 E-4 1.05 E-14 3.18 E-18
Total 1.24 E+23 1.00 E+0 1.03 E-11

Neutron-leakage factor

1.02 E+7 Gy m? kton-!

(1/4 =)(1.24 E+23 n kton=1)(1.03 E-11 Gy n-! cm2){1 m/100 cm)?

9see Appendix B, National Council on Radiation Protection (1971a).

bread as 6.07 x 100

or 6.07, etc.

L2
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tions in 1979-1980 using the U.S. Army Pulsed Radiation Division Reactor
(APRDR) (Kazi et al., 1979; Robitaille and Hoffarth, 1980).

SULFUR ACTIVATION DATA

Several other investigations of this review aimed at resolving the
discrepancy between the newer theoretical calculations (J. Pace, 1977)
and T65D estimates (Auxier et al., 1966) of neutron exposure in Hiroshima
gave ambiguous results. This was especially true of sulfur activation
by fast neutrons which was more easily related to neutron leakage from
the weapons than thermal neutron activation of phosphorus in bone
samples, trace elements in the ground, and cobalt in steel samples
(Wilson, 1956; N. Pace and Smith, 1959; Arakawa, 1962; Takeshita, 1975;
Hashizume and Maruyama, 1975b). The neutron-leakage calculations by
Preeg (1976) and the neutron-transport calculations by J. Pace (1977)
for the Fat Man device exploded in Nagasaki were substantiated in 1980
by Kerr (see Fig. 12) using data on fiuence of fast neutrons with
energies above Z.5 MeV as indicated by sulfur activation measurements
made during the Trinity test (N. Pace and Smith, 1959; Klema, 1945) and
the Crossroads Able test (Biggers and Waddell, 1957; Glasstone, 1950).
However, the newer theoretical calculations by Preeg (1976) and J. Pace
(1977) predicted a relative value {(Hiroshima/Nagasaki) for sulfur
activation of about unity compared with about three, quoted by Wilson
(1956), and about 3.5, which is obtained if the sulfur activation is
assumed to be proportional to the T65D estimates of tissue kerma from
neutrons at ground zero in the twe cities (Kerr, 1980a).

A major breakthrough in the review came in July 1980 from a report
by Miyazaki and Masuda (1953) on Japanese radiation surveys made immedi-
ately after the bombings in 1945. This paper states: "The intensity of
radiation (from neutron activation of the ground) about the hypocenter
(or ground zero) is approximately 45 J (where 1 J is equivalent to one
jon-pair s”! cm~3 of air under standard conditions or a tissue kerma
rate of about 17.5 pGy hr~!) both in Nagasaki and Hiroshima (about six
months after the bombings). According to K. Kimura the intensity of
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radiophosphorus caused by slow (or thermal) neutrons in Hiroshima was
four times that in Nagasaki, while the intensity of radioactive sulfur
caused by fast neutrons at Nagasaki was 1.6 times higher than at
Hiroshima. Therefore, the cause of the intensity of radiation about the
hypocenters has not been explained yet." The relative value (Hiroshima/
Nagasaki) of 0.63 for sulfur activation in this report is quite different
from the relative value of about three quoted by Wilson (1956). An
extensive investigation was, therefore, undertaken of data related to
sulfur activation from the two weapons (Kerr, 1980a; 1980b).

The most detailed and widely referenced set of data on measurements
of radioactive 32P produced by the reaction 32S(n,p)32P in sulfur used
in insulators of utility poles in Hiroshima appears in reports by
Yamasaki and Sugimoto (1945; 1953b) and by N. Pace and Smith (1946;
1959). Al11 these reports contain data (see Table 8) on disintegrations
per minute (dpm) per gram of sulfur (gm of S) extrapolated to August 6,
1945, from measurements made on September 20, 1945. These measurements
of the beta particles from the decay of 32P were made through an
0.0015-mm aluminum window of a calibrated Lauritsen electrometer at the
Institute of Physical and Chemical Research in Tokyo, which had been
heavily involved in Japanese research on atomic weapons during the war
(Pacific War Research Society, 1972; Coffey, 1971). The most accessible
of the above reports is the one published in 1946 by N. Pace and Smith
which was reprinted in 1959 by the ABCC.

No eguivalent data from measurements using a calibrated detector
could be found for sulfur activation in Nagasaki. The report by
Nakaidzumi (1945) which was referenced by Wilson (1956) gives no informa-
tion on sulfur activation in either city; it only provides estimates of
the fast-neutron fluence in Hiroshima derived from the sulfur activation
study of Yamasaki and Sugimoto in late 1945, when the cross section of
the 32S(n,p)32P reaction was not well known (Yamasaki and Sugimoto,
1953b; Japanese Army Medical School, 1953). If the estimated fast-
neutron fluences in Hiroshima from Nakidzumi (1945) are compared with
the estimates in Fig. 2 of Wilson (1956) for the fluence of fast neutrons
with energies above 2.5 MeV in Nagasaki (or 3.0 MeV quoted by Wilson),
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Table 8. Neutron-induced 32P radioactivity in
sulfur of utility pole insulators in
Hiroshima from measurements by
Yamasaki and Sugimoto
(1945; 1953b)

- Ground Initial
Sample? distance radioactivity
(m)a,b (dpm per gm of S)%Dsc
A 270 2200
B 120 2900
C 350 300
D 380 1100
E 100 2200
F 460 1100
G 440 1300
H 740 660
J 1000 210
K 860 340

9See map in Yamasaki, Sugimoto, and Kimura
(1953a) and table in Yamasaki and Sugimoto (1953b).

bsee Fig. 7 in N. Pace and Smith (1959).

“Radioactivity in disintegrations per minute
(dpm) per gram of sulfur (gm of S) extrapolated to
August 6, 1945, from measurements made on
September 20, 1945.
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then the relative values at ground distances between 0 and 500 m (see
Table 9) indicate about three times as many neutrons above 2.5 MeV in
Hiroshima as in Nagasaki.

Some better founded relative values for sulfur activation in the
two cities were eventually derived from empirical equations fitted to the
measurements of Yamasaki and Sugimoto (N. Pace and Smith, 1959) and the
Crossroads Able measurements (Glasstone, 1950) (see Table 10). These
empirical equations gave relative values (Hiroshima/Nagasaki) more
consistent with the relative value of 0.63 quoted by Miyazaki and Masuda
(1953) and the relative value of about unity derived from the theoretical
neutron-leakage data of Preeg (1976) and thecretical neutron-transport
data of J. Pace (1977). The initial sulfur activation was estimated
from the reported fast-neutron fluences for the Crossroads Able test
(Glasstore, 1950; Biggers and Waddell, 1957) using a cross section of
230 millibarns (or 0.23 x 10-2% cm?) with a probable error of about
30 millibarns (or +15%) (Hurst and Ritchie, 1959; Allen et al., 1957;
Bainbridge, 1947). In early measurements using sulfur as a threshold
detector, the usual practice was to calibrate the counting system by
irradiating a sulfur sample with a known fluence of 14-MeV neutrons and
to report the activation of other samples in terms of the fluence of
14-MeV neutrons producing equal activation in the sulfur detectors. The
value of 230 millibarns (%15%) agrees quite well with the cross section
of about 255 millibarns for the 325(n,p)32P reaction at 14 MeV (Allen et
al., 1957) and the fission-spectrum weighted value of 229 miilibarns
used for the 32S(n,p)32P reaction in ORNL threshold-detector measure-
ments made during later weapon tests (Hurst and Ritchie, 1958).

Finally, the results of a theoretical investigation of sulfur
activation in the two cities, which takes into account the variation in
the cross section of the 32S5{n,p)32P reaction with neutron energy
through the use of theoretical neutron-spectrum data from J. Pace's 1977
calculations, are shown in Figs. 13 and 14. Note that the theoreticai
values in Fig. 13 for sulfur activation in Nagasaki are in excellent
agreement with the experimental data on the duplicate Fat Man device
fired during the Crossroads Able test (Biggers and Waddell, 1957). The
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Table 9. Estimates of the fluence of fast neutrons with
energies greater than 2.5 MeV in Hiroshima from
Nakaidzumi (1945) and in Nagasaki from
Wilson (1956)

Fluence of neutrons with energies

Ground greater than 2.5 MeV Hiroshima
distance, (n cm™2) to Nagasaki
{m) ratio

Hiroshima® Nagasaki?
0 8.2 x 1011 4,0 x 1011 2.1
500 3.3 x 101! 7.0 x 1010 4.7
1000 7.0 x 1010 6.5 x 103 10.8

%See fast neutron fluences in Table 66, map in Fig.
17-2, and sulfur activation data in Fig. 19 of report by
Japanese Army Medical School (1953). These estimates of the
fast neutron fluence in Hiroshima were derived from the sul-
fur activation measurements of Yamasaki and Sugimoto (1953b).

bsee Fig. 2 in Wilson (1956). The effective threshold
energy for the production of 32P in sulfur by the reaction
325(n,p) 32P is quoted as 3.0 MeV instead of the 2.5 MeV used
in this report.
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Table 10. Estimates of sulfur activation by fast neutrons
having energies greater than 2.5 MeV in Hiroshima from
Yamasaki and Sugimoto (1953b) and in
Nagasaki from Glasstone (1950)

Initial radioactivity of 32P in sulfur

Ground Hiroshima
distance (dpm per gm of S) to Nagasaki
(m) Hiroshima® Nagasaki? ratio

0 2.8 x 103 9.5 x 103 0.29
500 1.0 x 103 1.6 x 103 0.63
1000 1.7 x 102 7.6 x 101 2.2

%See Fig. 7 of N. Pace and Smith (1959). These estimates
are based on an empirical equation developed by them to
describe the sulfur activation measurements by Yamasaki and
Sugimoto (1953b).

bSee Equation 7.58.1, Table 7.59, and Fig. 7.59 of Glass-
tone (1950). These estimates of the fast neutron fluence are
based on sulfur activation measurements made during the
Crossroads Able test. The effective threshold energy for the
production of 32P in sulfur by the reaction 32S(n,p()] 32p §g
quoted as 3.0 MaV instead of the 2.5 MeV used in this report.
A mean cross section of 230 millibarn with a probable error of
about 30 millibarns (+15%) was used in estimating the initial
radioactivity of 32P in sulfur from the fast-neutron fluences
reported in Glasstone (1950).
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low Crossroads Able values probably resulted from inadvertent shielding
of some sulfur detectors due to a rather large difference between the
targeted and the actual burst poiht of the air-dropped device. A
relative value (Hiroshima/Nagasaki) of about unity for sulfur activation
near ground zerc is predicted by the theoretical calculations (see

Figs. 13 and 14). Note, however, that the theoretical data overestimate
the sulfur activation according to the experimental data from measure-
ments made near ground zero in Hiroshima, but at larger ground distances
the expérimenta] and theoretical data are in good agreement. It was
eventually determined that this was probably due to the spherically
symmetric mockup of Little Boy used by Preeg and to his calculated 1-D
leakage from the device (Kerr, 1980b). The 1-D neutron-leakage approxi-
mation becomes less important at the larger ground distances of most
interest (i.e., 1000 m or more) since neutron scattering in air will
tend to mask any initial anisotropy in the actual neutron leakage from
the cylindrically symmetric Little Boy device.

A blind spot in the neutron leakage through the nose of Little Boy
was noted in the experimental measurements using a duplicate device (see
0 and 18.5° angles in Fig. 10). There was considerably more steel in
the nose than in the sides of the device {Birch, 1947; Malik, 1981), and
the differences in the leakage spectra of fast neutrons with energies
above 2.5 MeV through the sides and nose (Bartine, 1981) were extremely
important with regard to sulfur activation near ground zero in Hiroshima.
A directional dependence was also noted in the éxperimenta} data on sulfur
activation at ground distances of 500 m or less (see Fig. 14). The
sulfur activation was lower, in general, to the west than to the east.
This would have occurred if the weapon's nose were not pointed directly
downward ATE. A calculation using drop data from a report by Caudle
(1965) indicated that the weapon was canted ATE about 15° with respect
to the vertical (Kerr, 1980b). Since the direction of approach of the
bombing and observation aircraft was from ENE toward WSW (see Fig. 15)
(United States Strategic Bombing Survey, 1947; Knebel and Bailey, 1960;
Marx, 1967), the weapbn‘s nose would have been pointed at a ground
location about 150 m WSW of ground zero. The Fat Man device dropped in
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Nagasaki (Marx, 1971) was also probably canted ATE at about 15° to the
vertical, but it was a spherically symmetric device with nearly isotropic
neutron leakage {see Fig. 11).

STEEL ACTIVATION DATA

Two steel samples from a steel-reinferced concrete building were
used in the JNIRS study by Hashizume et al. (1967). One was a surface
steel sample, and one was part of a steel reinforcing rod embedded at a
depth of 8 cm {or 3 inches) in an exterior wall facing ground zero. The
thermal neutron-induced ®%Co radiocactivity was measured in the two
samples, and the results were used to obtain a value for the ¢%Co radio-
activity in the 8-cm deep sample due to thermalization of fast neutrons
within the concrete wall. To convert this value to a tissue kerma from
fast neutrons, Hashizume et al. (1967) used the HPRR neutron-leakage
spectrum, which provides a mean tissue kerma of about 2.5 x 10-1! Gy per
unit fluence (n cm™2) of fast neutrons having energies greater than
1 keV. Since the theoretical neutron-transport calculations by J. Pace
(1977) gave a much smaller value, about 1.0 x 10711, for this kerma in
Hiroshima, the JNIRS estimates of neutron exposure in Hiroshima were
predicted to be high by a factor of at least two and one-half (Kerr,
1980a).

It was discovered before a more detailed investigation of the JNIRS
steel-activation data was started at ORNL that these data were also
being investigated at Lawrence Livermore National Laboratory (LLNL). At
an ORNL meeting on August 20, 1980, Loewe and Mendelsohn (1980a) of LLNL
discussed their studies related to the dosimetry for atomic-bomb
survivors. They had attempted to use the LANL neutron-leakage data of
Preeg (1976) to calculate the JNIRS measured 5CCo-activation value at a
ground distance of 1180 m in Hiroshima (Hashizume et al., 1967), but the
agreement between the JNIRS measured value and the LLNL calculated value
was very poor. The reason for the poor agreement was resolved as a
result of the ORNL meeting {Loewe, 1980b), and the LLNL calculations
eventually provided a revised JNIRS estimate of 0.11 Gy for the tissue



40

kerma from neutrons at a ground distance of 1180 m in Hiroshima compared
with the original JNIRS estimate of 0.51 Gy (Loewe and Mendelsohn,
1980a). Thus, it was concluded from the various investigations of data
on neutron activation of sulfur and steel that there was significant
bias in the T65D estimates of neutron exposure in Hiroshima.

TISSUE KERMA FROM NEUTRONS

Calculations of the weapon radiation fields in air-over-ground at
the large ground distances of interest (i.e., 1000 m or more) demanded
the use of a computer code employing discrete ordinate transport (DOT)
techniques and a relatively small set of coupled neutron and gamma-ray
interaction cross sections (Abbott, 1973). One such set, developed at
ORNL at the request of DNA for general use in modern nuclear weapon
calculations, consists of 37 neutron and 21 gamma-ray groups (Bartine et
al., 1977). It employs a 300°K Maxwellian weighting spectrum for the
thermal neutron group and a 1/E weighting spectrum for all higher-energy
neutron groups. This cross-section set was used by J. Pace in his 1977
calculations for Little Boy and Fat Man. The 1980 calculations by Loewe
and Mendelsohn (1980a) of LLNL suggested that the above 37 neutron-group
set of cross sections overestimated the neutron exposure in the case of
the severely degraded-energy spectrum of fast neutrons from Little Boy.

Updated calculations by J. Pace (1981) of ORNL and Kaul (1981) of
SAI using cross-section sets tailored more appropriately to Little Boy
and Fat Man are shown in Figs. 16 and 17 (Kerr, 1981). Kaul also used a
moist air composition typical of that existing in each of the two cities
ATE (see Table 4) rather than the dry NTS-type air of his 1977 calcula-
tions. Note that there is only a small difference between the results
of J. Pace's 1977 and 1981 calculations of the neutron exposure in
Nagasaki from Fat Man, which had an extremely energetic leakage spectrum
of fast neutrons compared with Little Boy. The results of the most
recent calculations by LLNL (Loewe and Mendelsohn, 1980a), SAI (Kaul,
1981), and ORNL (J. Pace, 1981), which use somewhat different neutron
cross-section data and neutron energy-group structures but the same DOT
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calculation techniques, are now in close agreement with regard to the
neutron exposure in Hiroshima.

The air-over-ground calculations by J. Pace (1981) used a four
element ground (J. Pace et al., 1975) and a layered moist air having an
exponentially decreasing density between the ground and the burst height
of the weapon (see Table 4). Findings by J. Pace (1979) regarding the
importance of moisture content in the atmosphere on neutron penetration
are consistent in general with a study by Banks et al. (1978). 1In
comparison with the effect of atmospheric moisture content on neutron
(and secondary gamma-ray) penetration in air-over-ground, the studies by
Banks et al. (1978) and Gritzner et al. (1976) indicate that composition
and moisture content of ground are relatively unimportant. However, it
would appear prudent to better characterize both the major and minor
constituents of the ground in Hiroshima and Nagasaki {Arakawa, 1962;
Hashizume et al., 1969; Hashizume and Maruyama, 1975b).

TISSUE KERMA FROM GAMMA RAYS

The DOT calculations using Preeg's leakage data on both neutrons
and gamma rays (see Tables 2 and 3) give the radiation exposure to
neutrons and gamma rays from the exploding weapon and to secondary gamma
rays produced by neutron interactions in the air and ground. To these
radiation components must be added gamma rays emitted by the decay of
fission products in the fireball formed after the explosion. Calcula-
tion of the latter is quite complex due to the immediate rise of the
fireball, the rapid decay of fission products in it, and the blast-wave
enhancement of the radiation exposure to these gamma rays. The radia-
tion exposures to delayed neutrons from the fireball and secondary gamma
rays produced by delayed neutrons are thought to be negligibly small,
but these components need to be investigated further.

An important parameter which is not taken into account in treat-
ments of the fireball gamma-ray field of a weapon such as those in the
1977 Edition of The Effects of Nuclear Weapons {ENW-77) (Glasstone and
Dolan, 1977) and DNA Effects Manual No. 1 (EM-1) (Defense Nuclear
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Agency, 1972) is the relative source strength of the gamma rays from the
fission products of the various fissionable isotopes of uranium and
plutonium. Marcum of R & D Associates (RDA) pointed out in a 1978
review of data related to dosimetry for atomic-bomb survivors that gamma
rays from the fission products of 235U, 239Py, and 238U have relative
source strengths of about 1.00, 0.67, and 1.75, respectively (Marcum,
1978). Little Boy was nearly all 235U, whereas Fat Man, according to
both Preeg and Marcum, had about 80% of its fissions in the 23°%Py core
and 20% in the 238U tamper. If 235U is used as a standard, then Fat Man
would have a relative source strength of about 0.88 (Marcum, 1978).
These source values are reflected in an important way in the total
gamma-ray exposure since the fireball gamma-ray component is comparable
in magnitude with that from secondary gamma rays.

A study to improve the modeling of the fireball gamma-ray field of
a nuclear weapon was undertaken in 1980 by Scott of SAI, and he con-
cluded that comparisons with the best available weapon test measurements
were improved when the correct time-dependent decay spectra of gamma
rays from the fission products of uranium and plutonium were included in
the calculations (Scott, 1981). The agreement between measured and
calculated values was within 10 to 20% when the appropriate isotopic
time-dependent sources for a tested weapon were incorporated in the
NUIDEA code of SAI (Straker and Husar, 1976) which uses the so-called
LAMB blast-wave enhancement and fireball-rise models (Needham and Whittmer,
1975). One important finding of Scott's 1980 study was that the data in
EM-1 and ENW-77 overestimate the radiation exposure from the fireball
gamma-ray field of Little Boy and Fat Man by factors of two or more.

The results of the best state-of-the-art calculations by Scott
(1981) and J. Pace (1981) have been summed to obtain the gamma-ray
exposure values for Hiroshima and Nagasaki shown in Figs. 18 and 19
(Kerr, 1981). Energy yields and burst heights of 22 kton and 503 m were
used for the Nagasaki explosion, and 12.5 kton and 580 m for the Hiroshima
explosion. Note that the calculated values and experimental JNIRS
values, which for reasons discussed earlier are usually considered to be
the more reliable of the two Japanese data sets, agree to within 10% in



%L o

wn

SN

TISSUE KERMA IN AIR FROM GAMMA RAYS (Gy)
3)

10!

45

ORNL -DWG 81-10068R

I
HIROSHIMA

BURST HEIGHT = 580 m
ENERGY YIELD =12.5 kion

A
\ —— ORNL/SAI (THIS WORK)

I I

NN

l

a KYOTO UNIVERSITY (ICHIKAWA
et al. 1966)
o JNIRS (HASHIZUME et al. 1967)

Cobnd

— C~TOTAL FROM ALL GAMMA SOURCES ~ —
- \., —d
= 2, FISSION PRODUCT GAMMAS =
= & FROM FIREBALL (100% 23U -
- ., FISSIONS - SCOTT 1981) -
\ NEUTRON CAPTURE
- {_ GAMMAS FROM AIR —
= AND GROUND I
— (PACE 1981)
. GAMMAS -
| WEAPON —
l
0 500 1000 1500 2000

GROUND DISTANCE (m)

Fig. 18. Comparison of theoretical and experimental data on
gamma-ray exposure in Hiroshima as a function of ground distance.



TISSUE KERMA IN AIR FROM GAMMA RAYS (Gy)

103

10!

46

ORNL -DWG 81-10066R

= l l I
— NAGASAKI

BURST HEIGHT = 503 m
ENERGY YIELD = 22 kton

Lol

i

s KYOTO UNIVERSITY (ICHIKAWA
\, et al. 1966)

% e JNIRS (HASHIZUME et al. 1967)
N, — ORNL/SAl (TH!S WORK)

%

i
ool

I

Re, ~TOTAL FROM ALL. GAMMA
¢ SOURCES

RERILL
oo

NEUTRON CAPTURE
" caumas GAMIMAS FFOM AR —
FROM WEAPON

(PACE 1981)

FISSION PRODUCT GAM%S
FROM FIREBALL (80% 23%y A
AND 20% 238y FISSION;;,//
| SCOTT {98f)—

T

O 500 1000 1500 2000

GROUND DISTANCE (m)

Fig. 19. Comparison of theoretical and experimental data on
gamma-ray exposure in Nagasaki as a function of ground distance.



a7

Hiroshima. The overall agreement is not as good in Nagasaki, where the
difference is about 20% at a ground distance of about 1000 m. Sensi-
tivity studies, which are needed to set 1imits of precision on the
calculated values for both neutrons and gamma rays, may help to resolve
the reasons for the larger observed difference in Nagasaki.

KERMA RELAXATION LENGTH

Values of the radiation exposure from the recent calculations by
J. Pace (1981) and Scott (1981) are compared with those from the T65D
tissue kerma vs distance relationships of Auxier et al. (1966) in
Figs. 20 and 21, as functions of In {KR?) and R, where K is the tissue
kerma in air and R is the slant distance from the burst point of the
weapon (see Fig. 4). If the plot of In (KR?) vs R is a straight line,
then the radiation exposure can be specified by the relationship

K=g EXP (-R/L) (2)

where G, is the extrapolated source term {i.e., ordinate intercept) and
L is the kerma relaxation length (i.e., slope of the straight line).
This equation was assumed in the T65D study (Auxier et al., 1966) and
several previous studies of dosimetry for the Japanese atomic-bomb
survivors (York, 1957; Wilson, 1956; Harris, 1955b) (see Table 11).

The calculations by J. Pace (1981) yielded essentially the same
kerma relaxation length for neutrons in Nagasaki as that assumed in the
T65D study for neutrons in both cities (see Fig. 20). During the
Operation BREN studies with the HPRR {Stephens and Aceto, 1962) and a
variety of modern weapon tests (Auxier et al., 1961; Hurst and Ritchie,
1958; Harris et al., 1955a), an invariant or equilibrium spectrum of air
transport neutrons was observed starting at a distance R of several
hundred meters, and the kerma relaxation length for neutrons was found
to be a constant at greater distances (Glasstone 1957; 1962). This
simply did not happen in Hiroshima due to the severely degraded energy
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Table 11.

previous studies of dosimetry for the atomic-bomb survivors {York, 1957;
Wilson, 19563 Harris, 1955b)

Summary of parameters from the T65D study (Auxier et al., 1966) and several

Auxier et al. York Harris Wilson®
Parameter 1965 1957 1955 1957
Hiroshima
Energy yield, W {kton) 12.5 18.5 18.5 20
Height of burst, H (m) 570 550 610 600
Kerma relaxation length, L {m) b
Neutrons 198 218 201 196
Gamma rays 250? 346 329 320
Extrapolated source term, G (Gy m2 )¢
Neutrons 8.70 x 108 8.64 x 108 1.12 x 109 7.66 x 102
Gamma rays 3.45 x 108 2.16 x 108 2.64 x 108 3.34 x 108
Nagasaki
Energy yield, W (kton) 22 23 23 20
Height of burst, H {(m) 500 520 520 600
Kerma reiaxation length, L {(m) .
Neutrons 1987 218 201 196
Gamma rays 3507 346 329 320
Extrapolated source term, G_ (Gy m2?)¢
Neutrons 0 1.30 x 108 1.25 x 108 1.64 x 108 5.65 x 108
Gamma rays 2.75 x 108 2.68 x 108 3.29 x 108 3.34 x 108

“Values of the extrapolated source term for neutrons are taken from Table 1 of Auxier et al.

{1966).

bNormalized by Auxier et al. (1966) to an estimated atmospheric density of 1.13 kg m~3 in

both cities ATE,

“One Gy (or gray) unit is numerically equal to 100 rad units and to approximately 95 R or

rep units used in some eariier reports.

0s
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spectrum of fast neutrons from Little Boy (see Fig. 20). The distance R
from the burst point was nearly 2000 m before the spectrum of air trans-
ported neutrons reached an equilibrium state and the kerma relaxation
length approached a constant value (J. Pace, 1981). At smaller distances
R, the kerma relaxation length varied in magnitude, and the above
equation was not applicable.

A constant kerma relaxation length for gamma rays in Hiroshima was
also assumed in the T65D study by Auxier et al. (1966) (see Fig. 21}
on the basis of data from {a) the Operation BREN studies using the HPRR
and a ®%Co source to simulate the secondary and fireball gamma-ray
fields of a weapon, respectively (Haywood et al., 1965), and (b) total
gamma-field measurements made during several of the most nearly appro-
priate tests of modern fission weapons (i.e., nominal energy-yield
weapons fired at about the same burst height as Little Boy) (Auxier et
al., 1961). The HPRR or a modern fission weapon {(i.e., a gun-assembly
device with no HE, Tike Little Boy, or an implosion-type device with a
thin HE system) produce very few thermalized neutrons compared with a Fat
Man device with a thick HE system (Marcum, 1978). In the case of Fat
Man, the copious number of "bomb" thermal neutrons {see Table 5) interact
with nitrogen in the HE of the weapon and in the surrounding air to
produce an intense "localized" source of high energy gamma rays (3 to
10 MeV). The secondary gamma rays are produced throughout a larger
volume of air in the case of the HPRR, a modern fission weapon, or
Little Boy. As pointed out by Auxier et al. (1966), the kerma relaxa-
tion length should be smaller in Hircshima than in Nagasaki on the basis
of geometry considerations alone. This appears to be the situation at
smaller distances in Hiroshima, but at larger distances, the secondary
gamma rays produced by the severely degraded energy spectrum of fast
neutrons from Little Boy start to behave as a localized source (or point
source), and the kerma relaxation length starts to resemble that of Fat
Man in Nagasaki {see Fig. 21).

Finally, comparisons of the newer calculations of the gamma-ray
exposure in Nagasaki have shown closer agreement with data from the
Crossroads Able test {Glasstone, 1950) than with the T65D estimates
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(Auxier et al., 1966) (see Fig. 21). The T65D tissue kerma vs distance
relationship for gamma rays in Nagasaki was constructed from LANL film
measurements made during the Ranger Fox test of a Fat Man implosion-type
device in 1952 (Auxier, 1977; Storm, 1952). Simultaneous film measure-
ments made during later weapons tests by the Evans Signal Depot and by
LANL (Nuclear Development Corporation of America, 1957; Storm and Bemis,
1955) and laboratory studies by LANL (Storm and Bemis, 1955) indicated
that their film measurements overestimated the gamma-ray exposure with
the degree of overestimation varying with distance. This is a moot
issue since the T65D values came from the test firing of a modified Fat
Man implosion-type device with a tamper and core quite different from
those in the Nagasaki weapon (Marcum, 1978; Malik, 1954), and it cannot
be assumed, on the basis of present knowledge, that either the neutron
or the gamma-ray output of these two devices was the same.

DISCUSSION

Some findings of the review are that the neutron exposures in
Hiroshima were probably less than the T65D estimates by factors varying
from about four at a ground distance of 1000 m to eight at 2000 m (see
Fig. 22), and the gamma-ray exposures were greater than the T65D esti-
mates starting at a ground distance of about 1000 m and were probably
larger by a factor of about three at 2000 m (see Fig. 22). In Nagasaki,
the situation was reversed with respect to gamma rays, and the T65D
estimates were higher (see Fig. 23), but the differences were small
(i.e., about 20% at a ground distance of 1000 m and 30% at 2000 m). As
a result, it now appears that leukemia and other late effects at lower
exposure levels in Hiroshima were due largely to gamma rays rather than
neutrons. This may not be true at higher exposure levels in Hiroshima,
hawever.

If the newer radiation-exposure values shown in Figs. 22 and 23 are
used (Kerr, 1981), then the correlation between leukemia in survivors of
the two cities and absorbed dose to active marrow of the survivors is
not as good as that obtained by Loewe and Mendelsohn (1980a). They
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attribute the leukemia at all exposure levels in the two cities to gamma
rays. However, survival inside houses in Hiroshima started at about

700 m and reached 50% at about 900 m (Davis et al., 1966). At these,
and even slightly larger, ground distances in Hiroshima, the neutron
exposure inside houses is not negligible compared with the gamma-ray
exposure if the RBE of neutrons for whole-body exposure is of the order
of 10 (Naticnal Council on Radiation Protection, 1971a; 1971b). The
results of any reanalysis of data on observed biological effects in the
survivors should be regarded as highly speculative until some of the
following issues have been investigated in more detail.

1. Organ-dose factors. The T6LD estimates take into account a
survivor's distance from ground zero and shielding by surrounding struc-
tures, but they do not consider the shielding of an organ of interest by
overlying tissue of a survivor's body. Factors from studies by Jones
(1977) and by Kerr (1979a) for converting the T65D estimates into an
absorbed dose in an organ of a survivor must be updated using data from
newer theoretical calculations of the energy and angular distributions
of the neutron and gamma-ray fields in the open and inside a Japanese
house. New techniques developed at ORNL for inserting mathematical
models of the body into the MORSE radiation-transport code {Emmett,
1975) appear to provide the best calculational approach. Recent improve-
ments in the mathematical models of the bady (Cristy, 1980; 1981) and in
the response function for the absorbed dose to active marrow {Kerr,
1980c) should also be used in updating the organ-dose factors.

2. Shielding factors for houses. The radiation exposure to
survivors inside houses ATE has been estimated by using the nine-
parameter formulas developed by Cheka et al. (1965). An investigation
of a large number of actual house-shielding cases {see Fig. 5) by Milton
and Shohoji (1968) indicated that typical shielding factors (or trans-
mission factors) for gamma rays and neutrons were about 0.90 and 0.31 in
Hiroshima and about 0.81 and 0.34 in Nagasaki. It has recently been
suggested by Marcum (1981) of RDA that the house-shielding factors for
gamma rays were probably more like 0.55 in Hiroshima and 0.50 in Nagasaki.
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Adjoint MORSE calculations, which have been used in other shielding
studies (Rhoades, 1974; Scott et al., 1975), are needed in updating the
shielding factors for typical Japanese houses (Noble, 1968; United
States Strategic Bombing Survey, 1947).

3. Energy yield of Little Boy. The energy yield used in the T65D
study by Auxier et al. (1966) was 12.5 kton, and the probable error was
Tater estimated to be about 1 kton (Auxier, 1975). It has recently been
suggested by Malik (1980) of LANL that the energy yield of Little Boy
was 15 (x3) kton. A probable error greater than 1 kton in the T65D
value is indicated by Malik's review of data on distances for equal
physical damage in the two cities (Auxier, 1977; Oak Ridge National
Laboratory, 1968) and data on the air pressure record from parachute
retarded canisters dropped by the observation aircraft (Auxier, 1977;
Oak Ridge National Laboratory, 1968; Caudle, 1965), but his findings do
not appear sufficient at present to warrant a change to 15 kton, since
several other studies predict an energy yield more like the T65D value
of 12.5 kton (Penney et al., 1970; Davis et al., 1963; Kimura et al.,
1953). It appears necessary to collect and review all data related to
the energy yield of the Little Boy device dropped in Hiroshima.

4, Neutron leakage from Little Boy. The gun-assembly device was
cylindrically symmetric, and Preeg (1976) knew that the 1-D calculation
was approximate, but he thought in view of time and effort constraints
that it would suffice (Marcum, 1978). However, it is now apparent that
a cylindrically symmetric mockup of Little Boy and a 2-D calculation
are needed to establish the neutron exposure and neutron activation in
Hiroshima wore precisely.



57

ACKNOWLEDGEMENTS

The author wishes to thank the following individuals who have in
some cases provided constructive criticism and in some cases provided
unpublished data used in writing this paper.

David Auton, Defense Nuclear Agency, Alexandria, VA.

D. E. Bartine, Oak Ridge National Laboratory, Oak Ridge, TN.
L. W. Davis, Dikewood Corporation, Albuquerque, NM.

K. F. Eckerman, Oak Ridge National Laboratory, Oak Ridge, TN.
D. C. Kaul, Science Applications, Inc., Schaumburg, IL.

John Malik, Los Alamos National Laboratory, Los Alamos, NM.
Jess Marcum, R & D Associates, Marina del Rey, CA.

Pace, III, Oak Ridge National Laboratory, Oak Ridge, TN.
Scott, Jr., Science Applications, Inc., La Jolla, CA.

. Whalen, Los Alamos National Laboratory, Los Alamos, NM.
Whitehead, Department of Energy, Oak Ridge, TN.
Woolson, Science Applications, Inc., La Jolla, CA.

=r o=
bR K



58
REFERENCES

Abbott, L. S., 1973, Shielding Against Initial Radiations from Nuclear
Weapons, ORNL-RSIC-36, Oak Ridge National Laboratory.

Allen, L., Jr., W. A. Biggers, R. J. Prestwood, and R. K. Smith, 1957,
"Cross Sections for the 325(n,p)32P and 3%S(n,a)3!Si Reactions,"”
Phys. Rev. 107, 1363-1366.

Arakawa, E. T., 1960, "Radiation Dosimetry in Hiroshima and Nagasaki
Atomic-Bomb Survivors," New Eng. J. Med. 263, 488-493.

5 1962, Residual Radiation in Hiroshima and Nagasaki, ABCC TR 2-62,
Atomic Bomb Casualty Commission.

Auxier, J. A., J. S. Cheka, and F. W. Sanders, 1961, Attenuation of
Weapons Radiation: Application to Japanese Houses, WT-1725, Oak
Ridge National Laboratory.

4 J. S. Cheka, F. F. Haywood, T. D. Jones, and J. H. Thorngate,
1966, "Free-Field Radiation-Dose Distributions for the Hiroshima
and Nagasaki Bombings." Health Phys. 12, 425-429.

, 1975, "Physical Dose Estimation for A-Bomb Survivors — Studies
at Oak Ridge, U.S.A.," J. Radiat. Res. 16, Suppl., pp. 1-11.

5, 1977, Iehiban: Radiation Dosimetry for the Survivors of the
Bombings of Hirvoshima and Nagasaki, ERDA Technical Information
Center, Oak Ridge, Tennessee.

Bainbridge, K. T. (Editor), 1947, Trinity, Vol. 24, LA-1012, Los Alamos
National Laboratory (Secret-Restricted Data).

Banks, N. E., G. J. Klem, and H. Lichtenstein, 1978, The Effects of
Moisture Content and Soil Composition Upon Air/Ground Tactical
Nuclear Enviromments, ARBRL-TR-2, U.S. Army Ballistic Research
Laboratory.

Barker, J. J. (Editor), 1969, Californium-252, CONF-681032, National
Technical Information Service, Springfield, Virginia.

Bartine, D. E., J. R. Knight, J. V. Pace, III, and R. Roussin, 1977,
Production and Testing of the DNA Few-Group Coupled Neutron-Gamma
Cross-Section Library, ORNL/TM-4840, Oak Ridge National Laboratory.

5, 1981 (September 1), ORNL Memorandum to J. A. Auxier.
Biggers, W. A., and F. Waddell, 13957, External Neutron Measurements 1946

Through 1956, WT-9004, Los Alamos National Laboratory (Secret-
Restricted Data).



59

Birch, F., 1947, The Gun, Vol. 21, Chapter 4, LA-1007, Los Alamos
National Laboratory (Secret-Restricted Data).

Brown, A. C., and C. B. MacDonald (Editors), 1977, The Secret History
of the Atomic Bomb, Little, Brown & Co., Boston, Massachusetts.

Caudle, K. F., 1965, Yield of the Hiroshima Bomb, NOLTR 65-143, U.S.
Naval Ordnance Laboratory.

Cheka, J. S., F. W. Sanders, T. D. Jones, and W. H. Shinpaugh, 1965,
Distribution of Weapons Radiation in Japanese Residential Structures,
CEX-62.11, U.S. Atomic Energy Commission-Oak Ridge National
Laboratory.

Coffey, T. M., 1971, Imperial Tragedy, Pinnacle Books, New York.

Cristy, M., 1980, Mathematical Fhantoms Representing Children of Various
Ages for Use in Estimates of Internal Dose, ORNL/NUREG/TM-367,
Oak Ridge National Laboratory.

» 1981, "Active Bone Marrow Distribution as a Function of Age in
Humans," Phys. Med. Biol. 26, 389-400.

Davis, L. W., D. L. Summers, M. E. Jenkins, F. J. Wall, and W. L. Baker,
1963, Prediction of Urban Casualties from the Immediate Effects of
a Nuclear Attack, DC-FR-1028, Dikewood Corporation {Confidential).

» W. L. Baker, and D. L. Summers, 1966, Analysis of Japanese Nuclear
Casualty Data, DC-FR-1054, Dikewood Corporation.

Defense Nuclear Agency, 1972, Effects Manual No. 1, The Capabilities of
Nuclear Weapons, DNA EM-1 (Secret-Restricted Data).

Emmett, M. B., 1975, The MORSE Monte Carlo Radiation Transport Code
System, ORNL-4972, Oak Ridge National Laboratory.

French, R. L., and L. G. Mooney, 1970, "Prediction of Nuclear Weapon
Neutron-Radiation Environments," Nucl. Tech. 10, 348-365.

Glasstone, S. (Editor), 1950, The Effects of Atomic Weapons, U.S. Depart-
ment of Defense-U.S. Atomic Energy Commission, U.S. Govt. Print.
0ff., Washington, D.C.

(Editor), 1957, The Effects of Nuclear Weapons, lst Edition, U.S.
Department of Defense-U.S. Atomic Energy Commission, U.S. Govt.
Print. Off., Washington, D.C.

(Editor), 1962, The Effects of Nuclear Weapons, 2nd Edition, U.S.
Department of Defense-U.S. Atomic Energy Commission, U.S. Govt.
Print. Off., Washington, D.C.



60

, and P. J. Dolan (Editors), 1977, The Effects of Nuclear Weapons,
3rd Edition, U.S. Department of Defense-U.S. Atomic Energy Commission,
U.S. Govt. Print. Off., Washington, D.C.

Gritzner, M. L., E. A. Straker, T. E. Albert, and H. T. Smith, 1976,
Radiation Environments from Tactical Nuclear Weapons, SAI-76-534-HU,
Science Applications, Inc.

Groueff, S., 1967, Manhattan Project: The Untold Story of the Making
of the Atomic Bomb, Little, Brown & Co., Boston, Massachusetts.

Harris, P. S., G. S. Hurst, H. H. Rossi, S. C. Sigoloff, and W. H. Langham,
1955a, Physical Measurements of Neutron and Gamma Radiation Dose
from High Yield Weapons and Correlation of Dose with Biologiecal
Effect, Operation Teapot, ITR-1167, Los Alamos National Laboratory
(Secret-Restricted Data).

» 1955b, Biological Effectiveness of Nuclear Radiations from Fission
Weapons, LA-1987, Los Alamos National Laboratory (Declassified with
Deletions 1959).

Hashizume, T., T. Maruyama, A. Shiragai, E. Tanaka, M. Izawa, S. Kawamura,
and S. Nagaoka, 1967, "Estimation of Air Dose from the Atomic Bombs
in Hiroshima and Nagasaki," Health Phys. 13, 149-161.

, T. Maruyama, Y. Kumamoto, Y. Kato, and S. Kawamura, 1969, "Estima-
tion of Gamma-Ray Dose from Neutron-Induced Radioactivity in Hiroshima
and Nagasaki," Health Phys. 17, 761-771.

, and T. Maruyama, 1975a, "Physical Dose Estimates for A-Bomb
Survivors — Studies at Chiba, Japan," J. Radiat. Res. 16, Suppl.,
pp. 12-23.

, and T. Maruyama, 1975b, "Dose Estimation from Residual and Fallout
Radioactivity: 2. A Simulated Neutron-Activation Experiment,"
J. Radiat. Res. 16, Suppl., pp. 32-34.

Haywood, F. F., J. A. Auxier, and E. T. Loy, 1964, 4n Inmvestigation of
the Spatial Distribution of Dose in an Air-Over-Ground Geometry,
CEX-62.14, U.S. Atomic Energy Commission-Oak Ridge National
Laboratory.

, 1965, "Spatial Dose Distribution in Air-Over-Ground Gecmetry,"
Health Phys. 11, 185-192.

Hiroshima and Nagasaki Cities, 1981, Hiroshima and Nagasaki: The
Physical Medical, and Social Effects of the Atomic Bombings, Com-
mittee for the Compilation of Materials on Damage Caused by the
Atomic Bombs in Hiroshima and Nagasaki, Basic Books, New York.



61

Hubbell, H. H., T. D. Jones, and J. 5. Cheka, 1969, The Epicenters of the
Atomie Bombs: Part 2. A Reevaluation of All Available Physical
Data with Recommended Values, ABCC TR 3-69, Atomic Bomb Casualty
Commission.

Hurst, G. S., and R. H. Ritchie, 1958, Radiation Dosimetry for Human
Exposure, Operation Plumbbob, WT-1504, Oak Ridge National Laboratory.

Ichikawa, Y., T. Higashimura, and T. Sidei, 1966, "Thermoluminscence
Dosimetry of Gamma Rays in Hiroshima and Nagasaki," Health Phys.
12, 395-405.

Ing, H., and W. G. Cross, 1975a, "Spectra and Dosimetry of Neutrons from
Moderation of 235U and 252Cf Fission Sources in H,0," Health Phys.
29, 839-851.

» and W. G. Cross, 1975b. "Spectra and Dosimetry of Neutrons from
Various Sources Shielded by Iron," Wucl. Sei. Eng. 58, 420-430.

Ishimaru, T., M. Otake, and M. Ichimaru, 1979, "Dose-Response of Neutrons
and Gamma-Rays to Leukemia Incidence Among Atomic-Bomb Survivors
in Hiroshima and Nagasaki by Type of Leukemia," Radiat. Res. 77,
377-394.

Japanese Army Medical School, Provisional Tokyo No. 1 Army Hospital,
1953, "Medical Investigative Report on A-Bomb Casualty of Hiroshima
in: Collection of Investigative Reports on Atomic Bomb Disaster,
pp. 393-408, Japan Science Promotion Society, Tokyo.

Jones, T. D., 1977, "CHORD Operators for Cell-Survival Models and Insult
Assessment to Active Bone Marrow," Radiat. Res. 71, 269-283.

Kaul, D. C., and R. Jarka, 1977, Radiation Dose Deposition in Active
Marrow of Standard Man, SAI-121-647-1, Science Applications, Inc.
(Secret-Restricted Data).

, 1981 {March 4), SAI Letter to G. D. Kerr, ORNL.

Kazi, A. H., C. R. Heimbach, L. Schaenzler, J. V. Pace III, and A. E.
Raines, 1979, "Comparison of Experimental Radiation Transport
with Calculation,” Trans. Am. Kuc. Soc. 33, 706-707.

Kerr, G. D., and D. L. Solomon, 1976, The Epicenter of the Nagasaki
Weapon: A Reanalysis of Available Data with Recommended Values,
ORNL/TM-5139, Oak Ridge National Laboratory.

, 1979a, "Organ Dose Estimates for the Japanese Atomi-Bomb Survivors,"
Health Phys. 37, 487-508.

, 1979b (November 19), ORNL Letter to C. W. Edington, DOE.



62

» 1980a (August 18), ORNL Letter to C. W. Edington, DOE.
5, 1980b (October 8), ORNL Letter to C. W. Edington, DOE.

5 1980c, "A Review of Organ Doses from Isotropic Fields of Gamma
Rays," Health Phys. 39, 3-20.

5 1981, "Review of Dosimetry for the Atomic Bomb Survivors" in:
Proceedings of the Fourth Symposium on Neutrown Dosimetry, Gesellschaft
fur Strahlen- und Umweltforschung, Munich-Neuherberg, Federal Republic
of Germany, June 1-5, Vol. 1, pp. 501-513, Office for Official
Publications of the European Communities, Luxemburg.

Kimura, K., H. Akutsu, and H. Tajima, 1953, "Determination of Intensity
of Radiant Heat Rays and Duration of Fiash in the Hiroshima A-Bomb"
in: Collection of Investigative Reports on A-Bomb Disaster,
pp. 88-91, Japanese Science Promotion Society, Tokyo.

Klema, E. D., 1945, July 16th Nuclear Explosion: Fast Neutron Measure-
ments Using Sulfur as a Detector, LA-361, Los Alamos National
Laboratory.

Knebel, F., and C. W. Bailey, 1960, No High Ground, Harper & Bros.,
New York.

Lamont, L., 1965, Day of Trinity, Atheneum, New York.

Loewe, W. E., and E. Mendelsohn, 1980a, Revised Estimates of Dose at
Hiroshima and Nagasaki, and Possible Consequences for Radiation-
Induced Leukemia, D-80-14, Lawrence Livermore National Laboratory.
, 1980b (September 31), LLNL Letter to G. D. Kerr, ORNL.

Malik, J., 1954, Summary of Information on Gamma Radiation from Atomic
Weapons, LA-1620, Los Alamos National Laboratory (Secret-Restricted
Data).

» 1976 (July 21), LANL Letter to J. A. Auxier, ORNL.
, 1980 (September 2), LANL Letter to G. D. Kerr, ORNL.

, 1981 (June 23), LANL Letter to G. D. Kerr, ORNL (Secret-Restricted
Data).

Marcum, J., 1978, 4An Investigation of Radiation Dosages and Effects at
Hiroshima and Nagasaki, RDA-IR-11004-001, R & D Associates.

» 1981 (May 15), RDA Letter to G. D. Kerr, ORNL.

Marx, J. L., 1967, Seven Hours to Zero, G. P. Putman & Sons, New York.



63

» 1971, Nagasaki: The Necessary Bomb?, MacMiilan, New York.

Milton, R. C., and T. Shohoji, 1968, Tentative 1965 Radiation Dose
Estimation for Atomic Bomb Survivors, ABCC TR 1-68, Atomic Bomb
Casualty Commission.

Miyazaki, T., and T. Masuda, 1953, "A-Bomb Radiation in Hiroshima
City and Vicinity — Part 2" in: Collection of Investigative
Reports on Atomie Bomb Disaster, pp. 35-37, Japanese Science
Promotion Society, Tokyo.

Murray, R. L., 1957, Nuclear Reactor Physics, Prentice-Hall, Englewood
C1iffs, New Jersey.

Nakaidzumi, M., 1945, The Radicactivity of the Atomic Bomb from the
Medical Point of View, Tokyo Imperial University (U.S. Department
of Energy-Technical Information Center Report NP-302/J-2).

National Academy of Sciences-National Research Council, 1980, The Effects
on Populations of Exposure to Low Levels of Ionizing Radiation, 1980
Edition, Advisory Committee on the Biological Effects of Ionizing
Radiation (BEIR), National Academy Press, Washington, D.C.

National Council on Radiation Protection, 1971a, Protection Against
Neutron Radiation, Report No. 38, NCRP Publications, Washington, D.C.

» 1971b, Basie Radiation Protection Criteria, Report No. 39,
NCRP Publications, Washington, D.C.

Needam, C. E., and L. A. Whittmer, 1975, The Air Force Weapons Laboratory
Low Altitude Multiple Burst (LAMB) Models, AFWL-DYT-TN-75-2, Air
Force Weapons Laboratory.

Noble, K. B. (Editor), 1968, Shielding Survey and Radiation Dosimetry Plan:
Hiroshima and Nagasaki, ABCC TR 1-68, Atomic Bomb Casualty Commission.

Nuclear Development Corporation of America, 1957, Nuclear Radiation
Handbook, AFSWP-1100, Armed Forces Special Weapons Project
(Confidential).

Oak Ridge National Laboratory, 1965a, "Ichiban Leakage Experiment,”
Health Phys. Div. Amn. Progr. Report, July 31, 1965, ORN! -3849,
pp. 153-155.

, 1965b, "Air Dose Curves," Health Phys. Div. Ann. Progr. Report,
July 31, 1965, ORNL-3849, pp. 155-159.

, 1968, "Bomb Yields,” Health Fhys. Div. Amn. Progr. Report,
July 31, 1968, ORNL-4316, pp. 232-234.



64

s 1969, "Neutron and Gamma-Ray Leakage from the Hiroshima and
Nagasaki Weapons," Health Phys. Div. Ann. Progr. Report, July 31,
1969, ORNL-4446, pp. 226-230,

Pace, J. V., III, D. E. Bartine, and F. R. Mynatt, 1975, WNeutron and
Secondary-Gamma~Ray Transport Calculations for 14-MeV and Fission

Neutron Sources in Air-Over-Ground and Air-Over-Seawater Geometries,
ORNL/TM-4841, Oak Ridge Naticnal Laboratory.

» 1977 (March 4), ORNL Memorandum to G. D. Kerr.
» 1979 (December 12), ORNL Letter to J. Marcum, RDA.
. 1981 (April), Personal Communications.

Pace, N., and R. E. Smith, 1946, Measurement of the Residual Radiation
at the Hirvoshima and Nagasaki Bomb Sites, NMRI-160A, U.S. Naval
Medical Research Institute.

,» and R. E. Smith, 1959, Measurement of the Residual Radiation at
the Hiroshima and Nagasaki Atomic-Bomb Sites, ABCC TR 26-59, Atomic
Bomb Casualty Commission.

Pacific War Research Society, 1972, The Day Man Lost: Hiroshima, 6 August
1945, Kodansha Internaticnal, Tokyo.

Penney, Lord W. G., D. E. J. Samuels, and G. C. Scorgie, 1968, The
Explosive Yields at Hiroshima and Nagasaki, United Kingdom Atomic
Energy Authority (Confidential).

s D.E. J. Samuels, and G. C. Scourgie, 1970, "The Nuclear Explosive
Yields at Hiroshima and Nagasaki,” R. Soc. Lond. Phil. Trans. 266A,
357-424.

Preeg, W. E., 1976 (April 5), LANL Letter to C. P. Knowles, RDA.

Rhoades, W. A., 1974, Development of a Code System for Determining
Radiation Protection of Avmored Vehicles (The VCS Code), ORNL/TM-4664,
Oak Ridge National Laboratory.

Ritchie, R. H., and G. S. Hurst, 1959, "Penetration of Weapon Radiation:
Application to the Hiroshima-Nagasaki Studies," Health Phys. 1,
390-404,

Robitaille, H. A., and B. F. Hoffarth, 1980, 4 Comparison of Measured
and Calculated Air-Transported Radiation from a Fast, Unshielded
Nuclear Reactor, DREQ 835, Defence Research tstablishment Ottawa.

Rossi, H. H., and C. W. Mays, 1978, "iLeukemia Risk from Neutrons,"
Health Phys. 34, 353-360.



65

Scott, W. H., Jdr., R. L. Faverty, and R. E. Dietz, 1975, Initial
Radiation Protection in West German Villages, SAI-75-652-1J, Science
Applications, Inc. (Confidential).

» 1981 (May 5), SAI Letter to G. D. Kerr, ORNL.

Stephens, L. D., and H. Aceto, dJdr., 1962, Variation of a Fission Neutron
Flux and Spectrum from a Fast Reactor Measured Over Large Distances,
UCRL-10361, Lawrence Livermore National Laboratory.

Storm, E., 1952, "Gamma-Radiation Exposure as a Function of Distance,"
Operation Ranger, Vol. 4, WT-201, pp. 55-79, Los Alamos National
Laboratory.

» and E. Bemis, 1955, Garma Radiation as a Function cof Distance,
Operation Teapot, WT-1208, Los Alamos National Laboratory
(Secret-Restricted Data).

Straker, E. A., 1971, "The Effects of the Ground on the Steady-State and
Time-Dependent Transport of Neutrons and Secondary Gamma Rays in the

» and L. Husar, 1976, NUIDEA — A Computer Code for the Prediction
of Radiation, Blast, and Thermal Envircwments from Nuclear Weapons,
SAI-76-851-LJ, Science Applications, Inc.

Takeshita, K., 1975, "Dose Estimation from Residual and Fallout Radio-
activity: 1. Areal Surveys," J. Radiat. Res. 16, Suppl.,
pp. 24-31.

Thomas, G., and M. M, Witts, 1977, Enola Gay, Stein & Day, New York.

Thorngate, J. H., D. R, Johnson, and P. T. Perdue, 1966, Neutron and
Gamma~-Ray Leakage from the Ichiban Critical Assembly, CEX-64.7,
U.S. Atomic Energy Commission-0Oak Ridge National Laboratory.

United Nations, 1980, Sources and Effects of Ionizing Badiations, United
Nations Scientific Committee on the Effects of Atomic Radiations,
United Nations Publications, Vienna.

United States Strategic Bombing Survey, 1947, The Effects of the Atomic
Bomb on Hiroshima, Japan, Vol. I., Physical Damage Section.

Wagner, E. B., and W. H. Shinpaugh, 1968 (November 25), ORNL Memorandum
to J. A. Auxier.

Weast, R. C. (Editor), 1965, Handbook of Chemisiry and Physics, 46th
Edition, Chemical Rubber Company, Cleveland, Ohio.



66

Wilson, R. R., 1956, "Nuclear Radiation at Hiroshima and Nagasaki,"
Radiat. Res. 4, 349-359.

Yamasaki, F., and A. Sugimoto, 1945, Radioactive Phosphorous 32P in
the Human Bone and Sulfur Insulators in Hiroshima, NMRI Series of
Japanese Reports on the Atomic Bomb, Report No. 17, U.S. Naval
Medical Research Institute.

» A. Sugimoto, and K. Kimura, 1953a, "Radioactive 32P in the Human
Bone in Hiroshima," in: Collection of Investigative Reports on
Atomic Bomb Disaster, pp. 16-18, Japanese Science Promotion Society,
Tokyo.

, and A. Sugimoto, 1953b, "Radioactive 32P in Sulfur in Hiroshima,"
in: Collection of Investigative Reports on Atomic Bomb Disaster,
pp. 18-19, Japanese Science Promotion Society, Tokyo.

York, E. N., 1957, "Dose Calculations for Hiroshima and Nagasaki," Letter
from Col. M. Morgan, Armed Forces Special Weapons Center, to
G. S. Hurst, ORNL (Confidential).



ot
o

NP OONOEWN—~
e & s e 85 2 s e s % a2 @

36.
37.
38.

39.
40.
41.
42.
43.

67

ORNL/TM~-8078
Dist. Category - UC-41

INTERNAL DISTRIBUTION

J. A. Auxier 17. J. V. Pace, III

D. E. Bartine 18. D. C. Parzyck

D. J. Crawford 19. M. L. Randolph

Mark Cristy 20. P. S. Rohwer

H. W. Dickson 21. H. A. Wright

K. F. Eckerman 22-23. Central Research Library

R. Jd. M. Fry 24, ORNL, Y-12 Technical Library
T. D. Jdones 25-26. Laboratory Records Department
S. V. Kaye 27. Laboratory Records, ORNL-RC
G. D. Kerr 28. RSIC Library

R. W. Leggett ~ 29. ORNL Patent Office

B. F. Maskewitz

EXTERNAL DISTRIBUTION

David Auton, Nuclear Assessment Directorate, Defense Nuclear
Agency, 6801 Telegraph Road, Alexandria, VA 22310

John Baum, Brookhaven National Laboratory, Upton, NY 11973

G. W. Beebe, Clinical Epidemiological Branch, National Cancer
Institute, Room A521, Landow Building, Bethesda, MD 20205
Michael Bender, Brookhaven National Laboratory, Upton, NY 11973
G. C. Binninger, Science Applications Inc., 1710 Goodridge Drive,
P.0. Box 1303, McLean, VA 22102

J. R. Blair, Acting Director, Human Health and Assessments
Division, Office of Health and Environmental Research, U.S.
Department of Energy, Washington, DC 20545

V. P. Bond, Associate Director, Brookhaven National Laboratory,
Upton, NY 11973

A. Brodsky, Office of Standards Development, U.S. Nuclear
Regulatory Commission, Washington, DC 20555

George Burger, Gesellschaft fur Strahlen- und Umweltforschung,
Ingolstadter Landstrasse 1, D0-8042 Neuherberg/Munich, Federal
Republic of Germany

R. S. Caswell, U.S. Department of Commerce, National Bureau of
Standards, Washington, DC 20234

M. W. Charles, Berkiey Nuclear Laboratories, Berkley,
Gloucestershire GL139PB, England

R. F. Christy, Department of Physics, California Institute of
Technology, Pasadena, CA 91125

K. H. Clifton, Chief of Research, Radiation Effects Research
Foundation, 5-2 Hijiyama Park, Hiroshima 730, Japan

G. W. Cowper, Atomic Energy of Canada Ltd., Chalk River, Ontario,
Canada



a4,
45.

46.
47.

48.
49,
50.

51.

68

E. P. Cronkite, Brookhaven National Laboratory, Upton, NY 11973

J. F. Crow, Department of Genetics, University of Wisconsin,
Madison, WI 53706

L. W. Davis, Dikewood Corporation, 1613 University Boulevard, N.E.,
Albuquerque, NM 87102

C. W. Edington, Acting Associate Director, Office of Health and
Environmental Research, U.S. Department of Energy, Washington,

DC 20545

Charles Eisenhauer, U.S. Department of Commerce, National Bureau

of Standards, Washingten, DC 20234

W. L. ETlett, Office of Radiation Programs, U.S. Environmental
Protection Agency, 401 M Street, S.W., Washington, DC 20460

K. V. Ettinger, Radiation Laboratory, Department of Biomedical
Physics, University of Aberdeen, Foresterhill, Aberdeen ABY 2ID,
Scotland

G. C. Facer, Deputy Director, Division of Safety, Environment and
Emergency Actions, Office of Military Applications, U.S. Department
of Energy, Washington, DC 20545

R. L. French, Radiation Research Associates, 3550 Hulen Street,

Fort Worth, TX 76107

J. A. B. Gibson, Building 364, Atomic Energy Research Establishment,
Harwell, Oxfordshire 0X11 ORA, England

Peter Groer, Institute for Energy Analysis, Oak Ridge Associated
Universities, Oak Ridge, TN 37830

Payne Harris, 575 St. Michael Drive, Santa Fe, NM 87501

Seymour Jablon, National Academy of Sciences, National Research
Council, 2101 Constitution Avenue, N.W., Washington, DC 20418
Stanley Jackson, Building A85, Atomic Weapon Research Establishment,
Aldermaston, Reading Berks, England

D. C. Kaul, Science Applications Inc., 1 Woodfield Place Building,
Suite 819, 1701 Woodfield Road, Schaumburg, IL 60195

C. E. Land, Environmental Epidemiological Branch, National Institute
of Cancer, Room 3C16, Landow Building, Bethesda, MD 20205

Sheldon Levin, Defense Nuclear Agency, Armed Forces Radiobiological
Research Institute, Bethesda, MD 20014

W. E. Loewe, Lawrence Livermore National Laboratory, P.0. Box 808,
Livermore, CA 94550

Takashi Makinodan, Veterans Administration, Wadsworth Medical Center,
Wilshire and Sawtelle Boulevards, Los Angles, CA 90073

John Malik, Los Alamos National Laboratory, P.0. Box 1663, Los Alamos,
NM 87545

Jess Marcum, R & D Associates, P.0. Box 9695, Marina del Rey, CA 90291
Sidney Marks, Battelle Pacific Northwest Laboratory, P.0. Box 999,
Richland, WA 99352

Takashi Maruyama, National Institute of Radiological Sciences,
Anagawa-4-chome, Chibashi 260, Japan

C. W. Mays, Radiobiology Laboratory, University of Utah Medical
Center, Salt lLake City, UT 84132

Edgar Mendelsohn, Lawrence Livermore National lLaboratory, P.0. Box
808, Livermore, CA 94550



69.
70.
/1.
72.

73.

74.
75.
76.
77.
78.

79.

80.
81.
82.

83.
84.

85.
86.
87.
88.

89.

69

M. L. Mendelsohn, Lawrence Livermore National Laboratory, P.0. Box
808, Livermore, CA 94550

Robert Miller, Chief of Clinical Epidemiolegical Branch, National
Institute of Cancer, Room A521, Landow Building, Bethesda, MD 20205
K. Z. Morgan, School of Nuclear Engineering, Georgia Institute of
Technology, Atlanta, GA 30332

W. R. Ney, Executive Director, National Council on Radiation
Protection and Measurements, 7970 Woodmont Avenue, Suite 1016,
Washington, DC 20014

0. F. Nygaard, Special Assistant to Director, National Institute of
Cancer, Building 31, Room 4B29, 9000 Rockville Pike, Bethesda,

MD 20205

A. V. Pisciotta, Vice Chairman, Radiation Effects Research Foundation,
5-2 Hijiyama Park, Hiroshima 730, Japan

E. P. Radford, Graduate School of Public Health, University of
Pittsburgh, Pittsburgh, PA 15261

H. A. Robitaille, Defence Research Establishment Ottawa, Ontario
K1A 0Z4, Canada

W. C. Roesch, Battelle Pacific Northwesi Laboratory, P.0. Box 999,
Richland, WA 99352

H. H. Rossi, Radiological Research Laboratory, College of Physicians
and Surgeons, Columbia University, 630 West 168th Street, New York,
NY 10032

W. J. Schull, Director, Center for Demographic and Population
Genetics, University of Texas Health Science Center, P.0. Box
20334, Houston, TX 77025

W. H. Scott, Jr., Science Appilications Inc., 1200 Prospect Street,
P.0. Box 2351, La Jolla, CA 92038

Itsuzo Shigematsu, Chairman, Radiation Effects Research Foundation,
5-2 Hijiyama Park, Hiroshima 730, Japan

W. K. Sinclair, President, Naticnal Council on Radiation Protection
and Measurements, 7910 Woodmont Avenue, Suite 1016, Washington,

DC 20014

H. Smith, Head of Biology Division, Naticnal Radiclogical Protection
Board, Chilton Didcot, Oxfordshire 0X11 ORQ, England

Y. T. Song, Research, Development and Testing Division, Office of
Military Applications, U.S. Department of Energy, Washington,

DC 20545

G. R. Stevenson, European Center for Nuclear Research, CH-1211
Geneva 23, Switzerland

E. T. Still, Biomedical Advisor, Defense Nuclear Agency, 6801
Telegraph Road, Alexandria, VA 22310

Kenji Takeshita, Research Institute for Nuclear Medicine and Biology,
Hiroshima University, Kasumi-cho, Hiroshima 734, Japan

J. W. Thiessen, Acting Deputy Associate Director, O0ffice of Health
and Environmental Research, U.S. Department of Energy, Washington,
DC 20545

L. Tommasino, Laboratoric Dosimetria e Biofisica delle Radiazioni,
Comitato Nazionale per 1'Energia Nucieare, Casaccia, C.P. 2400-
00100 Rome, Italy



90.
91.
92.
93.
9.

95.
96.

97.
98.
99.

100.
101-342.

70

A. W. Trivelpiece, Director, Office of Energy Research, U.S.
Department of Energy, Washington, DC 20545

G. E. Tumbragel, Wehrwiss Dienststelle, 3042 Munster, Federal
Republic of Germany

A. C. Upton, Institute of Environmental Medicine, New York
University, 550 First Avenue, New York, NY 10016

A. M. Weinberg, Director, Institute for Energy Analysis, Oak
Ridge Associated Universities, Oak Ridge, TN 37830

P. P. Whalen, Los Alamos National Laboratory, P.0. Box 1663,
Los Alamos, NM 87545

G. H. Whipple, 3301 Rutland Loop, Tallahassee, FL 32312

L. T. Whitehead, Technical Information Center, U.S. Department
of Energy, Oak Ridge, TN 37830

W. A. Woolson, Science Applications Inc., 1200 Prospect Street,
P.0. Box 2351, La Jolla, CA 92038

W. J. Wright, Counsellor on Atomic Energy, Embassy of Australia,
1601 Massachusetts Avenue, N.W., Washington, DC 20036

H. 0. Wyckoff, National Council on Radiation Protection and
Measurements, 7910 Woodmont Avenue, Suite 1016, Washington,

DC 20014

Office of Assistant Manager, Energy Research and Development,
DOE-ORO, Oak Ridge, TN 37830

Given distribution as shown in DOE/TIC-4500 (Rev. 67), April
1979, category UC-41, Health and Safety

RU.S. GOVERNMENT PRINTING OFFICE: 1981-546-067/374



