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CALCULATION OF DOSES DUE TO ATOMIC
BOMB INDUCED SOIL ACTIVATION

Michael L. Gritzner and William A. Woolson
Science Applications International Corporation

The Atomic bombs detonated over Hiroshima and Nagasaki emitted both prompt and
delayed ncutrons.  Some of the neuwrons entered the ground where they were capturcd
and produced radioactive nuclides. Since there were relatively few high-energy neutrons
available for fast-ncutron activation at Hiroshima and even fewer at Nagasaki, most of
these reactions in the ground were capture of thermal neutrons. The resulting radioisotopes
subsequently decayed over time with half-lives ranging from several minutes o several
years. The radioisotopes decayed by emilting gamma rays with a spectrum of cnergics.
These gamma rays, attenuated by the ground, escaped into the air and produced a radiation
field that lasted [or years.

These gamma rays must be considered in determining the radiation doses of the survivors
of the A-bombs. The kerma rates they produced proved to be small relative 1o those prodaced
by the prompt and delayed radiations; however, their contribution had to be estimated 1o good
accuracy for at least two reasons. First, the control group of survivors used in radiation risk
studies was taken from those survivors located 2000 m or more from the hypocenter at the
time of the bombing. The total free-field kerma in tissue at 2500m from the hypocenter at
Hiroshima was 1.2 rad. Some of these distant survivors were among the people who entered
the devastated arca after the explosion. Plausible scenarios can be produced for these people
to have received similar doses from the gamma rays from the activated material. Thus
there is a large unceriainty in their doses that must be undersiood before they are used as
part of the control group. Second, comparison of soil activation computations with available

measurements may help resolve current discrepancies between measurements and calculations
of ®Co and **2Eu (sce Chapter 5).

Calculation of Soil Activation and Doses

The technique used o calculate the fluence of neutrons is described in Chapter 3. In brief,
the spectral, spatial, and directional distributions of the prompt neutrons in the air and ground
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Table 1. Composition Tor Calculation of Induced
Soil Acuvation. Hiroshima and Mogasaki®

Element Hiroshima Magasaki
Na 5.451E—40 2.556E—4
Al 2061E=3 2.E16E-3
&i $.115E-3 6. EDGE-13
P 4. 24TE=6 2AME=5
E 1191 E-4 [ ISOE=4
Ca 1.593E-4 2.26TE-4
Sc . TORE-§ JARIE-T
Ti 25GTE=5 1.034E—4
Cr HOUTE=T 2.2B9E-6
pMn G.G59E-6 1.796E=5
Fa 2A82E=d B.24TE—-4
Co 4.916E-H 2.050E=7
Mi G.68E-R T.201E=7
Cu 4 A3GE=T G.2B4E-T
Mg E.JROE-5 2LAGTE=4
L' JA4281E-T7 2GR0

% A toms/barn n:n13
URead as5.451 % 1074

Table 2, Atomic Bomb Parameiers, Hiroshima and Nagasaki

Farnmeter Hiroshima Mapasaki
Height of Burst 580 m 503 m
Yield 15 kt 21 kt
Prompt Newtron Output 2,655 moles 5.742 moles

were available from the two-dimensional, discrete-ordinates, air-over-ground calculations by
Pace. These neutron spectra were multiplied by the activation cross sections' for those
clements in the soil that resull in radioactive isotopes that decay by photon emission and the
product integrated over energy and direction. The soil composition used in these activation
calculations is given in Table 1. The A-bomb parameters used are provided in Table 2. The
result of the integration is a matrix of radicisotope concentrations in the soil at the time
of the bomb bursts for different depths in the ground and for different distances from the
hypocenter.

The next step was (o calculate the transport of the source spectrum of gamma rays out of
the ground at any given depth, time, and ground range. Since the number of possible sources
{time, range, and depth dependent) was so very large, adjoint transport lechnigques were used
for this part of the calculation. Specifically, an adjoint one-dimensional ANISN® calculation
for a free-in-air Lssue gamma-ray detector at 1 m above a [lat plane of soil yields the relative
importance of a source gamma ray of any energy at any depth in the ground to the kerma in
tissue at the detector location. The free-field kerma at a given time and ground range was
calculated by folding this adjoint importance function with the time-dependent gamma-ray
spectrum for each of the mdioisotopes and summing over all contributing radioisolopes.
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The above discussion addresses the activation and the kerma resulting only from the
prompt neutrons from the bomb. The contribution from delayed neutrons is not yet accounted
for in the method. Meglecting the activation by delayed neutrons at Hiroshima is of liule
consequence since the kerma from the delayed neutrons is al most only 7% of that [rom
the prompt neutrons. ‘This is not true for Nagasaki. The situation at Nagasaki is unusual
in that there were 50 few mid-to-high-energy prompt neutrons that the free-ficld kerma due
to delayed neutrons is about 40% of the prompt neutron kerma out 10 500 m ground range.
Therefore, any cstimate of the kerma [rom soil activation at Nagasaki must include that from
delayed ncutrons. The techniques used (o calculate the delayed neutron contribution o the
free-ficld kerma at the air/ground interface do not readily provide the energy and spatial
distribution of the delayed neutrons in the ground. So we constructed a model o estimate
the activation from delayed neutrons.
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The three curves shown in Figure 1 reveal the interesting fact that the spectrum of delayed
neutrons al Hiroshima and Nagasaki for a tissue detector at a height of 1 m is very similar 1o
that of the prompt neutrons at Hiroshima for energics less than 2 MeV, Indeed, at Hiroshima
the delayed and prompt neutron kermas versus ground range for ground ranges less than
700 m exhibit very nearly the same slope. Therelore, as a first approximation, the delayed
neutron fluence distributions in the ground at Hiroshima and Nagasaki were synthesized as:

Kp (r)

K (r,) ()

#’ﬂ‘ [EI E- f]' = #‘::I {EI &y rﬂ']

where:

¢o(E,z,r) = the delayed neutron Muence as a function of energy E (less than 2 MeV),
depth in the ground z, and ground range r;
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¢l (E, 2,r,) = the prompt neatron fluence at Hiroshima as a function of energy E (less
than 2 MeV), depth in the ground z, and at ground range r, = 700 m;

Kp () = the delayed neutron soft tissue kerma for energies less than 2 MeV as a
function of ground range r; and
KX (ra) = the prompt neutron soft tissue kerma for energies less than 2 MeV at

Hiroshima and at ground range r, = 700 m.

The assumption here is that the neutron spectra at 1 m above the ground is closely coupled
to the spectra in the ground, particularly to that in the important first few centimeters. The
delayed neutron kermas used, Kp(r), are shown in Figure 2 for Hiroshima and Nagasaki,
With these synthesized neutron distributions, the soil activation induced by delayed neutrons
15 treated exactly the same as for the prompt neutron contribution described earlier.

In summary, the encrgy and spatial prompt neutron fluence distributions in the ground
from the state-of-the-art two-dimensional calculations together with synthesized delayed neu-
tron fluence distributions in the ground are used to calculate the radicisolope concentrations
at time zero, the time of the bombing. These are then folded with time and energy-dependent
photon spectra and importance distributions to estimate kerma due to the soil activation at
both Hiroshima and Nagasaki.

Results of Caleulations

The result of the calculations just described is the free-in-air kerma in tissue due 1o gamma
rays at 1 m above the ground as a function of ground range and time after the burst. These
results are tabolated in Table 3 for both Hiroshima and Nagasaki. A plot of the kerma rate at
ground zero versus time lor each city is shown in Figure 3. The kerma rate is partitioned into
three regimes, each of which is due principally to the decay of a single radioisotope, These
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Table 3. Free-in-air Tissue Kerma due to Gamma Bays ot 1 Meter Above Ground as a Function
of Ground Range and Time Afier Bomb Burst, Hiroshima and Nagasaki (rod/hr)
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[ractional contributions to the tissue kerma rate from the important radioisotopes are shown in
Figures 4 and 5 for Hiroshima and Nagasaki, respectively. Thermal neutron capture in =7 Al
creates the 28 Al, which essentially completely decays after 30 minutes. About 20 minutes
after the burst, the kerma rates begin to exhibit a difference between the two cities. The
Hiroshima exposures are dominated by the *#Na radioisotope produced by thermal neutron
capiure in **Na. This radioisolope dominates the kerma rate for almost a week aflter the
explosion. At Magasaki, however, thermal neutron capture in ®*Mn, of which there is three
times as much modeled in Magasaki soil as in Hiroshima soil, creates *®Mn. The 55Mn
dominates for about twice the 2.58 hour half-life before yiclding to ** Na with the 15.02-
hour half-life. These dilferent radioisotope contributors can be discemmed in Figure 4 as
the slightly flatiened portion of the Nagasaki curve at about 10 hours after the burst. For
the first week after the explosions, the calculated kerma rates are larger by factors of two
to five at Hiroshima relative to Nagasaki. But at the end of the first week, the Nagasaki
kerma rates become almost twice those at Hiroshima. The component radioisotopes are the
same for each city, being ®®Fe initially, followed by %%Sc. This marked reversal is merely
a reflection of the two different ground compositions used. There is just over 3 times the
iron and 10 times the amount of scandium in the Napasaki soil relative to Hiroshima soil.
Finally, beginning about two years afier the burst, the much reduced kerma rates are due to
the decay of *#Mn with a 7500 hour half-life. Since the radioisotopes produced at each city
were created almost solely from thermal neutron capture, the data shown in Figures 3 (o 5
for the hypocenter are applicable for all ground ranges, albeit with a different magnitude for
the absolute kerma rates of Figure 3.
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The free-field kerma rate variation with ground range from the hypocenters at one hour
after the bursts is shown in Figure 6. The kerma rates shown beyond 2000 m were extrap-
olated from the 2000 m data. Since the radioisolopes were created principally by thermal
ncutron capture reactions, the curve for each city does not change shape for different times
alter the burst; the data in Figures 3 and 6 can be used to predict the kerma rate at any
time up to 10° hours afler the burst at any ground range less than 3000 m. For example,
to delermine the kerma rate in Nagasaki at three days after the burst for a ground range of
1200 m, first determine the kerma rate at the hypocenter from Figure 3 as being about 3.0
* 1072 rad/h. Now, multiply this by the kerma rate at 1200m from Figure 6 and divide by
the kerma rate at the hypocenter from Figure 6 (i.e., the ratio 1.8x 1073 = 34 = 529 x
10=4). Thus, the predicted kerma rate is 3.0 x 10 x 5.29 x 10~* = 1.59 % 10~ rad/h.

Or interest also is an estimate of the kerma accumulated for both the A-bomb survivors
and occupation forces. Is rigorous calculation would require a detailed time and spatial
intcgration of these kerma rates for the subject’s movements over a period of many months.
Given the improbability of determining such information, the time integral for a stationary
position can be estimated using the data shown in Figures 7 and 8. The two curves shown
in Figure 7 show the kerma rate integrated over time from zero to infinity as a function of
ground range for each city. The units of the integral are the rad accumulated for an infinite
period of time alter the burst. The curves shown in Figure 8 present the fraction of this
infinite kerma at ground zero as a [unction of entry time after the burst. The data shown in
Figures 7 and 8 can be used as follows. Suppose a survivor returns to within 500m from

349



CHAPTER & APPEMDIX 2

m'__.. 1E|II|I _I|:|r; ELE - _'_.E;T}I._h
N i 7] Hiroshinna
H = L Hagasakl .
ldl [ B H; T
TN | | i
c i
1 i H
E
fia
. ;
E "
4
E i 5] e =
F EliEh ;
I
ﬁ I -
3 ﬁ I'
3
2 1
E I'-
3 L
| |
|
waale memi ' L]
E J LA
1 e e T I R e '

Tirie Afler Durst {hours)

Flgiire 8. Comulative expostre kerma fraction versus fime after burst
Hiroshiing and Nepgazaki

the hypocenter at Hiroshima the day afler the burst and remains in the general vicinity for
two days. From Figure 7, the infinite stay kerma at 500m ground range in Hiroshima is
about 20 rad. From Figure &, an entry time at one day with an infinite stay would result
in accumulating 25% of this infinite stay kerma or 5 rad. But, upon leaving afier the third
day, the subject is no longer exposed to about 12% of this infinite stay kerma. Thus, this
survivor's kerma would have been approximately (025 - 0.12) x 20 = 2.6 mad. :

It is difficult o assign an uncertainty to associate with the kerma rates presented here.
Certainly, the uncertainty at Nagasaki is larger due to the complicating delayed neutron
contribution. It is also true that any uncerainty ought to be time dependent due to the
fact that an unkown element or one not considered in the calculations can change the time-
dependent kerma rate behavior over some unknown time regime. And if localized elemental
50il compositions are considered, then any uncertainty ought also to reflect such unknowns.
However, given the soil compositions, the neutron fluence distributions in the ground, the
activation cross sections, and the gamma-ray transport out of the ground, we estimate that the
free-field kerma rates due 1o soil activation in Hiroshima have a 25% calculational uncertainty

while those near (<1000 m) the hypocenter at Nagasaki have 50% decreasing to 25% beyond
1500 m.

Conclusions
There are several conclusions concerning the calculated kermas due to soil activation at
Hiroshima and Nagasaki as presented. With a caveal concerning soil trace element com-
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posilions, it appears that the initial kerma rates were larger at Hiroshima until about one
weck alier the bombings. From then on, those at Nagasaki were larger. OF course, localized
clemental variations in soil composition would change this conclusion. Additionally, remem-
bering the assumptions made in estimating the delayed neutron fluences in the ground, this
contribution, while negligible at Hiroshima, increases the kerma rates near the hypocenter in
MNagasaki by a factor of two. The most important conclusion is that while the kermas calcu-
lated and discussed here are relatively small, they are nevertheless nonnegligible, especially
as it concems possible exposure to control survivors used in radiation risk analysis,
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