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RADIOACTIVITY III

REDUCTION OF RADIOACTIVITY
PRODUCED BY NUCLEAR EXPLOSIVES*

Richard M. Lessler
Lawrence Radiation Laboratory, University of California

Livermore, California 94550

Four main sources contribute to the radioactivity produced by a nuclear
explosive:

1. Fission products from the nuclear explosive,
2. Fusion products from the nuclear explosive,
3. Induced radioactivity in the nuclear explosive,
4. Induced radioactivity in the environment.

This paper will summarize some of the work done at the Lawrence Radi-
ation Laboratory at Livermore to reduce the radioactivity from these sources
to levels acceptable for peaceful applications.

Although it is theoretically possible to have no radioactivity produced by
nuclear explosives, this goal has not been achieved.

The fusion of a deuteron reacting with a triton to give a
neutron and helium nucleus plus energy does not lead to the produc-
tion of radionuclides if the neutron is moderated and then captured by a
nucleus which goes to a stable product (such as B1 0 going to Li7). However,
in present thermonuclear explosives, radioactive products result from a num-
ber of processes: (1) Energy from a fission "trigger" is needed to initiate
the fusion reaction, leaving a residue of fission products; (2) there is also
some residual tritium; (3) side reactions occur in the thermonuclear fuel
leading to radioactive products; and (4) some neutrons are captured by other
materials present before they are moderated and absorbed by the shielding
materials, and some escape through the shield into the environment. Careful
study of these processes leads to modifications in the design of Plowshare nu-
clear explosives that minimize the production of radionuclides by these vari-
ous mechanisms. Typical modifications are enumerated as follows:

First, the yield of the fission trigger is being reduced. Second, mate-
rials in and around the explosive which produce radioactive products of par-
ticular biological objectionability can be replaced by materials which give less
undesirable products. Thus, plastics and vanadium can be substituted for
much of the steel and aluminum in structural materials. Much of the tungsten
radioactivity recently observed in nuclear debris can be reduced by selective
substitution of lead. These changes will result in a large reduction in the
amounts of radioactive sodium, manganese, iron, and tungsten isotopes
formed by the detonation of the redesigned explosive.

Third, shielding materials such as polyethylene (CH2) and boric acid
(H3BO3) can be used. These materials moderate and/or absorb neutrons so

This work was performed under the auspices of the United States Atomic
Energy Commission.

1563



that the external activation of surrounding materials and soil can be reduced
significantly.

This shielding around the device effectively moderates high-energy
neutrons so that the ratio of high-energy neutron reaction products from
(n,2n)(n,p) and (n,a) reactions to low-energy neutron reaction products from
(n,y) reactions may markedly decrease relative to what would be observed
if no shielding were present.

When these precautions are taken the amount of radioactivity produced
is not only less, but the radioactive products can be very different from those
observed in past nuclear weapons testing.

Different Plowshare applications will require different types of explo-
sives. For excavation applications, one will want an explosive that is very
low in fission products and induced activities. For contained underground ap-
plications, where the nuclear debris is predominantly trapped in insoluble form,
one could use an all-fission explosive. This explosive would yield only small
amounts of diffusable gases, such as tritium, which would result in some
product contamination. However, if boron is used to absorb neutrons, thereby
reducing the quantity of tritium formed in the surroundings as from the L,i in the
soil, the neutrons should be moderated to reduce their energy below the (n,T)
threshold before they are captured to prevent formation of tritium from boron.

When a fission explosive is detonated, about 2 X 10^3 neutrons are emit-
ted from the fissioning material for each kiloton of fission yield. Similarly,
fusion neutrons are produced by both D-D and D-T reactions. For example,
about 1.5 X 10^4 D-T reactions will produce a kiloton of energy, and each D-T
reaction produces a neutron. The value of 1.5 X 10^4 neutrons per kiloton of
fusion will be used in this paper to illustrate the relatively small fraction of
neutrons produced that are captured in the surroundings. The number of neu-
trons that will be produced per kt of fusion in a Plowshare explosive is equal to
or greater than 1. 5 X 1()24 due to other fusion reactions that may occur. Since
the number of neutrons emitted per kiloton of fission yield is only a small
fraction of the number of neutrons formed per kiloton of fusion yield, the neu-
tron activation problem could be much more severe for the "cleaner" nuclear
explosive without neutron shielding. A related problem is the formation of
residual tritium by neutron capture by Li in the explosive. On the order
of 2 g (20,000 Ci) of residual tritium per kiloton of fusion yield can re-
sult from this process.

As noted previously, to decrease the radioactivity of fission-fusion ex-
plosive, not only must the yield of the fission "trigger" be minimized, but also
the neutrons available to produce radioactive products must be reduced.

Monte Carlo calculations have been made to determine the number and
energy spectra of the neutrons escaping from untested 100-kt, 1/2-Mt, and
1-Mt thermonuclear Plowshare explosives. These calculations were done on
the CDC-6600, using a static, two-dimensional Monte Carlo Code, called
SORS. The geometry from a hydrodynamic neutronics calculation of the ex-
ploding device at the time most neutrons are escaping into the surroundings,
together with a corresponding energy spectrum of those neutrons which have
escaped from the neutron-producing region, are used as input to the Monte
Carlo calculation. This neutron source term is then followed by the Monte
Carlo Code until the neutrons have all been absorbed by materials outside the
neutron-producing region. Neutron fluxes as a function of energy and region
are obtained from this calculation. In addition, this information can be used as
input to a simple "bookkeeping" code called ACTIVE which calculates the
radioactive isotopes produced in a region of given composition by a particular
time-integrated flux with a known energy distribution.
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Several assumptions are made in these calculations. Only one geometry
is used to approximate a dynamic situation. This geometry must be
approximated by a combination of spheres, slabs, cylinders, or cones. The
estimated temperature of each material region is taken as the minimum en-
ergy which neutrons in the region of interest will be allowed to attain. When
the neutrons are greatly attenuated by shielding, Monte Carlo calculations
performed with a reasonable sample size of neutrons give results with large
statistical deviations.

These calculations cannot be more accurate than the cross sections em-
ployed in the codes. A small inaccuracy in a cross section can make a sig-
nificant difference in calculational results — especially where large amounts
of shielding are involved. Factor-of-two uncertainties are not unlikely. In
the case of high-neutron flux regions, where second-order reactions occur,
order-of-magnitude errors are possible, since the cross sections for these
second-order reactions can only be estimated. Internal induced radioactivity
in the nuclear explosives due to multiple reactions is calculated by the ACT
code.

For soil activation (a region of low neutron flux), the elemental compo-
sition must be measured to at least the accuracy one wishes to obtain from the
calculation. Thus, if the sodium abundance is in error by a factor of 2, then
the calculation will be off by this amount. The calculation also assumes that
the soil is homogeneous, in composition.

When all these sources of error are taken into account, the absolute
value given for the total number of neutrons escaping should be considered
accurate only to about a factor of 3.

The results of the Monte Carlo portion of these calculations are shown
in the following tables. Table 1 shows the initial number of neutrons in moles
(6 X 10^3 neutrons) escaping into the soil as a function of energy for 100-kt,
1/2-Mt, and 1-Mt explosives. These explosives were assumed to have been
emplaced in a 60-in.-diam hole, with all available space between the explosive
and the soil filled with boric acid. The calculations on the 100-kt explosive
showed 1.7 X 10^1 neutrons per kiloton escaped into the soil, but only
4.4 X 10^0 neutrons per kiloton were captured by the soil. These numbers
were obtained by running the problem twice; once with soil, and once with the
soil replaced by a vacuum. Evidently, many of the neutrons escaping into the
soil are reflected back to the H3BO3 where they are subsequently captured.

Table 1. Neutron spectra escaping into soil (in moles) (1 mole =
6 X 1023 neutrons).

E (MeV)

11-15
7.5-11
4.7-7.5
2.5-4.7
1.2-2.5
0.43-1.2
0.034-0.43
0.003-0.034

<0.003
Totals
Total per kt
Total captured in soil

100 kt

0.019
0.032
0.034
0,029
0.040
0.018
0,028
0..017
0.066
0..283
0.0028
0..073

1/2 Mt

0.17
0.22
0.19
0.27
0.17
0.23
0.12
0.050
0.36
1.78
0.0036
0.425

1 Mt

0.80
0.87
0.88
0.35
0.56
0.34
0.38
1.17
0.70
6.05
0.0061
1.57
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Based on an initial neutron production of about 1.5 X lO2^ neutrons/kt, only
about 1 in 1000 neutrons escaped into the soil, and only 1 in 3400 was capture
in the soil.

The calculations on the 1-Mt explosive showed 3.6 X 1021 neutrons/kt
escaped into the soil, and 9.4 X 10^0 neutrons/kt were captured by the soil. A
larger number of neutrons per kiloton escaped from the 1-Mt explosive than
from the 100-kt one, since the larger dimensions of the 1-Mt explosive re-
sulted in less space being available for the boric acid because both explosives
were assumed to be emplaced in a 60-in.-diam hole. The lowest energy
group of neutrons are mostly in the range of 1 to 3 keV, as the shielding has
been heated to this temperature.

The number of neutrons escaping are orders of magnitude lower than those
currently being used in the unclassified literature primarily because these neu-
trons have been moderated and absorbed by large amounts of shielding. This
is the first time the neutron spectrum escaping a Plowshare excavation explo-
sive has been disclosed. With this information, a more realistic evaluation
may be made of the amount of external neutron-induced radioactivity produced
by Plowshare excavation explosives. For example, the radioactivity produced
in the soil by a Plowshare explosive can be estimated by combining the spectra
given in Table 1 with the results of the neutron-induced soil activation calcula-
tions given by Lessler and Guy**2 for surface and contained explosions
respectively.

Table 2 summarizes the results given in Table 1. One sees that only
about one-fourth the neutrons reaching the soil are captured in it, and that
only 1 neutron in 1600-3400 assumed to be produced is actually captured in
the soil.

Table 2. Neutron history.

100 kt 1/2 Mt 1 Mt

Total neutrons escaping into
the soil (moles)

Total neutrons captured in
the soil (moles)

Albedo (neutrons captured\
Ineutrons escaping^

Initial neutrons produced
(2.5 moles/kt) 250 1250 2500

Attenuation factor
/initial neutrons \ 2QQQ

Ineutrons captured/

Tables 3 and 4 give an indication of the time and distance at which neu-
trons escaping from these three explosives are captured. Our calculations
indicate that these times and distances are similar for all three explosives,
so only one set of numbers is given. From this, it is seen that about 1% of
the neutrons are still uncaptured at 1 msec, and that about one-sixth of them
have penetrated through more than 64 cm of soil.

0.283

0.073

0.26

1.78

0.425

0.24

6.05

1.57

0.26

R. M. Lessler and F. W. Guy, Gamma Dose Rates and Integrated Doses
from Neutron-Induced Residual Radioactivity in Soil, UCRL-12339, Lawrence
Radiation Laboratory, Livermore, March 1965.

2
R. M. Lessler and F. W. Guy, Neutron-Induced Activity in Earth and Sea

Water from Buried and Surface Neutron Sources, UCRL-12407, Lawrence
Radiation Laboratory, Livermore, April 196 5.
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Table 3. Distribution of capture t imes of
neutrons in soil.

< 10 Msec 40%
10-100 μsec 40%

0.1-1 msec 20%
>1 msec 1%

Table 4. Distribution of distance in soil
at which neutrons are captured.

0-24 cm 50%
24-64 cm 33%

>64 cm 17%

Other calculations using a Moving Boundary Monte Carlo Code show
that, within l imits, about a factor-of-10 reduction in soil activation is ob-
tained for every 15 cm of boric acid shielding. Thus, shielding factors la rger
than 3400 can be obtained if more shielding is used. These shielding calcu-
lations were done for a dynamic geometry, where the radii and temperatures
of the regions are changing with t ime. Thus, these resul ts are better than
those obtained using the static Monte Carlo Code. The main disadvantage is
that the dynamic code is only one-dimensional and cannot calculate a non-
spherical emplacement environment. The effect of allowing the shielding to
expand and heat up is that fewer neutrons are absorbed by the shielding than in
the static case. This correction varies with the conditions assumed, and for
the problems we have run, it can make a difference of as much as a factor of
2 in the resu l t s . In these calculations, Mn°° and N a ^ gave the largest con-
tribution to the soil-induced radioactivity at early t imes .

When examining the problem of using nuclear explosives for excavation,
one should not look pr imari ly at the amount of radioactivity made by current
explosives, as they do not represent future excavation explosives. Instead, a
set of safety c r i t e r i a should be established and then the explosive should be
designed to satisfy or surpass these cr i ter ia before it is used for excavation.
In other words even before the best possible explosive is used, it should
satisfy all health and safety cr i ter ia .

The radioactivity per unit yield from Plowshare explosives has been de-
creasing as changes have been made in the explosive and its emplacement
environment. F o r example, in 1967, the AEC issued a planning statement
giving the estimated amount of radioactivity re leased to the environment by
future nuclear crater ing explosives. There have been some changes in our
est imates of anticipated radionuclide re lease; consequently, the 1967 re lease
est imates should be used only for order-of-magnitude planning. Also, the
assumptions used as they re la te to emplacement techniques, neutron shielding,
scavenging, and significant nuclides re leased to the environment do not neces-
sari ly represent the current state of the ar t .

Since it is the only Plowshare Model released, I will use it to i l lustrate
the decrease of radioactivity that might be expected from future nuclear ex-
plosives. According to this model, it is possible for planning purposes to use
a total radioactivity re lease in cloud and fallout from a 100-kt explosive which
is equivalent to the radiation from 60 tons of fission. In contrast, back in
1962 the radioactivity in the fallout field from the "clean" 100-kt Sedan explo-
sive was equivalent to that produced by 2000 tons of fission. A comparison of
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these activation products is given in Table 5. Thus considerable progress has
been made in reducing radioactivity from a nuclear explosive, and it is antici-
pated that continuing progress will be made in the future.

Table 5. Gamma exposure from fallout (in equivalent tons of fission integrated
from H+l hr to infinity).

Sedan 1967 Planning model

Total fission products 1400 20
Activation products

Na 2 4 20 12
Mn54 — 1
Mn56 3 2

_ 0.1e
W 1 8 7 500 5Pb — 20
Others (Be7, Sc4 4 , Sc4 6 , Y88 ,

R h 102^ w 188) 102 small
TOTAL ~2000 ~60

Note: Nuclei such as P , C a 4 ^ F e ^ , W^8 5, have no 7 radiation, so give no
significant y dose. In the 1967 model, they show 0.1, 0.01, 0.04, and
6 kilocuries, respectively.
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