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Introduction

The following discussion will feature the properties of the fallout which would be
produced by a nuclear explosion of about 5 megatons ( 50% fission- 50% fusion)
occurring under two different conditions :

(1) on the surface of silicate sand soil in a industrial area,
(2) on the surface of a deep ocean water harbor among a group of ships.

These two conditions (Figures 1-1, 1-2) were selected both because they represent
likely conditions for the attack pattern specified, and because it is known that they would
produce widely different kinds of fallout. Most other important conditions, such as
detonation in a shallow harbor (Figure 1-3), will probably produce fallout whose
properties lie somewhere in between these extremes.

Another reason for picking these two conditions is that they are those from the given
attack pattern to which existing data most nearly apply. Several megaton yield range
detonations have, for example, taken place on steel barges anchored in the lagoons of
atolls in the Eniwetok Proving Grounds. Although these barges were ballasted with coral
sand , and were sometimes located in water shallow enough to permit bottom material
to be sucked up by the explosion, the total amount of sand was usually small relative to
the amount of ocean water involved. It will be assumed for purposes of this study that
the fallout from these events is representative of that for the deep harbor condition cited
above.
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There have been no U.S. test detonations in the megaton range on silicate soil, however.
Those in the right yield range have taken place on coral sand in the Eniwetok Proving
Grounds, and those on the right kind of soil at the Nevada Test Site have all been in the
kiloton yield range. Under these conditions it can only be assumed that the physical
properties of the fallout for the land surface burst referred to above will resemble those
of the Nevada fallout, while the magnitude of the effects and all other characteristics
will be more like those of the Pacific events. It should be clearly understood that this is,
at best, a questionable assumption, since both the yield of the bomb and the type of soil
on which it is detonated critically affect the resulting fallout.

It is also true that substantial quantities of steel have been present in most past test
explosion — the supporting tower for the majority of air bursts, the barge for water
surface bursts, and large quantities of experimental equipment in all cases. There is
reason to believe, as will appear later, that metals in general and iron in particular play a
singularly important role in fallout formation processes. This is an additional reason why
it was specified above that the land surface burst would occur in an industrial area and
the water surface burst among a group of ships. The nature of the fallout which would

result from bursts on bare soil or unobstructed water with no significant amount of metal
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present has not been definitely established at the present time.

Besides the type of weapon, its total yield , and the nature of the environmental
material, one other factor strongly influences the character of the fallout: the height
of the burst above the surface. A pure airburst, for reasons which will become clear later,
creates only very small particles which contribute to world-wide fallout but produces
nearly no local fallout. A moderately deep underground or underwater burst on the
other hand produces almost nothing but highly localized fallout.  The surface
conditions selected for this study will maximize local fallout areas and yet produce
considerable amounts of world-wide fallout.

If for one reason or another a burst does not occur on the surface during the attack,
different effects are to be expected. A deep underwater burst will, for example, produce
a pulsating bubble filled with radioactive products. This will lead after a short delay to a
surface eruption and a rapidly expanding ring of contaminated mist a thousand or more
feet tall; little if any fallout in the usual sense of the word will take place. No attempt will
be made to cover the effects of other burst heights in the following discussion. Before
proceeding with descriptions of the fallout for the two conditions chosen, however, it is
desirable to explain in a general way the overall processes of fallout formation and
deposition.
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Basic phenomena

When the nucleus of a heavy atom uranium fissions, or the nuclei of two light atoms
such as hydrogen fuse, part of the mass of the original system is converted into energy.
This appears in the form of the energy of motion of the product atoms, the excitation of
the electrons of the atoms, and the energies of the nuclear radiations and particles, such
as gamma-rays and neutrons, which are emitted. When the number of atoms fissioning
or fusing is small or spread out in time, the resulting energy can be dissipated gradually
in the surrounding medium: but when the number of atoms is large, and they fission or
fuse almost simultaneously, a shock wave is formed in the medium as a means of
dissipating the energy. Large quantities of neutrons, electrons and gamma-rays, are also
released from the many nuclear reactions, and intense heat and light rays are generated
as the rapidly moving atoms and excited electrons drop to lower energy levels. Taken all
together, these phenomena constitute a nuclear explosion (Figure 2).

There are several significant differences between fission and fusion explosions,
however. In the former most of the neutrons released are utilized internally to sustain
the fission process, while in the latter a large part of the neutrons appear externally. This
means that there are far more neutrons, which are capable of rendering certain
materials in the bomb and surrounding environment radioactive (the sodium in the salt
of seawater, for example), available from fusion weapons than from fission weapons. On
the other hand the end products of fusion are harmless or only mildly radioactive
products gases, while fission produces radioactive products which must then decay to
more stable forms by the emission of nuclear radiations. There are over 40 ways in which
a heavy nucleus of uranium or plutonium can divide in fission, leading to the production
of 80 to 90 primary radioactive products (Figure 3). It is the residual radiations from
these fission products and the materials activated by neutron irradiation, after they have
been dispersed by the dynamic processes of the explosion, which constitute the fallout
hazard.
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Itis to be emphasized that the fusion process is capable of producing sizeable quantities
of induced radioactive products. Added to this, fusion bomb must be initiated by a fission
trigger, and may contain uranium which can be activated or fissioned by the neutrons of
fusion. Thus fusion weapons, sometimes called “clean weapons”, are actually capable of
producing large quantities of radioactive fallout. They can only be considered “clean”
relative to pure fission weapons, much as grey might be considered light relative to black.

Approximately 50% of the total energy of a fission bomb is usually thought to be
dissipated in the shock wave and about 35% radiated as heat and light, although these
proportions are recognized to vary in different burst environments. The remaining 15%
would then appear in the form of nuclear radiations-roughly 5% being emitted initially,
either directly from the fissioning atoms or from the fission products contained in the
fireball, with the remaining 10% being available for residual radiation (Figure2). Certain
recent work indicates that, almost regardless of the type of weapon, as much as 50% of
the total energy could be dissipated as heat and light, with about 35% going to shock :
since, however, the 15% going to nuclear radiations is the principal concern here, this
subject will not be pursued further. There are situations where initial radiations could
pose a more serious hazard at close distances than blast or thermal effects, but this is
ordinarily not the cases. For this reason the following discussion will be concentrated
entirely on that 10% of the bomb’s energy which takes the form of residual radiation.

The residual radiation is, of course, associated with contaminated particles. During the
early stages of the explosion or fusing atoms is being transferred outward through
successive layers of environmental material, the so-called “fireball” is produced. Since a
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third or more of the bomb’s energy is left behind in this fireball in the form of atomic or
molecular motion, its internal temperature is very high —several hundreds of thousands
of degrees centigrade. The bomb and everything in its immediate vicinity is vaporized ;
in fact toward the center of the explosion, molecules are ripped apart and the electrons
may even be completely stripped from the atoms (Figure 4a).
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As the fireball cools, the violent internal motion subsides; electrons, atoms and
molecules recombine; and, eventually, condensation begins. This proceeds in the order
of the boiling points, like iron, condensing first and those having lower boiling points
remaining in a gaseous state until later (Figure 4b). During the cooling process, which is
of the order of seconds for megaton bursts, large quantities of soil or ocean water will
be drawn into the fireball. At first the temperature will be high enough to vaporize this
too, but finally it will drop to the point where the soil grains from the land surface burst
will only be melted (Figure 4c).

Such, then, is the early environment of the radioactive atoms produced by fission or
neutron activation, and much of their subsequent history is determined by this
environment. These also condense as a function of their boiling points; but, since only
small quantities are involved, they probably condense for the most part on other
particles, which exist in greater numbers, in the general temperature range from 2000°
to 2800° centigrade. Metals, because of their high boiling points, may provide such
particles at early times, while melted soil droplets could provide them at later times. This
means that part of the radioactive atoms, particularly those which condense earliest,
may become bound to small metallic particles ( FIGURE 4b), which may themselves
collide with and become trapped in the larger liquid soil particles ( Figure 4c). Some of
the remaining atoms will also condense directly on soil particles and other available
materials. These larger particles then fall from the cloud to constitute that local fallout
(Figure 4d).
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Part of the radioactive atoms are noble gases, however, and thus do not become
attached to other particles until they have decayed to more reactive kinds of atoms—by
which times most of the larger particles have already fallen out. The result is a depletion
of the decay products of these gases in the local fallout and a corresponding enrichment
of the decay products in the small particles which tend to remain aloft longer and be
deposited at greater distances. This process, known as fractionation, is an important one
since it has been observed to occur for several important radioactive products in the
fallout from land surface bursts —including strontium-90, which is a decay product of the
noble gas krypton, and cesium-137, which also has gaseous precursors and is one of the
principal gamma-ray emitters at very late times.

Water surface bursts on the other hand appear to be unfractionated in many important
radioactive products and only slightly fractionated in others. The reasons for this are
closely related to the condensation processes in the cloud, and may result from more of
the radioactive gas atoms decaying and condensing on small particles of metals and sea
salt before water droplets can form on condensed salt nuclei, collect some of the smaller
particles, and grow large enough to fall out of the cloud. This surmise seems reasonable
in any event in view of the lower boiling points of the components of seawater, as
opposed to soil, and the observed characteristics of the fallout from such shots -- which
consists of clusters of salt crystals loosely bound together with water and containing
small quantities of insoluble solids.

Circulation processes in the fireball and early cloud also play an important role in fallout
formation, since they determine the locations and concentrations of the various
materials during condensation. Present theory pictures first a rapidly-rotating,
doughnut-shaped ring containing all of the radioactive products and other materials
initially vaporized by the explosion. This operates to help draw environmental materials
into the contaminating cloud; it also determines the distribution of radioactive and inert
material which exists when the energy of rotation is lost and consequently influences
the ultimate distribution of the fallout on the ground.

Local fallout from the cloud continues until only the small particles defined as world-

wide fallout (ordinarily less than about 0.02 millimeter in diameter) are left. The
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guestion then is: how much of the total radioactivity, as well as of certain specific
radioactive products like strontium-90 and cesium-137, produced by the bomb is
deposited locally, and how much remains available for world-wide fallout. To really
answer this question will require more complete measurements than have ever been
made. The results of the most recent attempt will be quoted later; but it should be
emphasized here that, because of fractionation, world-wide fallout from both land and
water surface bursts may be enriched in such products.
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If one were standing just outside the range of blast and thermal damage, downwind
(with respect to the high-level winds) from a megaton land surface burst of the kind
assumed, what would be experience during fallout arrival?  First of all be would receive
a radiation dose from the penetrating, long-range gamma-rays emitted by the fallout
particles when they had descended to within about 1000 ft from him. This part of the
total dose is often referred to as transit radiation, and it is important to note that it can
be delivered to a given point even though the actual particles may be blown by the point
and deposited elsewhere.

A few minutes after the burst be would become aware of a rain of relatively large
particles, glassy in appearance and varying from yellow to black in color, falling all around
him. These would range from several millimeters to perhaps 1/2 millimeter in diameter,
with the largest particles carrying the most radioactivity, and would be clearly visible
against most backgrounds (Visual Aid 1,demonstrating 1000 r/hr fallout). The overall
impression might be much like being in a mild desert sandstorm. While this was
happening the concentration of the material passing through the air near him and the
gamma radiation dose he was receiving would be building up steeply to a level of 1000
r/hr or more (Figure 5a); also the average energy of the gamma rays, reflected in
penetrating power, would probably be higher at these early times (20 min). After about
the same length of time it took for the particles to arrive in the first place, the rain of
large particles would diminish; and radioactive decay would begin to predominate, as
shown in the figure. It is to be noted that at first, because of the presence of induced
products, the dose rate would probably not decrease as fast as the average usually
estimated for mixed fission products, while later it would drop much more rapidly due
to an overall decrease in the ionizing power of the radiation(Figure 6; note logarithmic
scale). This decay might be interrupted by the late arrival of groups of particles from
higher altitudes if the high-level winds reverse themselves. These large particles would
not present a serious inhalation hazard, could be easily brushed off clothes and skin, and
once on the ground would tend to resist movement by surface winds.
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If on the other hand one were standing so far downwind from ground zero that he could
see the flash and cloud from the burst but could not hear it, his experience would be
quite different. After some much longer interval of time, perhaps even several hours, a
disperse cloud of fine particles would begin to settle out around him. These particles
might range in diameter from about 0.1 to 0.02 milimeter, again with the largest being
the most active, and would be almost entirely in visible ; they would, however, be of the
same general type as the larger particles ( Visual Aid 2, demonstrating 1-100 r/hr fallout).
The concentration of material passing through the air and the radiation dose he was
receiving would buildup gradually (Figure 5b), probably reaching a peak rate less than 1
r/hr at about twice the arrival time. At this time ( 20 hr) the average energy of the
gamma-rays would probably be lower and their penetrating power less. The dose rate
would then decrease in a slightly irregular fashion over a long period of time,
representing the effects of radioactive decay interrupted by late fallout arrival. These
small particles would represent an inhalation hazard and could not be as easily removed
from skin, clothes and other types of solid surface. On the ground they would be subject
to redistribution by the wind in the same way as the fine dust in the soil.

In case the burst occurred on an ocean surface instead of on land, the proportions of
the particles would be different but the buildup characteristics, as reflected in the curves
of Figure 5a and 5b, would be much the same. As indicated earlier, the fallout particles
would consist of clusters of salt crystals containing a small amount of insoluble material
and held together with a little water. These particles probably leave the cloud as ice
pellets, but continuously change their size by evaporation and condensation as they fall
through different zones in the atmosphere. In any event they tend to be quite uniform
in size when they arrive —varying between about 0.1 and 0.3 millimeter in diameter —
and would be virtually invisible. They would present an inhalation hazard in any location
and would be very difficult to remove from most surfaces.

Figure 7a illustrates the appearance of the overall local area which might be

contaminated by the fallout from a land surface burst of about 5 megatons. These are
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isodose rate contours for one hour constructed as best possible from actual test
measurements. Locations similar to those just discussed are indicated (Near and Distant
Station) and representative contours for a land surface burst in the low kiloton range are
shown for comparison (Figure 7b).
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There are two particularly important points to notice a about the contours for the
megaton burst. The first is that they are highly irregular, and the second is that they
contain isolated regions of higher radiation intensity at considerable distances from
ground zero. Both of these are due largely to the fact that the winds at higher altitudes
were blowing in various directions with different speeds following the shot. To obtain
the smooth simplified contours usually shown requires simplified wind structures, which
often do not exist. Although for prediction purposes it may be necessary to assume a
simple wind structure and show idealized contours, it should be borne in mind that the
real situation is apt to be very different. As may be seen, the same characteristics may
be present to a lesser extent in kiloton burst contours, even though they will be less well-
defined. The evidence is clear that, if a varying wind structure exists, the fallout pattern
for megaton bursts can be such that widely different radiation doses can be received in
closely adjacent areas. Notice, for example, that radiation fields less than 25 r/hr and
greater than 2500 r/hr exist within relatively short distance of the Near Station in Figure
7a.

The remainder of this statement will be devoted to summarizing the estimated
properties of the fallout for the two cases selected. Before doing so, however, it might
be well to take advantage of the preceding discussion to bring out two points which
sometimes cause confusion.

It should be clear from the foregoing development that contaminated particles and
radiations from contaminated particles are two different things. The particles are
contaminated in the sense that they carry radioactive atoms which are disintegrating
and emitting nuclear radiations. A contaminated particle emitting gamma-rays might
well be compared with an ordinary bulb emitting light. The bulb like the particle is a
substantial physical object, while the light and the gamma-rays are concentrations of
pure energy. The farther one moves away from a lighted bulb, the less light he receives,

and this is also true of the radiations from a fallout particle. While gamma-rays are
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considerably more penetrating than light, there are other nuclear radiations (alpha and
beta particles) which are even less so and constitute no hazard except at very close
distance.

Perhaps this will also make it clear that external and internal radiation hazards are two
different things. If the source of the radiation, such as an X-ray machine or a fallout
particle, is some distance away from the body of an observer, he will receive only the
long-range X-rays or gamma-rays —thus constituting an external radiation hazard. If,
however, the source of the radiation is inside his body, as in the case of a fallout particle
which has been inhaled or swallowed, he will receive both the long and short range
radiations —thus creating an internal radiation hazard. Certain radioactive products, such
as strontium-90 and carbon-14, emit only short range radiations and consequently pose
little or no external hazard. They do, however, pose a serious internal hazard, and this
point should never be neglected in estimating the dangers of radioactive fallout.
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