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PREFACE

When **The Effects of Atomic Weapons'' was published in 1950, the explosive
energy yields of the fission bombs available at that time werce zquivalent to soms
thousands of tons (i.c ., kilotons) of TNT. With thc development of thcimonucleai
(fusion) weapons, having energy yields in the range of miilions of tors (i.e.,
megatons) of TNT, a new presentation, entitled **The Effects of Nuclear Weap-
ons,”" was issued in 1957. A completely revised edition was nublished in 1962 and
this was reprinted with a few changes early in 1964,

Since the last version of *‘The Effects of Nuclear Weapons'' was prepared, much
new information has become available concerning nuciear weagcns effects. This
has come in part from the series of atmospheric tests, including several at very high
altitudes, conducted in the Pacific Ocean area in 1962. In addition, laboratory
studies, theoretical calculations, and computer simulations have nrovided a better
understanding of the various effects. Within the limits imposed by security re-
quirements, the new information has been incorporated in the present edition. In
particular, attention may be called to a new chapter on the electromagnetic pulse.

We should emphasize, as has been done in the earlier editions, that numerical
values given in this book are not—and cannot be—exact. They must inevitably
include 2 substantial margin of error. Apart from the difficulties in making
measurements of weapons effects, the results are often dependent upon circum-
stancc  which could not be predicted in the event of a nuclear attack. Furthermore,
two weapons of different design may have the same explosive energy yield, but the
effects could be markedly different. Where such possibilities exist, attention is
called in the text to the limitations of the data presented; these limitations should not
be overlooked.

The material is arranged in a marner that should permit the general reader to
obtain a good understanding of the various topics without having to cope with the
more technical details. Most chapters are thus in two parts: the first part is written at
a fairly low technical level whereas the second treats some of the more technical and
mathematical aspects. The prescntaiion allows the reader to omit any or all of the
latter sections without loss of continuity.

The choice of units for expressing numerical data presented us with a dilemma.
The exclusive use of international (SI) or metric units would have placed a burden
on many readers not familiar with these units, whereas the inclusion of both SI and
common units would have complicated many figures, especially those with
logarithmic scales. As a compromise, we have reiained the older units and added an
explanction of the SI system and a table of appropriate conversion factors.
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Many organizaiions and individuals contributed in one way or another to this
rvision of “*The Effects of Nuclear Weapens,™ and their couperation is gratefully
acknowledged. In particular, we wish ic express our appreciation of the help given
us by L. J. Deal and W. W. Schroebel of the Energy KResearch and Development
Administration and by Cmdr. H. L. Horpe of the Dzpartment cf Defense.

Samuel Glasstone
Philip J. Dolan
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CHAPYER 1

GENERAL PRINCIPLES OF
NUCLEAR EXPLOSIONS

CHARACTERISTICS OF NUCLEAR EXPL OSIONS

INTRODUCTION

1.01 An explosion, in general, re-
sults from the very rapid release of a
large amounrt of energy within a limited
space. This is true for a conventional
‘‘high explosive,’’ such as TNT, as well
as for a nuclear {or atomic) explosion,!
although the energy is produced in quite
difierent ways (§ 1.11). The sudden
liberation of energy causes a consider-
able increase of temperature and pres-
sure, so that all the materials present are
converted into hot, compressed gases.
Since these gases are at very high tem-
peratures and pressures, they expand
rapidly and thus initiate a pressure
wave:, calied a ‘‘shock wave,”” in the
surrounding medium—air, water, or
earth. The characteristic of a shock
wave is that there is (ideally) a sudden
increase of pressure at the front, with a
gradual decrease behind it, as shown in
Fig. 1.01. A shock wave in air is gen-
eraliy referred to as a ‘‘blast wave”
because it rescmbles and is accompan-
ied by a very strong wind. In water or in

the ground, however, the term *‘shcck™
is used, because the effect i: itke that of
a sudden impact.

1.02 Nuclear weapons are similar to
those of more conventional ‘ypes insofar
as their destructive action is due mainly
to blast or shock. On th: other hand,
there arc several basic lifferences be
tween nuclear and liigh-explosive
weapons. In the first ylace, nuclear ex-
plosions can be maay thousands (or
millions) of times more powerful than
the largest conven.ional detonations.
Second, for the release of a given
amount of energy, ‘he mass of a miclear
explosive would te much less than that
or a conventiona' high explosive. Con-
sequently, in the former case, there is a
much smaller arnount of material avail-
able in the weapon itself that is con-
verted into the hot, compressed gases
mentioned above. This results in some-
what different mechanisms for the ini-
tiation of the blast wave. Third, the
temperatures 1eached in a nuclear ex-
plosion are very much higher than in a

'The terms ‘*auclear’” and atomic'’ may be used interchangeably sc far as weapons, explosions, and

energy are conceined, but ‘‘nuclear’

is preferred for the reason given in § 1.11.

1
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PRINCIPLES OF NUCLEAR EXFIOSIONS

p

SHOCK FRONT

AMBIENT PRESSURE

DISTANCE

Figure 1.01.  Variation of pressure (in excess of ambient) with cistance in an ideal shock

conventional explosion, ~nd a fairly
large proportion of the energy in a nu-
clear explosion is emitted in the form of
light and heat, generally referred to as
‘*thermal radiation.”” This is capable of
causing skin burns and of starting fires at
considerable distances. Fourtli, the nu-
clear explosicn is accompanied by
highly-penetrating and harmful invis:ble
rays, called the ‘‘initial nuclear radia-
tion.”’ Finally the substances remain.ng
after a nuclear explosion are radioac-
tive, emitiing similar rad:ations over an
extended period of time. This is known
as the *‘residual nuclear radiation’’ or
‘‘residual radioactivity’’ (Fig. 1.0%).
1.03 It is because o] these funda-
mental differences between a nuclear
and a conventional explosion, including
the treinendously g:cater power of the
former, that the effects of nuclear
weapons require special consideration.
In this connection, a knowledge and

wave.

understanding uf the mechcnicai and the
various radiatior. phenomena associated
wvith a nuclear explosion are of vital
importance.

1.04 The purposc of this book is to
describe the cifferent forms in which the
energy of a .wclzar explosion are re-
leased, to expfain how tney are propa-
gated, and to show how they may affect
people (and other living organisms) and
materials. Where numerical values are
given for specific observed effects, it
should be kept in mind that there are
inevitable uncertainties wssociated with
the data, for at least two reasons. in the
first place, there are inherent difficulties
in making exact mcasuremenis of
weapons effects. The resuits are often
dependent on circumstances which are
difficult, it not irnpossible, to control,
even in a test and certainly cannot be
predicted in the event of au attack. Fur-
thermore, two weapons producing the

AR PR




CHARACTERISTICS OF NUCLEAR EXPLOSIONS 3

BLAST AND SHOCK /—\\
»

/
INITIAL

NUCLEAR RADIATION

NUCLEAR EXPLOSION

THERMAL RADIATICN
e

RESIDUAL
NUCLEAR RADIATION

Figure 1.02. Effects of a nuclear »xplosioa.

same amount of explosive ¢energy may
have different quantitative effects be-
cause of differences in composition and
design.

1.05 It is hoped, nevertheless, that
the information contained in this vol-
ume, which is the best available, miay be
of assistance to those responsible for
defense planning and in making nrepa-
rations to deal with the emergencies (hat
may arise from nuclear warfare. In ad-
dition, architects end engineers may be
able to utilize the data in the design of
structures having increased resistance to
daniage by blast, shock, and fire, and
which provide shielding against nuclezi
radiations.

ATOMIC STRUCTURE AND ISOTOPES

1.06 All substances are made up
from one or more of about 90 different
kinds of simple materials known as
‘‘elements.’” Among the comimen ele-

znts are the gases hydrogen, oxygen,
and nitrogen; the solid nonmetals car-
bon, sulfur, and pnosphorus; and

various mz2tals, such as iron, copper.
and zinc. A less iamiliar element, which
has attained prominence in recent years
because »f its use as a source of nuclear
encrgy, is uraniem, normally a solid
metal.

1.07 The smallest part of any ele-
ment that can exist, whiie stiil retaining
the characteristics of the element, is
called an *‘atom’’ of that element. Thus,
there ave atoms of hydrogen, of iren, of
urznium, and sc on, for all the elements.
The hydrogen atom is the lightest of all
atcms, whereas the atoms of uranium
are the heaviest of those founa on earth.
Heavier atoms, such as those of pluto-
nium, also important for the release of
nuclear energy, have veen made artiii-
cially {§ 1.14). Frequently, two or mnore
atoms of the same or of different ele-
ments join together to form a ‘‘mole-
cule.”

1.08 Every atom consists of a rela-
tively heavy central region or ‘‘nu-
cleus,”” surrounded by a number of very
light particles known as ‘‘clectrons.’’
rFurther, the atomic nucleus is itself
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inade up of a definite number of fun-
damental particles, referred to as *'pro-
tons’’ and ‘‘neutrons.’” These two par-
ticles huve almost the same mass, but
they differ in the respect that the proton
carries a unit charge of positive elec-
tricity whereas the neutron, as its name
implies. is uncharged electrically, i.e.,
it is neutral. Because of the protons
present in the nucleus, the la.ter has a
posttive electrical charge, but in the
normal atom this is exactly balanced by
the negative charge carried by the elec-
trons surrounding the nucleus.

1.09 The essential difference be-
tween atoms of different elements lies in
the number of protons (or positive
charges) in the nucleus; this is called the
‘‘atomic number’’ of the element. Hy-
drogen atoms, for example, contain
only one proion, helium atoms have two
protons, uranium atoms have 92 pro-
tons, and plutonium atcms 94 protons.
Althougk all the nuclei of a given ele-
ment contain tiie same number of pro-
tons, they may have different numbers
of neutrons. The resulting atomic spe-
cies, which have identical atomic
numbers but which differ in their
masses, are called ‘‘isotopes’’ of the
particular element. All but about 20 of
the elements occur in nature in two or
more isotopic forims, and many other
isotopes, which are unstable, i.e., ra-
dioactive, have been obtained in various
ways.

1.10 Each isotope of a given ele-
ment is identified by its ‘‘mass
number,”” which is the sum of the
numbers of protons and neutrons in the
nucleus. For example, the element ura-
nium, as found in nature, consists
mainly of two isotopes with mass
nurnbers of 235 and 238; they are con-

PRINCIPLES OF NUCYEAR FXPLOSIONS

sequently referreu to as uranium-235
and uranium-238, respectively. The nu-
ciel of both isotopes contain 92 pro-
tons—as do the nuclet of all uranium
isotopes—but the former have in uddi-
tion 143 neutrons and the latter 146
neutrons. The general term **nuclide’” is
used to describe any atomic species dis-
tinguished by the compositica of its nu-
cleus, i.e., by the nuinber of protons
and the number of neutrons. Isotopes of
a given element are nuciides having the
same number of protons but different
numbers of neutrons in their nurlei.
1.11 In a conventionzl explosion,
the energy released arises from chemical
reactions; these involve a rearrangement
among the atoms, e.g., of hydrogen,
carbon, oxygen, and nitrogen, present
in the chemical high- explosive material.
In a nuclear explosion, on the other
hand, the energy is produced as a resuit
of the 1ormation of diffcrent atomic nu-
clei by the redistribution of the protons
and aeutrons within the interacting nu-
clei. What is sometimes referred to as
atomic energy is thus actually nuclear
energy, since it results from particular
nuclear interactions. It is for the same
reason, too, that atomic weapons are
preferably called ‘‘nuclear weapons.’’
The forces between the protons and
neutrons within atomic nuclei are tre-
mendously greater than those between
the atoms; consequently, nuclear energy
is of a much higher order of magnitude
than conventional (or chemical) energy
when equal masses are considered.
1.12 Many auclear processes are
known, but not all are accompanied by
the release of energy. There is a definite
equivalence between mass and energy,
and when a decrease of mass occurs ina
nuclear reaction there is an accompany-
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ing release of a certain amount of energy
related to the decrcase in mass. These
mass changes are really a reflection of
the dificrence in the internal forces in
the various nuclei. It is a basic law of
nature that the conversion of any system
in which the constituents are held to-
gether by weaker forces into onc in
which the forces are stronger must be
accompanied by the release of energy.
and a corresponding decrease in mass.
1.13 In addition to the necessity for
the nuclear process to be one in which
there is a net decrease in mass, the
release of nuclear ecnergy in amounts
sufficient tc cause an explosion requires
that the reaction should be able to re-
produce itself once it has been started.
Two kinds of nuclear interactions can
satisfy the conditions for the production
of large amounts of energy in a short
time. They are known as ‘‘fission’’
(splitting) and ‘‘fusion’’ (joining to-
gether). The former process takes place
with some of the heaviest (high atomic
number) nuclei; whcreas the latter, at
the other extreme, involves some of the
lightest (low atomic number) nuclei.
1.14 The materials used to produce
nuclear explosions by fission are certain
isotopes of the elements uranium and
plitonium. As noted above, uranium in
nature consists mainly of two isotopes,
namely, uranium-235 (about C.7 per-
cent), and uranium-238 (about 99.3
percent). The less abundant of these
isotopes, i.e., uranium-2385, is the read-
ily fissionavle species that is commonly
used in nuclear weapons. Another iso-
tope, uranium-233, does not occur nat-
arally, but it is also readily fissionable
and it can be made artificially starting
with thorium-232. Since only insignifi-
cant amounts of the elemen! plutonium

are found in nature, the fissionable iso-
tope used in nuclear weapons, pluto-
nium-239, is made artificially from ura-
nium-238.

1.15 When a free (or unattached)
neutron enters the nucleus of a fission-
able atom, it can cause the nucleus to
split into two smaller parts. This is the
fission process, which is accompanied
by the release of a large amount of
encrgy. The smaller (or lighter) nuclei
which result are called the ‘‘fission
products.”’ The complete fission of |
pound of uranium or plutonium releases
as much explosive energy as does the
explosion of about 8,000 (short) tons of
TNT.

1.16 In nuclear fusion, a pair of
light nuclei unite (or fuse) together to
form a nucleus of a heavier atom. An
example is the fusion of the hydrogen
isotope known as deuterium or ‘‘heavy
hydrogen.’” Under suitable conditions,
two deuterium nuclei may combine to
form the nuclieus of a heavier element,
helium, with the release of energy.
Other fusion reactions are described in
§ 1.69.

1.17 Nuclear fusion reactions can
be brought about by means of very high
temperatures, and they are thus referred
to as ‘‘thermonuclear processes.’’ The
actual quantity of energy liberated, for
a given mass of material, depends on
the particular isotope (or isotopes) in-
volved in the nuclear fusion reaction. As
an example, the fusion of all the nuclei
present in i pound of the hydrogen iso-
tope deuterium would release roughly
the same amount of energy as the ex-
plosion of 26,000 tons of TNT.

1.18 In certain fusion processes,
between nuclei of the hydrogen iso-
topes. neutrons of high energy are lib-
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erated (see § 1.72). These can cause
fission in the most abundant isotope
{uranium-? ‘8) in ordinary uranium as
well as ... uranium-235 and p'utonium-
239. Consequently, association of the
appropriate fusion reactions with natural
uranium can result in an extensive utili-
zation of the iatter for the release of
energy. A device in which fission and
fusion {thermonuclcar) reactions are
combined can therefore produce an ex-
plosion of great power. Such weapons
might typically release about equal
amounts of explosive cnergy from fis-
sion and from fusion.

1.19 A distinction has sometimes
been made between atomic weapons, in
which the energy arises from fission, on
the one hand, and hydrogen (or thermo-
nuclear) weapons, involving fusion, on
the other hand. In 2ach case, however,
the explosive energy results from nu-
clear reactions, so that they are both
correctly described as nuclear weapons.
In this book, therefore, the general
terms ‘‘nuclear bomb’ and ‘‘nuclear
weapon’’ will be used, irrespective of
the type of nuclear reaction producing
the energy of the explosion.

ENERGY YIELD OF A NUCLEAR
EXPLOSION

1.20 The ‘‘yield’’ of a nuclear
weapon is a measure of the amount of
explosive energy it can produce. It is the
usual practize to state the yield in terms
of the quantily of TNT that would gen-
erate the same amount of energy when it
cxplodes. Thus, a I-kiloton nuclear
weapon is one which produces the same
amount of energy in an expiosion s
does 1 kiloton (or 1,000 tons) of TNT.
Similariy, a 1-megaton weapon would

PRINCIPLES OF NUCLEAR EXPLOSIONS

have the energy equivalent of | million
tons (or 1,000 kilotons) of TNT. The
earliest nuclear bembs, such as were
dropped over Japan in 1945 and used n
the tests at Bikini in 1946, yeleased very
roughly the same quantity of energy as
20,000 tons (or 20 kilotons) of TNT
{see, however. § 2.24). Since that time,
much more powerful weapons, with en-
ergy yields in the megaton range, have
been developed.

1.21 From the statement in § 1.15
that the fission of | pound of uranium or
plutonium will release the same amount
of explosive energy as about 8,000 tons
of I'NT, it is evident that in a 20-kiloton
nuclear weapon 2.5 pounds of material
undergo fission, However, the actual
weight of uranium or plutonium in such
a weapon is greater than this amount. In
other words, in a fission weapon, only
part of the nuclear material suffers fis-
sion. The efliciency is thus said to be
less than 100 percent. The material that
has not undergone fission remains in the
weapon residues after the exploesion.

DISTRIBUTION OF ENERGY IN
NUCLEAR EXPLOSIONS

1.22 It has been mentioned that one
important difference between nuclear
and conventional (or chemical) explo-
sions is the appearance of an appreciable
proportion of the energy as thermal ra-
diation in the former casc. The baic
reason for this difference is that, weight
for weight, the energy produced by a
nuclear explosive is millions of times as
great as that produced by a chemical
cxplosive Consequently, the tempera-
tures reached in the former case are very
much higher than in the latter, namely,
tens of millions of degrees in a nuclear
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explosion compared with & few thou-
sands in « conventional explosion. As a
result of this great difference in temper-
ature, the distribution of the explosion
energy is quite different in the two
cases.

1.23 Broadly speaking, the energy
may be divided into three categories:
kinetic (or external) cnergy, i.e., energy
of motion of ¢lectrons, atoms, and mol-
ecules as a whole; internal energy of
these particles; and thermal radiation
encrgy. The proportion of thermal radi-
ation energy increases rapidly with in-
creasing temperature. At the moderate
temperatures attained in a chemical ex-
plosion, the amount of thermal radiation
is comparatively small, and so essen-
tially all the energy released at the time
of the explosion appears as kinetic and
internal energy. This is &lmost entirely
converted into blast and shock, in the
manner described in § 1.01. Because of
the very much higher temperatures in a
nuclear explosion, however, a consid-
erable proportion of the energy is re-
leased as thermal radiation. The manner
in which this takes place is described
later (§ 1.77 et seq.).

1.24 The fraction of the explosion
energy received at a distance from the
burst point in each of the forms depicted
in Fig. 1.02 depends on the nature and
yield of the weapon and particularly on
the environment of the explosion. For o
nuclear dJetonation in the atmosphere
below an altitude of about 100,000 feet,
from 35 10 45 percent of the explosion
energy is received as thermal energy in
the visible and infrared pertions of the
spectrum (see Fig. 1.74). In addition,
below an altitude of about 40,000 feet,
about %0 percent of the explosive energy
is used in the production of air shock. At

-
/

somewhat higher zltitudes, where there
is less air with which the energy of the
exploding nuclear weapon can interact,
the proportion of energy converted into
shock is decreased whercas that emitted
as thermal radiation is correspondingly
increased (§ 1.36).

1.25 The exact distribution of en-
ergy between air shock and thermal ra-
diation is related in a complex manner to
the cxplosive energy yield, the burst
altitude, and, to some extent, to the
weapon design, as will be seen in this
and later chapters. However, an ap-
proximate rule of thumb for a fission
weapon exploded in the air at an altitinde
of less than about 40,000 feet is that 35
percent of the explosicn energy is in the
form of thermal radiation and 50 nercent
produces air shcck. Thus, for a burst at
moderately low altitudes, the air shock
cnergy from a fission weapon will be
about half of that from a conventional
high explosive with the same total en-
ergy release; in the latter, essentially all
of the explosive energy is in the form of
air blast. This means that if a 20-kiloton
fission weapon, for example, is ex-
ploded in the air below 40,000 feet or
s0, the energy used in the production of
blast would be roughly equivalent to
that from 10 kilotons of TNT.

1,26 Regardless of the height of
burst, approximately 85 percent of the
explosive energy of a nuclear fission
weapon produces air blast (and shock),
thermal radiation, and heat. The re-
maining 15 percent of the energy is
released as various nuclear radiations.
Of this, 5 percent cons.itutes the iniiial
nuclear radiation, defined as that pro-
duced within a minute or so ot the
explosion (§ 2.42). The final 10 percent
of the total fission energy represents that
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of the residual (or delayed) nuclear ra-
diation which is emitted over a period of
time. This is largely due to the radioac-
tivity of the fission products present in
the weapon residues (or debris) after the
explosion. In a thermonuclear device, in
which only about half of the total energy
arises from fission (§ 1.18), the residual
nuclear radiation carries only 5 percent
of the energy released in the explosion.
It should be noted that there are no
nuclear radiations from a conventionai
cxplosion since the nuclei are unaffected
in the chemical reactions which take
place.

1.27 Because about 10 percent of
the total fission energy is released in the
i of recidnal nuclear radiation some
time after the detonation, this it not
included when the energy vield of a
nuclear explosion is stated, e.g., in
terms of the TNT equivalent as in
§ 1.20. Hence, in a pure fission weapon
the explosion energy is about 90 percent
of the total fission energy, and in a
thermonuclear device it is, on the aver-
age, about 95 percent of the total energy
of the fission and fusion reactions, This
common convention will be adhered to
in subsequent chapters. For exampic,
when the yield of a nuciear weapon is
quoted or used in equations, figures,
etc., it will represent that portion of the
energy delivered within a minute or so,
and will exclude the contribution of the
residual nuclear radiation.

1.28 The initial nuclear radiation

consists mainly of ‘‘gamma rays,”’
which are electromagnetic radiations of
high cnergy (sec § 1.73) originating in
atomic nuclei, and ncutrons. These ra-
diations, cspecially gamma rays, can

PRINCIPLES OF NUCLEAR EXPLOSIONS

travel great distances through air and
can penetrate considerable thicknesses
of material. Although they can neither
be seen nor felt by human beings, ex-
cept at very high intensities which cause
a tingling sensation, gamma rays and
neutrons can produce harmful ecffects
cven at a distance from their source.
Consequently, the initial nuclear radia-
tion is an important aspect of nuclear
explosions.

1.29 The delayed nuclear radiation
arises mainly from the fission products
which, in the course of their radioactive
decay, emit gamma rays and another
type of nuclear radiation called *‘beta
particles.'’ The latter are electrons, i.e.,
particles carrying a negative electric
charge, moving with high speed; they
ar¢ formed by a change (neutron --
proton + electron) within the nuclei of
the radioactive atoms. Beta particles,
which are also invisible, are much less
penetrating than gamma rays, but like
the latter they represent a potential haz-
ard.

1.30 The spontaneous emission of
beta particles and gamma rays from ra-
dioactive substances, i.e., a radioactive
nuciide (or radionuclide), “uch as the
fission products, is a gradual process. It
takes place over a period of time, at a
rate depending upon the nature of the
material and upon the amount present.
Because of the continuous decay, the
quantity of the radionuclide and the rate
of emission of radiation decrease stead-
ily. This mcans that the residual nuclear
radiation, due mainly to the fission
products, is most intense soon after the
explosion but dimini hes in the course
of time.
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TYPES OF NUCLEAR EXPLOSIONS

1.31 The immediate phenomena
associated with a nuclear explosion, as
well as the eftects of shock and blast and
of thermal and nuclear radiations, vary
with the location of the point of burst in
relation, to the surface of the earth. For
descriptive purposes five types of burst
are distinguished, although many varia-
tions and intermediate situations can
arise in practice. The main types, which
will be defined below, are (1) air burst,
(2) high-altitude burst, (2) underwater
burst, (4) underground burst, and (5)
surface burst.

1.32  Provided the nuclear explosion
takes place at an altitude where there is
still an appreciable atmosphere, e.g.,
below about 100,000 feet, the weapon
residues almost immediately incorporate
material from the surrounding medium
and forr: an intensely hot and luminous
mass, rougnly spherical in shape, called
the *‘fireball.”” An ‘‘air burst’ is de-
fined as one 1in which the weapon is
exploded in the air at an altitude below
100,000 feet, but at such a height that
the firebal! (at roughly maximum bril-
liance in its later stages) does not touch
the surface of the earth. For example, in
the explosion of a 1-megaton weapnn
the fireball may grow until it is nearly
5,700 feet (1.1 mile) acrcss at maxi-
mum brilliance. This means that, in this
particular case, the expiosion must
occur at least 2,850 feet above the
earth’s surface if it is to be called an air
burst.

1.33 The quantitative aspects of an
air burst will be dependent upon its
energy yield, but the general phenom-
ena are much the same in all cases.
Nearly all of the shock cnergy that

leaves the fireball appears as air blast,
although some is generally also trans-
mitted into the ground. The thermal ra-
diation will travel long distances
througn the air and may be of sufficient
intensity to cause moderately severe
burns of exposed skin as far away as 12
miles from a 1-mcgaton explosion, on a
fairly clear day. For air bursts of higher
energy yields, the corresponding dis-
taaces will, of course, be greater. The
thermal radiation is largely stopped by
ordinary opaque matesials; hence,
buildings and clcthing can provide pro-
tection.

1.34 The initial nuclear radiation
from an air burst will also penetrate a
long way in air, although the intensity
falls off fairly rapidly at increasing dis-
tances from the explosion. The interac-
tions with matter that result in the ab-
sorption of energy from gamma rays and
from neutrons are quite different, as will
be seen in Chapter VIII. Difterent ma-
terials are thus requi.ed for the most
efficient removal of these radiaiions; but
concrete, especially if it incorporates a
heavy element, such as iron or barium,
represents a reasonable practical com-
promise for reducing the intensities of
both gamma rays and neutrons. A
thickness of about 4 feet of ordinary
concrete would probably provide ade-
quate protection from the effects of the
initial nuclear radiation for people at
distance of about 1 mile from an air
burst of a i-megaton nuclear weapon.
However, at this distance the blast effect
would be so great that only specially
designed blast-resistant structures would
survive.

1.35 n the event of a moderately
high (or high) air burst, the fission
products remaining after the nuclear ex-
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numbers of electrons and ions at high
2ititudes ma) have seriously Jdegrading
effects on the propagation of radio and
radar signais (see Chapter X). The frec
electrons resulting from gamma-ray
ionization of the air ir. a high-aititude
explosion may also interact with the

2—2

erally be less nan foo an air burst,
However, the residual nuclear radiation,
i.e.. the radiation emitted after the first
minute, now tecomes of considerable
significance, since large quantities of
earth or water in the vicinity of the
explosion will be contaminated with ra-

~ .
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SCIENTIFIC BASIS OF NUCLEAR EXPLOSIONS:?

FISSION ENERGY

1.42 The significant point about the
fission of a uranium (or plutonium) nu-
cleus by means of a neutron, in addition
to the release of a large quantity of
energy, is that the process is accompan-
ied by the instaptaneous emission of two
or more neutrons; thus,

uranium-235
{or uranium-233)
(or plutonium-239)

Neutron +

_, fission fragments +
2 or 3 neutrons + energy.

The neutrons liberated in this manner
are able to induce fission of additinnal
uranium (or plutonium) nuclei, each
such process resulting in the emission of
more neutrons which can produce fur-
ther fission, and so on. Thus, in prin-
ciple, a single neutron could start off a
chain of nuclear fissions, the number of
nuclei suffering fission, and the energy
liberated, increasing at a tremendous
rate, as will be seen shortly.

1.43 There are many different ways
in which the nuclei of a given fission-
able species can split up into two fission
fragments (initial fission products), but
the total amount cof cnergy liberated per
fission does not vary greatly. A satis-
factory average value of this energy is
200 million electron volts. The million
electron volt (or 1 MeV) unit has been
found convenient for expressing the en-
ergy released in nuclear reactions, it is

equivalentto 1.6 x 16 sergor 1.6 X
10 '* joule. The manner in which this
energy is distributed among the fission
fragments and the various radiations as-
sociated with fission is shown in Table
1.43.

Table 1.43
DISTRIBUTION OF FISSION ENERGY
MeV
Kinetic energy of fission fragmenis 165 + S
Instantaneous gamma-ray cnergy 7+ 1
Kinetic energy of fission neutrons 5+05
Beta particles from fission products 7+
Gamma rays from fission products 6 1
Neutrinos from iission products 10
Total energy per fission 200 + 6

1.44 The results in the table may be
taken as being approximately applicable
to either uranium-233, uraniura-235, or
plutonium-239. These are the only thres
known substances, which are reason-
ably stable so that they can be stored
without appreciable decay, that are cap-
able of undergoing fission by neutrons
of all energies. Hence, they are the only
materiais that can by used to sustain a
fission chain. Uraniumr-238, the most
abundant isotope in notural uranium
(§ 1.14), and thorium-232 will suffer
fission by neutrons of high erergy only,
but not by those of lower energy. For
this reason these substances cannot sus-
tain a chain reaction. However, when
fission does occur in these elements, the
energy distribution is quite similar to
that shown in the table.

1.45 Only part of the fission energy

*The remaining (more technical) sections of this chapter may be omitted without luss of continuity.
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is immediately available in a nuclear
explosion; this inciudes the kinetic en-
ergy of the fission fragments, most of
the energy of the instantaneous gamma
rays. which is converted into other
forms of energy within the exploding
weapor:, and also most of the neutron
kinetic energy, but only a small fraction
of the decay energy of the fission prod-
ucts. There is some compensation from
energy released in reactions in which
neutrons are captured by the weapon
debris, and so it is usually accepted that
about 180 MeV of energy are immedi-
ately available per fission. There are
6.02 x 102 nuclei in 23° grams of
uranium-235 (or 23% grams of piuto-
nium-239), and by making use of fa-
miliar conversion <actors {(cf. § 1.43)
the results quoted in Table 1.45 may be
obtained for the energy (and other)
equivalents of 1 kiloton of TNT. The
calcuiations are based on an accepted,
although somewhat arbitrary, figure of
1012 calories as the energy released in
the explosion of this amount of TNT.?

Table 1.45

EQUIVALENTS OF | KILOTON OF TNT

Complete fission of 0.057 kg (57 grams or
2 ounces) fissionablc material

; E{'”gn of 1.45 x (02 nuclei

CRITICAL MASS FOR A FISSION
CHAIN

1.46 Although two te three neu-
trons are produced in the fission reaction
for every nucleus that undergoes fission,
not all of these neutrons are available for
causing further fissions. Some of the
fission neutrons are lost by escape,
whereas others are lost in various non-
fission reactions. In order to sustain a
fission chain reaction, with continuous
release of energy, at least one fission
neutron must be available to cause fur-
ther fission for each neutron previously
absorbed in fission. If the conditions are
such that the neutrons are lost at a faster
ratc than they are formed by fission, the
chain reaction would not be self-sus-
taining. Some energy would be pro-
duced, but the amount would not be
large 2nough, and the rate of liberation
would not be sufficiently fast, to cause
an efective explosion. It is necessary,
therevore, in ordcr to achieve a nuclear
explosion, to establish conditions under
which the loss of 1reutrons is minimized.
In this connection, it is especially im-
portant tu consider the neutrons which
escape from the substance undergoing
fission.

1.47 The escape of neutrons occurs

at the exterior of the uranium (or pluto-

PN T 7 — —
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throughout the whole of the material and
its rate is, therefore, dependent upon the
mass. By increasing the mass of the
fissionable material, at constant density,
the ratio of the surface area to the mass
is decreased; consequently, the loss of
neutrons by escape relative to their for-
mation by fission is decreased. The
same result can also be achieved by
having a constant mass but compressing
1t to a smaller volume (higher density),
so that the surface area is decreased.
1.48 The situation may be under-
stood by reference to Fig. 1.48 showing
two spherical masses, one larger than
the other, of fissior.able material of the
same density. Fission is initiated by a
neutron represented by a dot within a
small circle. It is supposed that in each
act ul lissivii three neutrons are emitted;
in other words, one neutron is captured
and three are expelled. The removal of a

-

Figure 1.48. Effect of increased mass of fissionable material in reducing the proportion of

neutron from the system is indicated by
the head of an arrow. Thus, an arrow-
head within the sphere means that fis-
ston has occurred and extra neutrons are
produced, whereas an arrowhead out-
side the sphere implies the loss of a
neutron. It 1. evident from Fig. 1.48 that
a much greater fraction of the neutrons
is lost from the smaller than from the
larger mass.

1.49 If the quantity of a fissionable
isotope of uranium (or plutonium) is
such that the ratio of the surface area to
the mass is large, the proportion of
neutrons lost by escape will be so great
that the propagation of a nuclear fission
chain, and hence the production of an
explosion, will not be possible. Such a
quantity of material is said to be ‘‘sub-
critical.”’ But as the mass of the piece of
uranium (or plutonium) is increased (or
the volume is decreased by compres-

neutrons lost by escape.

.
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sion) and the relative loss of neutrons is
thereby decreased, a point is reached at
which the chain recaction can become
self-sustaining. This is referred to as the
“‘critical mass’’ of the fissionable mate-
rial under the existing conditions.

1.50 For a nuclear explosion to take
place, the weapon must thus contain a
sufficient amount of a fissionable ura-
niumm (or plutonium) isotope for the
critical mass to be exceeded. Actualily,
the critical mass depends, among other
things, on ti:ix shape of the material, its
composition and density (or compres-
sion), and the presence of impurities
which can remove neutrons in nonfis-
sion reacdons. By surrounding the fis-
sionable material with a suitable neutron
‘“‘reflector,”’ the loss of neutrons by
escape can be reduced, and the critical
mass can thus be decreased Moreover,
elements of high density, which make
good reflectors for neutrons of high en-
ergy, provide inertia, thereby delaying
expansion of the exploding material.
The actinn of the reflector is then like
the familiar tamping in blasting opera-
tions. As a consequence of its neutron
reflecting and inertial properties, the
‘“‘tamper’’ permits the fissionable mate-
rial in a nuclear weapon to be used more

efficiently.
SURCRITICAL SUBCRITICAL
MASS MASS
\
A\ \

¥\;

EXPLOSIVE PROPELLANT

(BEFORE FIRING )

Figure 1.52.

ATTAINMENT OF CRITICAL MASS IN
A WEAPON

1.51 Because of thc piesence of
stray neutrons in the atmosphere or the
possitility of their being generated in
various ways, a quantity of a suitable
isotope of uranium (or plutonium) ex-
ceeding the critical mass would be likely
to melt or possibly explod:. It is neces-
sary, therefore, that before detonation, a
nuclear weapon should contain no piece
of fissionable material that is as large as
the critical mass for the given condi-
tions. In order to produce an explosion,
the material must then be made *‘super-
critical,”’ i.e., larger than the critical
mass, in a time so short as to preclude a
subexpiosive change in the configura-
tion, such as by melting.

1.52 Two general methods have
been described for bringing about a nu-
clear explosion, that is to say, for
quickly converting a subcritical system
into a supercritical one. In the first
method, two or more pieces of fission-
able material, each less than a critical
mass, are brought together very rapidly
in order to form one piece that exceeds
the critical mass (Fig. 1.52). This may
be achieved in some kind of gun-barrel
device, in which an explosive propellant

SUPERCRITICAL
MASS

\
RN

( IMMEDIATELY AFTER FIRING)
THEN EXPLODES

Principle ot a gun-assembly nuclear device.
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is used to blow one subcritica! piece of
fissionable material from the breech end
of the gun into another subcritical piece
firmly held in the muzzle end.

1.53 The second method makes use
of the fact that when a subcritical quan-
tity of an appropriate isotope of uranium
(or plutonium) is strongly cornpressed,
it can become critical or supercritical as
indicated above. The compression may
be achieved by means of a spherical
arrangemcnt of specially fabricated
shapes (lenses) of ordinary high explo-
sive. In a hole in the center of this
system is placed a subcritical sphere of
fissionakle material. When the high-
explosive lens system is set off, by
means of a deton:.tor on the cutside of
each lens, an inwardly-directed spheri-
cal “‘imnplosion’’ wave is produced. A
similar wave can bz reaiized without
lenses by detcnating a large number of
points distributed over a spherical sur-
face. When the implosion wave reaches
the sphere of uranium (or plutonium), it
causes the laiter to be compressed and
become supercritical (Fig. 1.53). The
introduction of neutrons from a suitable

SUBCRITICAL
MASS

( BEFORE FIRING)

Figure 1.53.

CHEMICAL
EXPLOSIVE

source can then initiate a chain reaction
leading to an explosion.

TIME SCAILE OF A FISSION
EXPLOSION

1.54 An interesting insight into the
rate at which the energy is released in a
fission explosion can be obtained by
treating the fission chain as a series of
‘‘generations.’’ Suppose that a certain
number of neutrons are present initially
and that these are captured by fission-
able nuclei; then, in the fission process
other nettrons are released. These neu-
trons, are, in turn, captured by fission-
able nuclei and produce more neutrons,
and so on. Each stage of the fission
chain is regarded as a generation, and
the ‘‘generation time'’ is the average
time interval betweer successive gener-
ations. The time required for the actual
fission of a nucleus is extremely short
and most of the neutrons are emitted
promptly. Consequently, the generation
time is essentially equal to the average
time elapsing between the release of a
neutron and its subsequent canture by a

COMPRESSED
SURPERCRITICAL
MASS

( IMMEDIATELY AFTER FIRING }
THEN EXPLODES

Principle of an implosion-type nuclear device.
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fissionable rucleus. This time depends,
among other things, on the energy (or
speed) of the neutron, and if most of the
neuttons are of fairly high energy,
usually referred to as ‘‘fast neutrons,"
the generation time is about a one-hun-
dred-millionth part (10-#) of a second,
i.e., 0.01 microsecond.4

1.55 It was mentioned earlier that
not all the fission neutrons are available
for maintaining the fission chain because
some are lost by escape and by removal
in nonfission reactions. Suppose that
when a nucleus captures a neutron and
suffers fission fneutrons are released; let
| be the average number of neutrons
lost, in one way or another, for each
fission. There will thus be f— [ neutrons
available to carry on the fission chain. If
there are N neutrons present at any in-
stant, then as a result of their capture by
fissionable nuclei N(f -~ I) neutrons will
be produced at the end of one genera-
tion; hence, the increase in the number

elapsed during the time ¢, and if this is
represented by n, it follows that

N=Ner  (1.55.1)

1.56 If the value of x is known,
equation (1.55.1) can be usea to cal-
culate either the reutron population after
any prescribed number of generations in
the fission chain, or, aliernatively, the
generations required to attain a particu-
lar number of neuttons. For uranium-
235, fis about 2.5, / may be taken to be
roughly 0.5, so that x, which is equal to
f— 1 — 1, is close to unity; heuce,
equation (1.55.1) may be writlen as

N = Neeror N= N0~  (1.56.1)

1.57 According to the data in Table
1.45, it would need 1.45 x 102 fis-
sions, and hence the same aumber of
neutrons, to produce 0.} kiloton equiv-
alent of energy. If the fission chain is
initiated by one neutron, so that N, is 1,
it follows from equation (1.55.1) that it

of neutrons per generatior. is N(f— ) - would take apgroximately 51 genera-
" : —= = . .
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quantity f- [ - 1, that is, the increase in
neutrons per fission, will be represented
by x. If gis the generation time, then the
rate at which the number of neutronc

of neutrons. Similarly, to release 100
kilotons of energy would require 1.45 x
102 neutror. and this number would be
.ttained in avout 58 generations. It is
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tiation of the fission chain, so much
energy will have been released—about
10" calories—that extremely high tem-
peratures will be attained. Conse-
auently, in spite of the restraining effect
of the tamper (§ 1.50) and the weapon
casing, the mass of fissionable material
will begin to expand rapidly. The time
at which rhis expansion commences is
called the ‘‘explosion time.’" Since the
expansion permits neutrons to escape
more readily, the mass becomes subcri-

PRINCIPiLES OF NUCLEAR EXPLOSIONS

fragments are produced. The nature and
proportions of the fission fragment nu-
clei vary to some extent. depending on
the particular substance undergcing fis-
sion and on the energy of the neutrons
causing fission. For example when
uranium-238 undergoes fissior as a re-
sult of the capture of neutrons of very
high energy released ir certain fusion
reactions (§ 1.72), the products are
somewhat different, especially in their
relative amounts, from those formed

tir7l nd tha satfory-tainine. ah2iomean o fram wariwe23S hy grdinery fisdop -
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tior of the fissionable material remains
unchanged and some fissions will con-
tinue as a result of neutron capture, but
the amount of energy released at this
stage is relatively small.

1.59 To summarize the foregoing
discussion, it may be stated that because
the fission process is accompanied by
the instantaneous liberation of neutrons,
it is possible, in principle to produce a
self-sustaining chain reaction accom-
panied by the rapid release of large
amounts of energy. As a result, a few
pounds of fissionable materiai can be
made to liberate, within a very small
fraction of a second, as much energy as
the explosion of many thousands of tons
of TNT. This is the basic principle of
nuclear fission weapons.

FISSION PRODUCTS

1.61 Regardless of their origin,
mos®, if not all, of the approximately 80
fission fragments are the nuclei of ra-
dioactive forms (radioisotopes) of well-
known, lighter elements. The radioac-
tivity is usually manifested by the
emission of negatively charged beta
particles (§ 1.29). This is frequently,
although not always, accompanied by
garnma radiation, which serves tc carry
off excess energy. In a few speciai
cases, gamma radiation only is emitted.

1.62 As aresult of the expulsion of
a beta particle, the nucleus of a radio-
aclive substance is changed into that of
another element, sometimes called the
‘*decay product.”’ In the case of the
fission fragments, the decay products
are generally also radioactive, and these
in turn may decay with the emission of

'y . Loa - £ a1
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becomes very complex.s More than 300
different isotopes of 36 light elements,
from zinc to terbium, have been idcen-
tified among the fission products.

1.63 The rate of radioactive
change. i.e., the rate of emission of beta
particles and gamma radiation, is
usually expressed by means of the
“*half-life"’" of the radic..uclide (§ 1.30)
involved. This is defined as the time
required for the radioactivity of a given
quantity of a parucular nuclide to de-
crease (or decay) to half of its original
value. Each individual radionuclide has
a definite half-life which is independent
of its state or its amount. The half-lives
of the fission products have been found
to range from a small fraction of a
second to something like a million
years.

1.64 Aithough every radionuclide
present among the fission products is
known to have a definite half-life, the
mixture formed after a nuclear explo-
sion is so complex that it is not possible
to represent the decay as a whole in
terms of a half-life. Nevertheless, it has
been found that the decrease in the toial

h‘i‘:‘f' R S L SN '

about one-tenth (10 percent) of its
amount at i hour. Within approximately
2 days, the activity will have decreased
to 1 percent of the [-hour value.

1.65 In addiiion to the beta-particle
and gamma-ray activity due to the fis-
sion products, there is another kind of
residual radioactivity that should be
mentioned. This is the activity of the
fissionable material, part of which, as
noted in § 1.58, remains after the ex-
plosion. The fissionable uranium and
plutonium isotopes are radioactive, and
their activity consists in the emission of
what are called ‘‘alpha particles.”
These are 2 form of nuclear radiation,
since they are expelled from atomic nu-
clei; but they differ from the beta par-
ticles arising from the fission products in
being much heavier and carrying a pos-
itive electrical charge. Alpha particles
are, in fact, identical with the nuclei of
helium atoms.

1.66 Because of their greater mass
and charge, alpha particles are much
less penetrating than beta particles or
gamma rays of the same energy. Thus,
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Figure 1.64.  Rate of Decay of fission products after a nuclear explosion tactivity is taen as

100 at | hour after the detonation),

FUSION (THERMONUCLEAR)
REACTIONS

1.67 Energy production in the sun
and stars is undoubtedly due to fusion
reactions involving the nuclei of various
light (low atomic weight) atoms. From
experiments made in laboratories with
charged-particle accelerators, it was
concluded that the fusion of isotopes of
hydrogen was possible. This element is
known to exist in three isotopic forms,
in which the nuclei have mass numbers
(§ 1.10) of 1, 2, and 3, respectively.
These are generally referred to as hy-
drogen ('H), deuterium (2H or D}, and

tritium (*H or T). All the nuclei carry a
single positive charge, i.e., they all
contain one proton, but they differ in the
number of neutrons. The Lightest ('H)
nuclei (nr protons) contain no neutrons;
deuterium (D) nuclei contain one aeu-
tron, and tritium (T) nuclei contain two
neutrons.

1.68 Several different fusion reac-
tions have bcen observed between the
nuclei of the three hydrogen isotopes,
involving either two similar or two dif-
ferent nuclei. In order to make these
reactions occur to an appreciable extent,
the nuclei must have high energies. One
way in whicn this energy can be sup-

¢ty p ety I
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plied is 'o raise the temperature to very
high levels. In these circumstances the
fusion processes are referred to o as
“thermonuclear reactions,” as men-
tioned in § 1.17,

1.69 Four thermonuclear fusion re-
actions appear to be of intcrest for the
production of cnergy because they are
expected to occur sufficiently rapidly at
realizable temperatures; these are:

D+t D= 'He+ n+ 3.2 MeV
D+ DT+ H+ 4.0MeV
T 4+ D =*He + n+ 17.6 MeV

T+ T =*He + 2n+ 11.3 MeV,

where He is the symbol for helium and n
(mass = 1) represents a neutron. The
energy liberated in cach case is given in
million electron volt (MeV) units. The
firsi two of these reactions occur with
al:most equal probability at the tempera-
tures associated with nuclear explosions
(several tens of million degrees Keivin),
whercas the third reaction has a much
higher probubility and the fourth a much
lower probability. Thus, a valid com-
parison of the energy released in fusion
reactions with that produced in fission
can be made by noting that, as a result
of the first three reactions given above,
five deuterivm nuclei, with a totai mass
of 10 units, will liberate 24.8 McV upon
fusion. On the other hand, in the fission
process, e.g., of uranium-235, a mass
of 235 units will produce a total of about
200 MeV of energy (§ 1.43). Weight
for weight, therefore, the fusion of deu-
terium nuclei would produce nearly
three times as much energy as the fis-
sion of uranium or plutonium.

1.70  Another reaction of thermonu-
clear weapons interest, with tritium as a
product, is

EEL P L N -
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ol + n— 4He + T + 4.8 MceV,
where °Li represents the lithium-6 iso-
tope, which makes up about 7.4 perceni
of natural lithium. Other reactions can
oceur with lithium-6 or the more abun-
dant isotope lithium-7 and various par-
ticles produced in the weapon. How-
ever. the reaction shown above is of
mosi interest for two reasons: (1) it has a
high probability of occurrence and (2) if
the lithium is placed in the weapon in
the form of the compound lithium deu-
teride (LiD), the tritium formed in the
reaction has a high probability of in-
teraciing with the deuterium. lLarge
amounts of cnergy are thus released by
the third reaction in § 1.69, and addi-
tional neutrons are produced to react
with lithium-6.

1.70  In order to make the nuclear
fusion reactions take place at the re-
quired rate, temperatures of the order of
several tens of million degrees are nec-
essary. The only practical way in which
such temperatures can be obtained on
carth is by means of a fission explosion.
Consequently, by combining a quantity
of deuterium or lithium deuteride (or a
mixture of deuterium and tritium) with a
fission device, it should be possible to
initiate one or more of the thermonu-
clear fusion reactions given above. If
these reactions, accompanied by encrgy
cvolution, can be propagated rapidly
through a volume of the hydrogen iso-
tope (or isotopes) a thermonuclear ¢x-
plosion may be realized.

1.72 It will be observed that in three
of the fusion reactions given in § 1.69,
neutrons ar¢ produced. Because of their
small mass, these neutrons carry off
most of the reaction energy; conse-
quently, thz; have sufficient energy to
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cause fission of uranium-238 nuclei. As
stated earlier, this process requires neu-
trons of high energy. It is possible,
therefore, to make use of the thermonu-
clear neutrans by surrounding the fusion
weapon with . blanket of ordinary ura-
nium. The high-energy neutrons are
then captured by uranium-238 nuclei;
the latter undergo fission, thereby con-
tributing to the overall energy yield of
the explosion, and also to the residual
nuclear radiation arising from the fission
products. On the average, the cnergy
released in the explosion of a thermo-
nucleur weapor originates in roughly
equal amounts from fission and fusion
processes, although there imay be varia-
tions in individual cases. In ‘‘bousted”’
fission weapons, thermonuclear ncu-
trons serve to enhance the fission proc-
ess; energy relcased in the thermonu-
clear reaction is then a small fraction of
the total energy yield.

THERMAL RADIATION

1.73 The observed phenomena as-
sociated with a nuclear explosion and
the effects on people and materisls are
largely determined by the thermal radi-
ation and its interaction with the sur-
roundings. It 1s desirable. therefoie, to
consider the nature of these radiations
somewha further. Thermal radiations
belong in the broaa category of what are
known as ‘‘electromagnetic radia-
tions.”" These are a kind of wave motion
resulting from oscillating el ctric
charges and their associated magnetic
fields. Ordinary visible iight is the most
familiar kind of clectromagnetic radia-
tion, and all such radiations travel
through the air (or, more exactly, a
vacuum) at the same velocity, namely,

PRINCIPLES OF NUCLEAR EXPLOSIONS

the velocity of light, 186.000 miles per
second.  Elzctromagnetic  radiations
range from the very sho:t wavelength
(or very high frequency) gamma rays
(§ 1.28) and X rays, through the invisi-
ble ultraviolet to the visible region, aad
then to the infrared and radar and radio
waves of relatively long wavelength
(and low frequency).

1.74 The approximate wavelength
and frequency regions occupied by the
different kinds of eleciromagnetic radi-
ations are indicated in Fig. 1.74. The
wavelength A in centimeters and the
frequency v in hertz, i.c., in waves (or
cycles) per second. are related by Av =
¢, where ¢ is the velocity of light, 3.00
x 10" cni per second. According to
Planck’s theory, the cnergy of the cor-
responding ‘‘quantum’’ (or unit) of ¢n-
ergy, carried by the **photon,” i.c., the
postulated particle (or atom) of radia-
tion, is given by

E(ergs) m— hv L ,_'_,(‘

(17400

where A is a universi: constant equal to
6.62 < 10 27 erg- rond. The energy
quantum values foi th2 various electro-
magne ic radiations «re included in Fig.
1.74; the results are cxpressed either in
MeV, i.e., million clectron volt, in
keV, i.c., kilo (or thousand) clectron
volt, or in eV, i.e., electron volt, units.
These arc obtained from equation
(1.74.1) by writing it in the form

E (MeV) =

N(em) (1.74.2)

It is seen that the energy of the radia-
tions decrcases from lett to right in the
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figure, i.e., as the wavelength increases
and the frequency decreases.

1.75 The (thermal) radiation energy
density for matter in temperature equi-
librium is given by

E (radiation)=7.6 x 10 '$T% ergs/cm?,

where T is the temperature in degrees
Kclvin. At the tempecature of a con-
ventional chemical explosion, e.g.,
5,000°K, the radiation energy density is
then less than | erg/cm?, compaied with
roughly 10% ergs/cru’ for the material
energy, i.e., kinetic energy 2nd internal
(electronic, vibrational, and rotational)
energy. Hence, as indicated in § 1.23,
the radiation energy is a very small
proportion df the total energy. In a nu-
clear explosion, on the other hand,
where temperatures of several tens of
miliion degrees are reached, the radia-
tion energy density will be of the order/
of 10'6 ergsiem?, whereas the materia/
energy is in the range of 10' to 1915
ergs/cm?. It has been estimated that/l/n a
nuclear explosion some 80 percent of
the total energy may be present iaitially
as thermal radiation energy. /
1.76 Not only does the /radiation
energy density increase wi% tempera-
ture but the rate of its emigsion as ther-
mal radiation increasey correspond-
ingly. For matcrials at teniperatures of a
few thousand degrees Kelvin, the en-
ergy is radiated slowly, v/ith the greatest
part in the ultraviolet, visible. and in-
frared regions of the electromagnetic
spectrum (Fig. 1.74). At the tempera-
tures of a nuclcar explosion, however,
not only is the radiation energy emitted
very rapidly, but most of this energy is

PRINCIPLES OF NUCLEAR EXPLOSIONS

in the spectral region with wavelengths
shorter than the ultraviolet.

1.77 When a nuclear wzapon ex-
plodes, tempzrature equilibrium is rap-
idly established in the residual material.
Within about one micresecond after the
explosicn, some 70 to 80 percent of the
explosion energy, as defined in § 1.27,
is emitted as prirhary thermal radiation,
mos! of which Consiste »f soft X rays.«
Almost all of the res nergy is in
the form of kinetic encrgy ot the weapon
debris at this time. The interaction of the
primary thermal radiation and the debris
particles with the surroundings will vary
with the altitude of burst and will deter-
mine the ultimatz partition of energy
between the thermal radiation received
at, a distance and shock.

1.78 When a nuclear detonation

“occurs in the air, where the atmospheric

pressure (and density) is near to sea-
level conditions, the soft X rays in the
primary thermal radiation are com-
pletely absorbed within a distance of a
few feet. Some of the radiations are
degraded to lower energies, e.g., into
the ultraviolet region, but most of the
energy of the primary thermal radiation
serves to heat the air immediately sur-
rounding the nuclear burst. It is in this
manner that the fireball is fcimed. Part
of the energy is then reradiated at a
lower temperature from the fireball and
the remainder is converted into shock
(or blast) energy (see Chapter II). This
explains why only about 35 to 45 per-
cent of the fission energy from an air
burst is received as thermal radiation
energy at a distance, although the pri-
mary thermal radiation may constitute

«X rays are frequently distinguished as ‘‘hard’ or ‘*sofi.”’ The iatter have longer wavelengths and
lower encrgies, and they ar~ more easily absorbed than hard X rays. They are, nevertheless, radiations of
high energy compared with ultraviolet or visible light.
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as much as 70 to 80 percent of the total.
Furthermore, because the secondary
thermal radiation is emitted at a lcwer
temperature, it lies mainly in the region
of the spectrum with longer wavelengths
(lower photon energies), i.e., ultravio-
let, visible, and infrared? (see Chapter
VID.

1.79 In the event of a burst at high
altitudes, where the air density is low,
the soft X rays travel long distances
beiore they are degraded arid absorbed.
At this stage, the available energy is
spread throughout such a large volume
{and mass) that most of the atoms and
molecules in the air cannot get very hot.

Although the total energy emitted as
thermal radiation in a high-altitude ex-
plosion is greater than for an air Lurst
closer to sea level, about half is rera-
diated so slowly by the heated air that it
has no great significance as a cause of
damage. The remainder, however, is
radiated very much more rapidly, i.e..
in a shorter time interval, than is the
case at lower aititudes. A shock wave is
generated from a high-altitude burst, but
at distances of normal practical interest
it produces a smaller pressure increase
than from an air burst of the same yield.
These matters are treated more fully in
Chapter 1.
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CHAPTER 11

DESCRIPTIONS OF NUCLEAR EXPLOSIONS

INTRODUCTION

2.01 A number of characteristic
phenomena, sorme of which are visible
whereas others are ne: directly apparent,
are associated with nuclear cxplosions.
Certain aspects of these phenomena will
depend on the tyne of burst, i.e., air,
nigh-altitude, surface, or subsurface, as
indicated in Chapier I. This depeadence
arises from direct ard secondary in-
teractions of the output of the exploding
weapon with its envirorment, and leads
to variations in the distribution of the
energy released, particularly among
biast, shock, and thermal radiation. In
addition, the design of the weapon can
also affect the energy distribution. Fi-
nally, meteorological conditions, such
as temperatv:e, humidity, wind, precip-
itation, and wtmospheric pressure, and
even the nature of the terrain over which
the explosion occurs, may infiuence
some of the observed effects. Neverthe-
less, the gross phenomena associated
with a particular type of nuclear explo-
sion, namely, high-altitude, air, sur-
face, underwater, or underground, re-
main unchanged. It is such phenomena
that are described in this chapier.

26

2.02 The descriptions of explosions
at very high altitudes as well as those in
the air nearer to vhe ground refer miainly
to nuclear devices with encergier, in the
vicinity of 1-megaton iMT equivalent.
For underwater bursts, the information
is based on the detonations of a few
weapons with roughly 20 to 30 kilotons
of TNT energy in shallow and modera-
tely deep. and deep water. Indications
will be given of the results to be ex-
pected for explosions of other yields. As
a general rule, however, the basic phe-
nomena for a burst in a particular envi-
ronment are not greatly dependent upon
the energy of the explosion. In the fol-
lowing discussion it will be supposed,
first, that a typical air burst takes place
at such a height that the fireball, even at
its maximum, is well above the surface
of the earth. The modifications, as well
as the speciai effects, resulti,g from a
surface burst and for one at very high
altitude will be inciuded. In addition,
some of the characteristic phenomena
associated with ugderwater and under-
ground nuclear explosions will be de-
scribed.

T
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DESCRIPTION OF AIR AND SURFACE BURSTS

THE FIREBAIL.L

2.03 As already seen, the fission of
uranium (or plutonium) or the fusion of
the isotopes of hydrogen in a nuclear
weapon leads to the liberatioin of a large
amount of energy in a very small period
of time within a limited quantity of
matter. As a result, the fission products,
bomb casing, and other weapon parts
are raised to extremely high tempe:a-
tures, similar to those in the center of
the sun. The maximum temperature at-
tained by the fission weapon residues is
several tens of million degrees, which
may be compared with a maximum of
5,000°C {or 9,000°F) in a conventional
high-explosive weapon. Because of the
great heat produced by the nuclear ex-
plosion, all the materials are converted
into the gaseous form. Since the gases,
at the instant of explosion, are restricted
to the region occupied by the original
constituents in the weapon, tremendous
pressures will be produced. These pres-
sures are probably over a million times
the atmospheric pressure, i.e., of the
order of many millions of pounds per
square inch.

2.04 Within less than a millionth of
a second of the detonation of the
weapon, the extremely hot weapon res-
idues radiate large amounts of energy,
mainly as invisible X rays, which are
absorbed within a few feet in the sur-
rounding (sea-level) atmosphere (%
1.78). This leads to the formation of an
extremely hot and highly luminous (in-
candescent) spherical mass of air and
gaseous weapon residues which is the

fireball referred to in § 1.32; a typical
fireball accompanying an air burst is
shown in Fig. 2.04. The surfac: bright-
ness decreases with time, but after avout
a millisecond,! the fireball from a I-
megaton nuclear weapon would appear
to an observer 50 miles away to be many
times more brilliant than the sun at
noon. In several of the nuclear tests
made in the atmosphere at low altitudes
at the Nevada Test Site, in all of which
the energy vields were less than 100
kilotons, the glare in the sky, in the
early hours of the dawn, was visible 400
(or more) miles away. This was not the
result of direct (line-of-sight) transmis-
sion, bu rather of scattering and dif-
fraction, i.e., bending, of the liplit rays
by particles of dust and possibly by
moisture in the atmosphere. However,
high-altitude bursts in the megaten
range have been seen directly as far as
700 miles away.

2.05 The surface temperatures of
the fireball, upon which the brightness
(or luminance) depends, do not vary
greaily with the total energy yield of the
weapon. Consequently, the observed
brightness of the fireball in an air burst is
roughly the same, regardless of the
amount of energy released in the explo-
sion. Immediately after its formation,
the fireball begins to grow in size, en-
gulfing the surrounding air. This growth
is accompanied by a decrease in tem-
perature because of the accompanying
increase 1n mass. At the same time, the
fireball rises, like a hot-air baloon.
Within seven-tenths of a millisecond

1/ millisecond is a one-thousandth part of A second.
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Fig. 2.07b. The circulation entrains
more air through the bottom of the
toroid, thereby cooling the cloud and
dissirating the energy contained in the
fireball. As a result, the toroidal motion
slows and may stop completely as the
cloud rises toward its maximum height.

2.08 The color of the radicactive
cloud is initially red or reddish brown,
due to the presence of various colored
compounds (nitrous acid and oxides of
riswnam). -t tha surfpne nl_the frehy'l,

OF AIR AND SURFACE BURS™S 29

radiztions. As the firevall cools and
condznsation occurs, the color of the
cloud changes to white, mainly due to
the water droplets as in an ordinary
cloud.

2.09 Depending on the height of
burst of the nuclear weapon and the
natuie of the terrain below, a strong
updraft with inflowing winds, called
‘*afterwinds,”’ is produced in the im-
mediate vicinity. These afterwinds can

sk ka7 Aot af dicand debric
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Figure 2.07b.  Low air burst showing toroidal fireball and dirt cloud.
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drawn up into the cloud, only a rela-
tively small proportion of the dirt par-
ticles “ecome contaminated with ra-
dioact:. *y. This is because the particies
do not mix intimately with the "veapon
residues in the cloud at the tim: when
the fission products are still vaporiz:d
and about to condense. For 2 burst near
the land surface, however, large quanti-
ties of dirt and other debris are drawn
into the cloud at early times. Good
mixing then occurs during the initial
phases of cloud formation and growth.
Consequently, when the vaporized fis-
sion products condense they do so on
the foreign matter, thus forming highly
- dioactive particles (§ 2.23).

2.11 At first the rising mass of
weapon residues carries the particles
upward, but after a time they begin to
fall slowly under the influence of grav-
ity, at rates depcndent upon their size.
Consequently, a lengthening (and wi-
dening) column of cloud (or smoke) is
produced. This cloud consists chiefly of
very small particles of radioactive fis-
sion products and weapon residues,
weater droplets, and larger particles of
dirt and debris carried up by the after-
winds.

2.12 The speed with which the top
of the radioactive cloud continues to
ascend depends on the meteorological
conditions as well as on the energy yield
of the weapon. An approximate indica-
tion of the ratc of rise of the cloud from
a l-megaton explosion is given by the

results in Table 2.12 and the curve in “
Fig. 2.12. Thu., in general, the cloud

will have attained a height of 3 mile. in
30 seconds and S miles in about a min-

-
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Table 2.12

RATE OF RISE OF RADIOACTIVE CLOUD
FROM A 1-MEGATON AIR BURST

Height Tirne Rate of Rise
(miles) (minutes) (miles per hour)
2 0.3 130
4 0.7 270
6 1.1 220
2.5 140
12 8 27

ute. The average rate of rise during the
first minute or so is nearly 300 miles per
hour (440 feet per second). These values
should be regarded ac rough averages
only, and large deviations may be ex-
pected in different circumstances (see
also Figs. 10.158a, b, ¢).

2.13 The eventual height reached
by the radioactive cloud depends upon
the heat energy of the weapon, and upon
the atmospheric conditions, e.g., mois-
ture content and stability. The greater
the amount of heat generated the greater
will be the upward thrust due to buoy-
ancy and so the greater will be the
distance the cloud ascends. The max-
imum height attained by the radioactive
cloud 15 strongly influenced by the tio-
popause, i.e., the boundary between the
troposphere below and the stratosphere
above, assuming that the clond attains
the height of the troposphere.?

2.14 When the cloud reaches the
tropopause, there is a tendency for it to
spread out iaterally, i.e., sideways. But
if sufficient cnergy remains in the radio-
active cloud at this height, a portion of it
will penetrate the tropopause and ascend
into the ore stable nir ¢ the strato-
sphere.

!The tropopause is the boundary between the troposphere and the relatively stable air of the

stratosphere. It varies with season and latitude, ranging fromn 25,000 feet near the poles to about 55,000

feet in equatorial regions (§ 9.128).

[ —
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Figure 2.12.

Height of cloud top above burst height at various times after a 1-megaton

explosion for a moderately low air burss,

2.15 The cloud attains its maximum
height after about 10 minutes and is then
said to be ‘‘stabilized.’’ It continues to
grow laterally, however, to produce the
characteristic mush.vom shape (Fig.
2.15). The cloud may continue to be
visible for about an hour or more before
being dispersed by the winds into the
surrounding atmosphere where it
merges wiih natura!l clouds in the sky.

2.16 The dimensions of the stabi-
lized (loud formed in a nuclear explo-
sion depend con the meteorological con-
ditions, which vary with time and place.
Apprcximate average values of cloud
height and radius (at about 10 minutes
after the explosion), aitained in land
surface or low air bursts, for conditions
most likely to be encountered in the
continental United States, are given in
Fig. 2.16 as a function of the energy
yield of the explosion. The fiattening of

the height curve in the range of about
20- to 100-kilotens TNT equivalent is
due to the effert of the tropopause in
slowing down the cloud rise. For yields
below about 15 kilotons the heights in-
dicated are distances above the burst
poiut but for higher yields the values ate
above sea lev2]. Foi land surface bursts,
the maximum ci:v.d heighi is somewhat
less tt. 1 given by Fig. 2.16 because of
the mass of dirt and debris carried aloft
by the explosion.

2.17 For yields below about 20 ki-
lotons, the radius of the stem of the
mushroom cloud is about half the cloud
radius. With increasing yield, however,
the ratio of these dimensions decreases,
and for yields in the megaton range the
stem may be only one-fifth to one-ientk
as wide as the cloud. For clouds wh'ch
do not penetiate the tropopause the bas-
of the mushroom head is, very roughly,
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Figure 2.15. The mushroom cloud formed in 1 nuclear explosion in the megaton encrgy
range, photographed from an altiiude of 12,000 feet -1 a distance of about 50
miles.

at about one-half the altitude of the top.
For higher yields, the broad base will
probably be in the vicinity of the tropo-
pause. There is a change in cloud shape
in going from the kiloton to the megaton
range. A typical cloud from a 16-kiloton
air burst would reach a height of .9,600
feet with the base at about 10,000 teet;
the horizontal extent would also be
roughly 1C,000 feet. For an explosion in
the megaton range, however, the hori-
zontal diniensions are greater than the
total height (cf. Fig. 2.16).

CHARACTERISTICS OF A SURFACE
BURST

2.18 Since many of the phenomena
and cffects of a nuclear explosion oc-
curring on or near the earth’s surtace are
similar to those associated with an air
burst, it is convenient before procceding
further to refer to some of the special
characteristics of a surface burst. In
such a burst, the fireball in its rapid
initial growth, abuts (or touches) the
surface of the earth (Fig. 2.18a). Be-
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Figure 2.16.  Approximate values of stabilized cloud height and radius as a function of
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\

Figure 2.18a. Fireball formed by a nuclear explosion in the megaton ecnergy range near the
earth’s surface. Thhe maximum diameter of the fireball was 3% miles.
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Figure 2. 18b.  Formation oi dirt cloud in surface burst,

cause of the intense heat, some of the
rock, soil, and other material in the arca
is vaporized and taken into the fireball.
Additional material is melted, cither
completely or on its surface, and the
strong afterwinds cause farge amounts
of dirt, dust, and other particles to be
sucked up as the fireball rises (Fig.
2.18b).

2.19 An important diffcrence be-
tween a surface burst and an air burst is,
consequently, that in the surface burst
the radioactive cloud is much more
heavily loaded with debris. This con-

sists of particles ranging in size from the
very small ¢.oes produced by condensa-
tion as the fireball cools to the much
larger debris particles which have been
raised by the afterwinds. The exact
composition of the cloud will, of
course, depend on thc nature of the
surface materials and the extem of their
contact with the fircball.

2.20 For a surface burst associated
with ¢ moderate amount of debris, such
as has been the case in several test
explosions in which the weapons were
detonated near the ground, the rate of

o -
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rise of the cloud is much the same as
given earlier for an air burst (Table
2.12). The radioactive cloud reaches a
height of several miles before spreading
out abruptly into a mushroom shape.

2.21 When the fircball touches the
carth's surface, a crater is formed as a
result of the vaporization of dirt and
other material and the removal of soil,
cte., by the blast wave and winds ac-
companying the explosion. The size of
the crater will vary with the height
above the surface at which the weapon
is exploded and with the character of the
soil, as well as with the energy of the
explosion. It is belicved that for a 1-
megaton weapon there would be ne ap-
preciable crater formation unless deto-
nation occurs at an altitude of 450 feet
or less,

2.22 If a nuclear weapon is e¢x-
ploded near a water surface, large
amounts of water are vaporized and
carricd up into the radioactive c¢loud.
When the cloud reaches high altitudes
the vapor conderses to form water
droplets, similar to those in an ordinary
atmospheric cloud.

THE FALLOUT

2.23  In a surface burst, large quan-
tities of earth or water enter the fireball
at un carly stage and are fused or va-
porized. When sufficient cooling ha:
occurred, the fission products and other
radioactive residues  become  incor-
porated with the carth particles as a
result of the condensation of vaporized
fission products into fused particles of
carth, etc. A small proportion of the

DESCRIPTIONS OF

NUCHEAR EXPLOSIONS

solid particles formed upon further
cooling are contaminated fairly uni-
formly throughout with the radivactive
fission products and other weapon resi-
dues,* but as a general rule the contam-
ination is found mainly in a thin shell
near the surface of the particles (§ 9.50).
In water droplets, the small fission
product particles occur at discrete points
within the drops. As the violent distur-
bance due to the explosion subsides, the
contaminated particles and droplets
gradually descend to carth. This phe-
nomenon is referred to as “‘fallout,”
and the same name is applied to the
particles themselves when they reach
the ground. It is the fallout, with its
associated radioactivity which decays
over a long pericd of time, that is the
main source of the residual nuclesr re-
diation referred to in the preceding
chanter.

2.24 The extent and naturc of the
fallout can range between wide ex-
tremes. The actnal situation is deter-
mined by a combination of circum-
stances associated with the energy yield
and design of the weapon, the height of
the explosion, the nature of the surface
beneath the point of burst, and the me-
teorological conditions. In an air burst,
for example, occurring at an appreciable
distance above the earth’s surface, so
that no large amounts of surface materi-
als are sucked into the cloud, the con-
taminated particles become widely dis-
persed. The magnitude of the hazard
from fallout will then be far less than if
the explosion were a surface burst. Thus
ai Hiroshima (height of burst 1670 feet,
yield about 12.5 kilotonsy and Nagasaki

"These residues include radioactive species fornd at the time of the expiosion by neutron capture in

various materials (§ 9.31),
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(height of burst 1640 feet, yield about
22 kilotons) injuries due to fallout were
comipletely absent.

2,25 On the other hand, a nuclear
explosion occurring at or ncar the
carth’s surface can result in severe con-
tamination by the radioactive fallout.
From the 15-megaton thermonuclear
device tested at Bikini Atoll on March
1, 1954-— the BRAVO shot of Opera-
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10 bours elapsed before the contami-
nated particles began to fall at the ex-
tremities of the 7,000 square mile area.
By that time, the radioactive cloud had
thinned out to such an extent that it was
no longer visible. This brings up the
important fact that taiivui can occur
even when the cloud cannot be seen.
Nevertbeless, the area of contaminaticn
which presents the most serious hazard
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stantial contamination over an arca of
more than 7,000 square miles. The
contaminated region was roughly cigar-
shaped and extended more than 20 stat-
ute miles upwind and over 350 miles
downwind. The width in the crosswind
direction was variable, tue maximum
being over 60) miles (§ 9.104),

2.26 The meteorological conditions
which determine the shape, extent, and
location of the fallout pattern from a
nuclcar explosion arc the height of the
tropopause, atmospheric winds, and the
occurrence of precipitation. For a given
explosion encrgy yield, type of burst,
and tropopause height, the fallout pat-
tern is affected mainly by the directions
and speeds of the winds over the fallout
arca, from the earth’s surface to the top
of the stabilized cloud, which may be as
high as 100,000 feet. Furthermore,
variations in the winds, from the time of
burst until the particles reach the
ground, perheps several hours later, af-
fect the .allout pattern following a nu-
clear explusion (see Chapter 1X).

2.27 It should be understood that
fallout is a