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FOREWORD

While this document has been published as a Headquarters, U. S. Atomic Energy Com-
mission publication, it has as its genesis two 1954 Los Alamos Scientific Laboratory re-
ports identified as LAMS-1632 and LAMS-1633, titled “Weapons Activities of LASL.”
These publications are well known and used extensively by those interested in nuclear
weapons as basic handbooks on the principles of nuclear weapons development and tech-
nology. Dr. Samuel Glasstone has revised and consolidated the above reports incorporat-
ing information furnished by the Los Alamos Scientific Laboratory, Lawrence Radiation
Laboratory-Livermore, The Sandia Corporation, and the Defense Atomic Support Agency.

 This document has been prepared solely for reference purposes on the principles of
atomic weapons development and should not be considered as a technical guide for de-
signing nuclear weapons.

Since this issue contains highly sensitive atomic weapons information of significance -

to our national defense and security, all viewers are enjoined to insure its proper se-
cunty protection at all times. :

A. W. Betts

Major General, USA

Director of Military Application
U. S. Atomic Energy Commission
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CHAPTER 1

PkINCIPLES OF NUCLEAR ENERGY RELEASE

INTRODUCTION

Mass-Energy Equivalence

1.1  Any nuclear reaction in which there is a net decrease of mass, i.e., in which the total
mass of the products is less. than that of the interacting nuclei or nuclear particles, will be ac-
companied by a liberation of energy. The amount of energy released E (in ergs) is related to
the net decrease of mass m (in grams) by the Einstein equation

E = mc? : (1.1)

where ¢ is the velocity of light, i.e., 3.00 % 10'® cm/sec. In the study of nuclear reactions it is
the common practice to state energies in electron volt (or ev) or million electron voit (Mev)
units, 1 Mev being equivalent to 1.60 X 107° erg. Nuclear masses are generally expressed in
atomic mass units (or amu), these being the masses on a scale in which the mass of the com-
mon isotope of carbon (C'?) is taken as precisely 12.0000. In terms of familiar mass units, 1
amu is 1.66 x 107 gram. Upon making the appropriate substitution into equation (1.1), it is
found that :

. E(Mev) = 931 m (amu) : : (1.2)

Consequently, the energy in Mev accompanying a nuclear reaction is equal to the decrease in
mass in amu multiplied by 931.

F18s1on and Fusion

1.2 Two types of nuclear reactions, in which there is a decrease of mass, are used for
the large-scale release of energy in weapons. These are (a) fission, i.e., the splitting of a
heavy nucleus into a pair of lighter ones, and (b) fusion, i.e., the combination of two very light
nuclei to form a somewhat heavier one. The underlying reason why these processes’are ac-
companied by a liberation of energy (and decrease in mass) is that in each case the total en-
ergy of attraction (or binding energy) among the constituent protons and neutrons, i.e., the nu-
cleons, is smaller in the initial nucleus (or nuclei) than it is in the products of the reaction. It
is a fundamental law of nature that the rearrangement of a system from a weakly bound state
to a more tightly bound state must be accompanied by a release of energy.

Binding Energy

1.3 The magnitude of the net attractive energy, i.e., the binding energy, of the nucleons
in any nucleus can be calculated from the masses of various particles. Consider an atomic
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~ RELEASE OF FISSION ENERGY

Calculation of Fission Energy

1.6 The most accurate method for determining the energy released in fission is from the
known masses (in amu) of the nucleus undergoing fission and of the nuclei formed in the proc-
ess. A simple, although less exact, procedure is the following. It will be seen shortly that fis-
sion of uranium-235, for example, can result from the absorption of a neutron, and in the proc-
ess two lighter fission-product nuclei and two or three free neutrons are formed. The
uranium-235 nucleus contains 235 nucleons and so the fission-product nuclei will have a total
of 235 +1— 2 (or 3), i.e., 234 (or 233) neutrons, depending upon whether two or three neutrons
are released; the latter number will be used for the present calculation. In uranium-235, the
mean binding energy per nucleon (Fig. 1.1) is about. 7.6 Mev; hence, if the 235 nucleons which
make up the uranium-235 nucleus were combined, the energy released would be given by

235 Nucleons — Uranium-235 + (235 % 7.6) Mev

Nearly all the fission-product nuclei have mass numbers in the range from 95 to 140, and for
such species Fig. 1.1 shows that the mean binding energy per nucleon is roughly 8.5 Mev. Con-
sequently, the combination of the 233 nucleons to produce two fission-product nuclei can be
represented by : ’

233 Nucleons — Two fission?product nuclei + (233 x 8.5) Mev
Upon subtracting the two energy expressions, it is seen that
Uranium4235 — Fission product nuclei + (233 x 8.5) — (235 x 7.6) Mev

The free neutrons absorbed and released in the fission process can be neglected in this calcu-
Iation. Hence, the fission of a uranium-235 nucleus is accompanied by the release of (233 x
8.5) — (235 x 7.6) Mev, i.e., about 200 Mev, of energy. The significance of this amount of en-
ergy in terms of more familiar units will be given below.

The Fission Process

1.7 The fission of heavy nuclei can be brought about in several different ways, but there
is only one that is of importance for the practical release of nuclear energy. This is fission
initiated by neutrons. The reason is that the fission process is always accompanied by the re-
lease of neutrons, which can produce fission in other nuclei. Hence, once fission by neutrons
has been initiated in a quantity of material, a chain reaction, carried on by neutrons, is possi-
ble with the continuous release of energy. Only three nuclear species, namely, uranium-233,
uranium-235, and plutonium-239, need be considered here for use in a fission chain process
for two reasons. Fir%t, although these substances are radioactive and decay with the emission
of alpha particles, they have relatively long half-lives and so are moderately stable.* ‘All other
fissile nuclides have such short half-lives and decay so rapidly that they have no practical
value; in any event their strong radioactivity would make them difficult to handle. Second, of
the relatively stable species, the three mentioned above are the only ones which will undergo
fission as a result of the capture of neutrons of all energies, e.g., from less than an electron
volt (slow neutrons) to millions of electron volts (fast neutrons).

1.8 The common isotope uranium-238, which constitutes about 99.3 percent of the ele-

‘ment in nature, requires neutrons of about 1-Mev energy to cause fission at an appreciable

*The half-lives are as follows: uranium-233, 1.6 x 10° 'years; uranium-~235, 7.1 % 10° years;

plutonium-239, 2.4 x 10° years.
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sion process, but the latter continue to be emitted for a few minutes. For uranium-235 fission,
the prompt neutrons constituteé 99.35 percent of the total fission neutrons and for plutonium-239
they represent nearly 99.8 percent. Because the time scalé in nuclear explosions is very short,
delayed neutrons play essentially no part in the fission chain reaction. In reactors for the con-
trolled release of nuclear energy, however, these neutrons are of great significance.

Table 1,1— Neutrons Released per Fission

Neutron Energy

Nuclide ~0 Mev 0.5 Mev 14 Mev
Uranium-235 2.43 2.49 4.1
Plutonium-239 2.80 2.85 4.9
Uranium-233 _2.45 " 2,51 4.2

Fission Energy

1.14 The rough estimate made earlier indicated that about 200 Mev of energy are pro-
duced per nucleus undergoing fission. More precise calculations, based on nuclear masses, and
experimental measurements have shown that this is a good approximation for both uranium-235
and plutonium-239. The atomic mass in grams, i.e., 235 grams of uranium-235, contains 6.02 x
10? nuclei, and the complete fission of this amount of uranium-235 would yield 6.02 x 10%% x
200 = 1.20 x 10** Mev or 1.93 x 10!® erg, since 1 Mev is equal to 1.60 x 10~® erg. Making use of
the fact that 1 calorie is equivalent to 4.18 x 107 ergs, it can be readily shown that complete
fission of all the nuclei in 1 kilogram of fissile material would result in a total energy release
of 2.0 x 10 calories. ,

1.I5  Only part of the energy of fission is immediately available in a nuclear explosion,

" since most of the radioactive decay energy of the fission products is released over a long pe-
riod of time. It is usually accepted that about 90 percent of the fission energy contributes to
the explosion, so that in a weapon the fission of 1 kilogram of material would produce explosive
energy of about 1.8 x 10" calories. The energy liberated in the explosion of 1 ton of TNT is
taken to be 10? calories, and so 1 kilogram of fissile (or fissionable) material is equivalent in
explosive power to 18,000 tons, i.e., 18 kilotons (or 18 kt), of TNT.* From these results it is
readily found that complete fission of 0.056 kg (or 56 grams) or of 1.45 x 103 nuclei of fissile
material produces the equivalent of 1 kt of TNT of explosive energy. In other words, the en-
ergy per fission is 7.03 x 10~ kt TNT equivalent. In stating the energy yields (or, in brief, the
yields) of nuclear weapons, the basic unit, for very low yields, is the ton, with the kiloton (or
1,000 tons), i.e., 1 kt, and the megaton (or 1,000,000 tons), i.e., 1 Mt, of TNT equivalent being
used for higher yields.

THE FISSION CHAIN REACTION

Condition for Chain Reaction: Critical Size

1.16° The condition for a self-sustaining fission chain reaction is that, on the average, the
neutrons released in one act of fission shall cause (at least) one subsequent fission. Since the
average number of neutrons produced in an act of fission is greater than two (see Table 1.1), it
would appear, at first sight, that a chain reaction in uranjum-235 or plutonium-239 would be
inevitable. However, this is not.so, because an appreciable proportion of the neutrons pro-

*In some calculations, the equivalent of 1 kg of uranium-235 is assumed to be 17 kt whereas for
plutonium-239 it is 19 kt, The value 18 kt per kg is a good average for most fission weapons.
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duced are lost in various ways. In a nuclear fission weapon, for example, an important source
of loss is by leakage (or escape) of neutrons from the reacting material. Thus, many neutrons
avoid being captured by a fissile nucleus by escaping from the system entirely. Some neutrons
are also lost by parasitic capture, i.e., by capture in nonfission reactions of various kinds,
either by the fissile species itself or by other nuclides which may be present.

1.17  The fraction of neutrons escaping from a system in which fisgion is occurring can
be decreased by increasing the mass, i.e., by increasing the size at constant density of fissile
material.* Since neutrons are produced by fission throughout the whole volume, whereas loss
by escape takes place only from the exterior surface, it is evident that the escape probability
will decrease as the volume-to-area ratio of the system is increased. This can be achieved,
for a given geometry (shape), by increasing the dimensions of the fissile material at constant
density. ) :

, 1.18 In a very small mass of fissile material a self-sustaining chain reaction will not be
possible, under normal circumstances, because of the large proportion of neutrons that escape.
But as the size is increased (at constant density), the fraction of fission neutrons lost will de-
crease and ultimately a point is reached when one neutron will be available to carry on the fis-
sion chain for every neutron causing fission. The system is then said to be critical, and a self-
sustaining chain reaction is just possible. If a system is smaller than the critical size (or
mass), it is referred to as subcritical, and if larger, it is supercritical. In the latter case
there are more neutrons available for fission at the end of any generation than were captured
in fission reactions at the beginning of that generation. It will be seen shortly that the critical
size (or mass) is dependent on the nature of the fissile material, its shape, and several other
factors. However, for a given set of conditions, the critical size (or mass) has a definite value
which can be determined by experiment or can sometimes be calculated.

Convergent, Stationary, and Divergent Chains

.19 If v is the average number of neutrons produced in each act of fission, for the exist~
ing neutron energy distribution (or neutron spectrum), and 1 is the number lost by escape and
in other ways, e.g., by nonfission capture, then v —1 is the number of neutrons which can cause
further fission; let this be represented by k, called the effective multiplication factor, i.e.,

k=v—-1 : (1.4)

Thus, for every neutron causing fission in one generation, k neutrons will cause fission in the
next generation. Alternatively, k may be defined as the ratio of the number of neutrons in any
one generation to the number in the preceding generation. Hence, in accordance with the state-
ments made above, k is less than unity for a subcritical system; in a critical system k = 1; and
in a supercritical system k is greater than unity. :

1.20 Suppose S neutrons are introduced into a mass of fissile material and cause fis-
sions to occur; then kS neutrons will be present in the next generation, k?S in the third, and so
on. Since, for a subcritical system, k < 1, it is evident that as g, the number of generations,
increases, k88 will approach zero. In other words, the number of neutrons present will gradu-
ally decrease from one generation to the next, because more neutrons are lost in various ways
than are being produced by fission. There is, consequently, a convergent or decaying chain
which gradually dies out. For a system of critical size, k = 1 and then k&S is always equal to S.
The number of neutrons thus remains constant from generation to generation; this is referred
to as a stationary chain. Finally, if k > 1, as is the case for a supercritical system, k5 in-
. creases steadily. The fission chain is then said to be a divergent or expanding chain,

1.21 In the foregoing discussion no distinction has been made between the prompt and
delayed fission neutrons. As stated earlier, however, it is essentially the prompt neutrons only
which are significant in fission weapons. The effective critical size (or mass) of a weapon is

+The reason for specifying constant density of fissile material will be appai-ent later ($1.40).
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into the fissile core. By reducing the fraction of neutrons which escape completely, a smaller
size (or mass) can become critical. Such a scattering material, on account of its function, is
sometimes referred to as a neutron reflector. ‘ '

1.26 In nuclear weapons, the fissile material is surrounded by a tamper or, more spe-.
cifically, an inertial tamper, the mass of which delays expansion of the exploding material and
permits a higher energy yield to be obtained from the system undergoing fission, as will be
seen later. This inertial tamper also serves as a neutron reflector or neutronic tamper. In
some cases, however, the neutronic aspect is more important than the inertial character of the
tamper. i

1.27 As is to be expected, increasing the thickness of the tamper decreases the escape
of neutrons and thus makes possible a smaller critical mass of the core of fissile material.
However, it has been shown by calculations and verified experimentally that when the neutronic
tamper thickness reaches a certain value, there is little more to be gained by a further in-
crease of thickness (Fig. 1.2). Thus, when the thickness is about two neutron scattering mean

CRITICAL MASS
OF CORE

0
THICKNESS OF TAMPER

Figure 1.2

free paths, the effectiveness in decreasing the critical mass is within a few percent of that for '

an infinitely thick tamper.* In natural uranium, which is sometimes used as a tamper, the
scattering mean free path of fast (1 Mev) neutrons is about 4 cm, i.e., 1.6 in., in metal of nor-
mal density. The value is proportionately less in compressed uranium of higher density. In
wedpons of low mass, beryllium is a common tamper material; the scattering mean free path
is somewhat longer than in uranium because of the lower density.

1.28 Another important factor which affects the critical size is the energy (or speed) of
the neutrons causing fission. For several reasons, some of which will be explained later, nu-

clear weapons are designed so that the fission chain is maintained by fast neutrons, with ener- ,

gies in the range of approximately 0.1 to 2 Mev. In the subsequent treatment it will be as-
sumed, therefore, that fast-neutron fission makes the main contribution to the chain reaction.

Determination of Criticai Mass

1.29 Critical masses can now be calculated with a fair degree of accuracy, provided all
the conditions are known exactly. It is desirable, however, to check these values by experi-
mental measurements. Because of the danger involved in handling critical assemblies, the
general procedure is to extrapolate from observations made on a number of subcritical sys-
tems of increasing mass. ' '

1.30 It was seen in §1.20 that the introduction of S neutrons into a fissile material re-
sults in the presence of kS neutrons in the first generation, kS in the second, and soon. If a

*The scattering mean free path is the average crow-flight distance a neutron travels before under-
going a scattering collision with a nucleus in the given tamper material.

2
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- criticality —results in an efficient use of the fissile material in causing an explosion

will be little or no explosion, since the neutron density will not increase rapidly and energy,
resulting from fission, will not be produced fast enough; the reasons for such behavior will be
apparent later. On the other hand, if uranium-235 is used in a gun-type weapon, the neutron
background is very small and there is little probability of premature initiation, or “preinitia-
tion,” as it.is called, immediately upon the system becoming critical. When maximum super-
criticality is attained, neutrons are introduced deliberately from a suitable source to initiate
the fission chain reaction. In this way, the optimum efficiency can be realized in the use of the
fissile material. '

Compression Method (Implosion Weapon)

1.39 Because of the probability of preinitiation, and low efficiency, of a gun-assembly
weapon using plutonium-239, an alternative method for attaining criticality (or supercriticality)
was developed, based on the compression of the subcritical fissile mass. This procedure
turned out to be so successful and gave so much better efficiency that the gun-type of assembly
has been utilized only in a relatively few weapons for special purposes, e.g., in artillery-fired
shells and in rugged, impact-resistant bombs designed to penetrate some distance into the
ground before exploding. Apart from these particular cases, the compression method is in-

. variably used to attain supercriticality in fission weapons.

1.40 The principle of the method is that if a mass of fissile material is compressed, the
rate of production of neutrons by fission in the subcritical state is essentially unchanged, since
it depends mainly on the number of nuclei present. Actually, there will be some increase in
the neutron production in convergent chains. On the other hand, the number of neutrons lost by
escape is decreased as a result of compression because of the smaller surface area of the ’
given mass. Consequently, a quantity of material which is subcritical in the normal state can
become supercritical when compressed. The introduction of neutrons to initiate the fission
chain at (or close to) the time of maximum compression—and, hence, of ma:dmm super-

Do
4(3)

1.41 _In practlc‘wn occurs very rapidly;

y The compression in these weapons is achieved by the use of a powerful conven-
tional (chemical) high explosive which surrounds the core of fissile material. By the use of
explosive charges of special design much of the energy of the explosion is directed inward,
thereby causing the material in the interior to be compressed in a spherically symmetric man-
ner. It is for this reason that the term “implosion” is applied to weapons of this type.

1.43 An approximate derivation of the relationship between the degree of compression
and the critical mass of fissile material is the following. In accordance with the definition
given in §1.27, footnote, the total mean free path of a neutron is the average (crow-flight) dis-
tance it travels before it interacts in any way with a nucleus. The proportion of neutrons which
do not interact but escape from the system may be expected to be determined by the ratio of
the dimensions, e.g., the radius of a sphere, to the mean free path. It may be concluded, there-
fore, that for a given fissile (core) material, under specified conditions, the critical radius
should be approximately proportional to the neutron mean free path; thus, if R, is the critical
radius and A is the mean free path in the material,

— — —
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1.44 The greater the probability of the interaction of a neutron with a nucleus, the
smaller will be the distance the neutron travels before interacting. Hence, the neutron mean
free path is related inversely to its interaction probability. This probability is proportional to
the number of fissile nuclei per unit volume, and hence to the density; if p is the density of the
core materia.l then

1 ‘ ‘
Ao~ 1.7
<5 (1.7)

It follows therefore from equations (1.6) and (1.7) that

1 (1.8)

R°¢E

1.45 The critical mass, M, is equal to the product of the critical volume, which is % RS,
and the density of the fissile material; hence,

M= nRzp

o

Upon substituting equation (1.8) for R., it is seen that

. e 1 . -
M, c:_p—g (1.9)

The density of the material is dependent upon the degree of compression; thus, if 7 is the com-
pression ratio, i.e., the ratio of the volume before to that after compression, then

. pexn |

and substitution in equation (1.9) leads to the result
1 ' '
M, < ;i , {1.10)

The critical mass of a given fissile material, under specified conditions, is thus inversely pro-
portional to the square of the compression ratio. The proportionality constant is readily de-
rived by writing M, for the critical mass of the uncompressed material, i.e., when n=1, It
follows then from equation (1.10) that :

M, = | - ‘ | (1.11)

1.46 An alternative way of stating this result is in terms of the number of crits (or
critical masses), C, present in the compressed core. If M is the actual mass of fissile mate-
rial, the number of crits in the compressed state is defined by




Combination with equation (;.11) then yields

- (1.12)

_ where MéMg has been reglaced b__v_ Ca, the number of crits before compression Doe&
' L3
~ {The introduction of neutrons into this highly
(-suaa-—;-t—, e —— - ’ . s
percritical system resulting from compression will cause a very rapidly divergent fission
chain reaction to develop. In these circumstances there is very efficient use of the fissile ma-
terial for the release of energy. It is the high degree of supercriticality (and increased effi-
ciency) attainable by compression that constitutes the great advantage of implosion-type weap-

ons over those of the gun type.
1.47 Strictly speaking, the relationship of the number of crits to the square of the com-

pression holds only for a bare core. For a tamped core, a more correct form of equation
(1.12) is

C= Cntzo.

where 7. is the compression of the core and 7, is that of the tamper. Since the tamper is gen-
erally compressed less than the core, a good approximation for weapons is to write

Cc=cm:'

The effect of compression is still substantial, although not as large as is implied by equation
(1.12).

Fusion Reactions in Fission Weapons

1.48 It was stated in §1.2 that the large-scale release of energy in weapons is possible
by making use of fusion reactions in which two very light nuclei combine (or fuse) together to
form particles of greater mass. However, apart from the application of nuclear fusion reac-
tidns as a source of energy, described in Chapter 7, certain fusion processes are important in
‘the design of fission weapons for another reason. - The significance of these reactions does not

" lie in the energy released but in the neutrons which are produced. Three fusion reactions, in-
-volving the less common isotopes of hydrogen, namely, -deuterium (D% and tritium (T’) are of
interest in this connection. Two of these reactions are between pairs of deuterium nuclei (deu-

terons) only, i.e.,

D+ D=l + ;Hes
and

1D? +4D* — ' +,T°

which take place at about the same rate, and the third is a much more rapid interaction be-
tween a deuteron and a tritium nucleus (triton), i.e.,

1Dz + 1Ts - onl + zHe‘
1.49 It is seen that when two deuterons interact, a neutron is formed in one case and a

triton in the other; the triton then readily reacts with a deuteron to produce another neutron.
Both deuteron-deuteron (D-D) and deuteron-triton (D-T) reactions are employed to provide
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neutrons for initiating fission chains. In addition, the high-energy (14 Mev) neutrons liberated
in the D-T reaction are used in many fission weapons to achieve what is known as “boosting.”
Neutrons from the D-T reaction are introduced at a later stage of the fission chain in order to
maintain and enhance the progress of the fission reactions. There is a considerable increase
in the energy released because of the greatly improved efficiency in utilization of the fissile
material. The energy contributed by the D-T fusion reaction is quite small in comparison with
that from fission. ‘ )

'PRODUCTION OF WEAPONS MATERIALS

Ura.mum-235

1.50 The two important fissile materials namely, ura.nium-235 and plutomum-239 are
both produced from natural uranium but by entirely different procedures. Ordinary uranium
contains about 0.7 percent of uranium-235, together with about 99.3 percent of uranium-238
and a trace (0.006 percent) of uranium-234. The proportion of uranium-235 is increased by a
process involving diffusion or, more correctly, effusion through porous barriers of the vapor
of uranium hexafluoride (UFg) made from natural uranium. The hexafluoride of the lighter iso-
tope diffuses more rapidly than does that of the heavier species, and by the use of several
thousand diffusion stages enrichments of over 90 percent are obtained, i.e., the material pro-
duced contains over 90 percent of uranium-235. The most common product for weapons use
consists of about 93.5 weight percent uranium-235, the remainder being mainly uranium-238
a.nd a small proportion of uranium-234. This product is commonly known as “oraney _the two

TT0ST The AIghly enricned uramum nexaiiuoride obtaineﬁmaseous usion plant
is converted into the tetrafluoride (UF,) by reduction with hydrogen (mixed with some fluorine).
The tetrafluoride, which is a solid with a high melting point (close to 1000°C), is mixed with
calcium and heated in a closed steel vessel lined internally with a refractory material. The
calcium reduces the uranium tetrafluoride to uranium metal which is separated from the slag
of c#lcium fluoride. Volatile impurities are removed by heating the liquid metal in a vacuum
and the resulting product is of a high degree of purity.

1.52 The residual material from the isotope separation (gaseous diffusion) plant cons1sts
of uranium hexafluoride which has been depleted in uranium-235. In other words, it contains
more than the normal 99.3 percent of uranium-238. This is converted into uranium metal by a
procedure similar to that described above. I is referred to as depleted uranium or, in the
weapons program, as D-38. At one time it was called Q-metal, but this name is not now in
common use. '

Plutonium-239

1.53 The element plutonium does not occur in nature, except in insignificant traces.
Consequently, the plutonjum-239 used in weapons is obtained artificially by a series of nuclear
reactions resulting from exposure of uranium-238 to slow neutrons in a nuclear reactor. A
nuclear reactor is a device in which a fission chain reaction is taking place in a controllied
manner, as against the deliberately uncontrolled chain reaction in a weapon. If a matérial of
low mass number, called a moderator, is present, in addition to fissile material, the fission
neutrons are slowed down. Such a nuclear reactor is thus a good source of slow neutrons.

*The “‘alloy" part of the name originated from the designation Tube Alloys Limited applied to the
British wartime atomic energy project. Natural uranium metal was thus called *“tuballoy,’’ a term still in
common use, and then oralloy was adopted for the uranium-~235 enriched material. )
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1.54 Uranium-238 nuclei capture slow nelitrons quite readily to form a higher isotope,
uranium-239, with the emission of gamma radiation; thus, the (n,?) reaction

U™ + oot — U™ + 5

occurs, where the subscripts give the atomic numbers and the superscripts the mass numbers
in each case; the neutron (4n') has a charge (atomic number) of zero and a mass of unity. The
uranium-239 produced by neutron capture is radioactive, with a half-life of 23 min, emitting a
beta particle. Representing the latter by _.,B", since it carries a unit negative charge and has
essentially no mass, the radioactive decay process may be written as -

U™ — 8"+ ,,Np"'_

the product being an isotope of mass number 239 of an element of ato
mant  ealled neptunium (Np), is virtually nonexistent in nature.

- 1.99 INeptuil aiso radioactive with a half-life of 2.3 days; it emits a beta par-

ticle according to the reaction
,,Np”' - Bo + “pum

so that the product has a mass number of 239 and an atomic number of 94. The name pluto-
nium, symbol Pu, has been given to the element with this atomic number. The isotope
plutonium-239 is an alpha-particle emitter with a fairly long half life—about 24,000 years —
so that it is relatively stable.. It may be mentioned that the decay product of plutonium-239 is
the fissile uranium-235, which has a half-life of about 9 X 10° years. Hence, as far as fission
is concerned, plutonium-289 could be stored for thousands of years with only minor deteriora-
tion. The little deterioration which does occur arises mainly from the fact that the average
number of neutrons, v, produced by fission of uranium-235 is somewhat less than that from

"plutonium-239 (§1.12).

1.56 For the production of plutonium-239, natural uranium metal is used as the fuel ma-

“terial in a nuclear reactor with graphite (Hanford) or heavy water (Savannah River) as the

moderator. The uranium-235 in the fuel sustains the fission chain reaction and produces neu-
trons, some of which are captured by the uranium-238 with the consequent formation of
plutonium—239, as described above. After being in the reactor for an appropriate time, the
“gpent” fuel is removed, dissolved in nitric acid, and the plutonium is extracted from the solu-

tion by the use of certain organic solvents. It is then re-extracted into a water medium to

give an aqueous solution of the nitrate, from which the plutonium is precipitated either as the
peroxide or the oxalate. The solid compound is separated and heated with a mixture of hydro-
gen fluoride gas and oxygen to obtain plutonium tetrafluoride (PuF,). The latter is finally re-

-duced to plutonium metal with calcium (plus iodine).

1.57 Metallic plutonium exists in six different allotropic forms between room tempera-
ture and the melting point (640°C). The temperature ranges over which the various forms (or
phases) are stable are shown in Table 1.3. It is seen that alpha-plutonium, referred to in
§§1.23 and 1.34, which has a density of 19.6 g/cm?, is stable at ordinary temperatures. The
high density is advantageous from certain weapon standpoints, since it permits attainment of
criticality in a smaller mass than is possible with other forms of plutonium (cf, Table 1.2), On
the other hand, alpha-plutonium is brittle and difficult to fabricate, 'Furthermore, the presence
of certain impurities retards the attainment of the alpha-phase’ equilibrium, so that fabricated
parts exhibit dimensional instability. However, if these impurities are avoided, the dimen-

sional instability problem does not arise.
1.58 Although delta-plutonium is normally stable in the temperature range of 319 to

451°C, the addition of 1 weight percent of gallium to plutonium stabilizes the delta phase at or-
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dinary temperatures. The plutonium used in most stockpile weapons is in the stabilized delta
form. The material is much less brittle and easier to fabricate than alpha-plutonium: in fact
delta-plutonium is said to resemble aluminum in this respect whereas the alpha-phase is more
like cast iron. Delta-plutonium was used in the earliest implosion weapons because its low
density permitted the use of a larger mass of subcritical fissile material (Table 1.2), thereby
making possible an increase in the total energy yield. This aspect of weapons design is, how-
ever, no longer significant.

Table 1.3— Properties of Solid Phases of Plutonium

Phase Stability range = Density (g/cm?
Alpha (a) - Up to 120°C 19.6 (25°C)
Beta (8) 120 to 206°C 17.8 (150°C)
Gamma () 206 to 319°C 17.2 (210°C)
Delta () 319 to 451°C 15.9 (320°C)
Delta prime (6’) = 451 to 476°C 16.0 (465°C)
Epsilon (€) _ 476 to 640°C (m.p.) 16.5 (510°C)

Plutonium-240

1.59 As the plutonium-239 accumulates in the reactor in which it is produced, it also
captures neutrons, the rate of capture being proportional to the neutron density (or flux) in the
reactor and to the concentration of plutonium-239 nuclei. The reaction which takes place is

WPu® + ot — o Pul® 4 5

the product being plutonium-240, an alpha emitter of about 6600 years half-life. The two iso-
" topes of plutonium are not separated from one another in the chemical process used for the
extraction of this element from the reactor fuel. Hence, plutonium-239 is-always associated
with a certain proportion of plutonium-240; the amount of the latter increasing, with both the
exposure time and neutron density in the reactor, up to a limiting value of about 35 percent.
#1.60 In a simple (unboosted) implosion type weapon, it is desirable that the plutonium-
240 content be as small as possible for two reasons: (a) the high spontaneous fission rate of
plutonium-240 causes a large neutron background (§1.37) which can result in the initiation of a
fission chain before the optimum time, and (b) the fission of plutonium-240 requires mostly
. neutrons of high energy and, in addition, the v value is smaller than for plutonium-239 so that
it acts, to some éxtent, as an inert diluent.* Consequently, if plutonium-240 is present, the

mass of plute=: ani is larger than would be the case for pure mate

rial (§1.23).

| %(3)

e noted that to obtaili @ product with a SThall proporLIv
elements can be permitted to remain in the reactor for only a short time before they are re-
moved and processed for the extraction of plutonium. As a result, the smaller the plutonium-
240 content, the higher the cost of the material produced.

1.61 In evaluating the cost of the plutonium in a weapon, it must be recognized that the
higher the plutonium-240 content the smaller the cost per unit mass of plutonium-239, but the
larger the mass required for criticality. The actual cost per crit, which is the important cri-

*Fission of plutonium-240 exhibits an appreciable resona;nce for neutrons of about 1-ev energy. Other-
wise, the cross sections are low except at high neutron energies.
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-terion, is thus determined by two opposing factors. The weapon cost first decreases and then
increases as the proportion of plutonium-240 is increased. However, cost is not the only factor
to be taken into account in the choice of weapon material. An important consideration, known

as one-pomt sa.fety” (§5.13), 1s favored in some (but not all) circumstances by_the use of ma- |

‘ his is regarded as
-7 1he bes ’ sent time, alfhough it may be subject to change with circum-
stances.

1.62 For a production reactor of a given type, the plutonium-240 content of the material
produced depends on the neutron density (or reactor power) and the exposure time. Conse-
quently, the quality of plutonium was at one time described in terms of megawatt-days of ex-
posure in the reactor per ton of uranium fuel, i.e., in MWD/T units. This unit is not very pre-
cise because the reactor power is not uniform throughout its volume, so that the plutonium-240
content corresponding to a given MWD/T value will vary with the location of the fuel in the re-
actor. It also depends upon the characteristics of the production reactor, so that it is different
for the Hanford (graphite moderated) and Savannah River (heavy-water moderated) reactor
products. An alternative method for expressing quality is the number of grams of plutonium
per ton of fuel removed for processing, generally indicated by g/T; the higher the g/T value
the greater the plutonium-240 content. Because 1 MWD of reactor energy produces roughly 1
gram of -plutonium, the values are approximately equal numerically in g/T and MWD/T units.

1.63 The two foregoing methods of indicating the quality of plutonium have now been re-
placed by the actual statement of the weight percent of plutonium-240. Some of the older fis-
sion weapons required plutomum of low plutonium-240 content (“clean” plutonium); the pure
material generall used CO! about 1.5 percent of plutonium-240 (about 220

. .64 Another way of expressing the amount of plutonium-240 is based on direct meas-
urement of the rate of neutron emission from the material. These neutrons arise mainly from
_the spontaneous fission of plutonium-240. The result is expressed as the number of neutrons
emitted per gram per second, abbreviated to ngs. A rough “rule of thumb” is that the ngs
value is 10.5 times the percentage of plutonium-240. The characteristics of three Hanford
.production materials with different plutonium-240 contents are given in Table 1.4,

Table 1.4— Characteristics of Hanford Plutonium

Plutonium-240 Neutrons/gram-sec
rd (percent) MWD/T (ngs)
t 1 € % o
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Production of Neutrens

1.65 In a fission weapon, the chain reaction is initiated by the introduction of neutrons
into a critical or supercritical system. Consequently, the general methods for producing neu-
trons in weapons will be reviewed here. One of the simplest procedures for obtaining neutrons
is by the action of alpha particles on certain light elements, notably beryllium; processes of
this kind are referred to as (a,n) reactions. Recalling that the alpha particle is actually a he-
lium nucleus, the reaction is represented by
He! + ;Be® — (C1% + n!

1.66. A convenient source of alpha particles, which was used extensively at one time in
fission weapons, is the radioelement polonium-210. This isotope has certain advantages, as-
sociated with corresponding drawbacks. It does not emit gamma rays, so that there is no neu-
tron production by the (y,n) reaction which might otherwise occur even when the polonium-210
and beryllium are separated in such a manner as to prevent access of alpha particles to the
latter. Moreover, thée polonium-210 is easy to produce by exposure of ordinary bismuth to
neutrons in a nuclear reactor, when the (n,7) reaction

»3BiZ%% + on‘ —gsBif0+ 5

takes place The bismuth-210 is a beta emitter with a half-life of 5 days, so that" it soon de-
cays to form polonium-zlo thus,

ssBi%0 — B+, Pom

However, the production of polonium-210 in this manner means that fewer neutrons are ava11—
‘able for the conversion of uranium-238 into plutonium-239,

1.67 The moderately short half-life of polonium-210—138.4 days —means that it emits
alpha particles rapidly and a small quantity can thus provide a strong neutron source in con-
junction with beryllium. But the short half-life is also a serious disadvantage, because the ac-
tivity falls off relatively rapidly. In one year, the alpha activity, and hence the rate of neutron

prodiction, will have decreased to 10 percent and in two years to 1 ent of its initial value,
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1.70 Neutrons can also be produced by the actlon 5} mma rays (or x-rays) of sufficient
energy on various nuclei; these processes are referred to as photoneutron or (,n) reactions.
Since the average binding energy of a nucleon in a nucleus is about 8 Mev in many cases (Fig.
1.1), a photon of this energy will eject a neutron from most nuclei. This fact was utilized in an
experimental device for initiating the fission chain in nuclear weapons (§5.34).

1.71 In the great majority of weapons of recent design the neutrons required for initiation
are produced by the fusion reactions described in §1.48. The procedures involve either the D-D
or D-T reactions at high temperatures (thermonuclear reactions) or the interaction of accel-
erated tritons with a deuterium target (electronuclear reactions). The methods used for
achieving these processes in weapons are described in Chapter 5.

Production of Deuterium and Tritium

1.72 Deuterium oxide (heavy water) is present to the extent of about one molecule in
6500, i.e., 0.015 mole percent, in ordinary water. In spite of this very small proportion, con-
centration of the deuterium in water is not too difficult, and heavy water of about 99.75 percent
purity, i.e., 99.75 mole percent.D,0, is now produced on a large scale.

1.73 Three main processes are used to separate the two hydrogen isotopes in water;
these are (a) isotopic (or chemical) exchange, (b) distillation, and (c) electrolysis. Several iso-
tope exchange processes have been considered but the most satisfactory appears to be one in-
volving reaction between hydrogen sulfide gas and liquid water. The exchange reaction results
in a relatively higher proportion of deuterium in the liquid phase than in the gas. By utilizing a
countercurrent flow of gas and liquid in several stages, in a system operating at two different
temperatures, considerable enrichment in deuterium can be achieved in the liquid.

1.74 The distillation method for separating the isotopes of hydrogen depends on the fact
that heavy water (D,0O) has a slightly higher boiling point, i.e., slightly lower vapor pressure,
than light water (H,0). Consequently, a partial separation can be achieved by fractional distil-
lation, preferably under reduced pressure.

1.75 When an acid or alkaline aqueous solution is electrolyzed, the hydrogen gas liber-
ated at the cathode contains relatively more of the lighter isotope (H,) than does the residual
water. By repeated electrolysis in stages, heavy water of a high degree of purity can be
obtained.

1.76 Each of the three foregoing procedures has certain advantages under appropriate
conditions. Hence, in the production of heavy water in quantity, ordinary water is first par-
tially enriched in deuterium by the isotopic exchange process with hydrogen sulfide. The deu-
terium is further concentrated by fractional distillation of the enriched water under reduced
pressure, and then it is brought up to 99.75 percent purity by electrolysis. Deuterium gas can
be released from heavy water by any of the familiar chemical processes used to prepare hy-
drogen gas. It can then be very simply converted into any compound that may be required, e.g.,
uranium deuteride (UDy) or lithium deuteride (LiD), for weapons applications.

£D
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1.77 The third isotope of hydrogen, i.e., tritium, is a radioactive beta emitter, with a
half-life of 12«26 years. It is found in natural waters to an insignificant extent only and the
cost of extraction would be prohibitive. Consequently, tritium is produced by nuclear reactions
resulting from the exposure of lithium (as a suitable compound) to neutrons in a reactor. The
less abundant lithium-6 isotope, present to the extent of 7 atomic percent in natural lithium,
readily captures slow neutrons and undergoes the (n,a) reaction

ng..e + 0“1 nd zHe4 + 1Ta

with the formation of tritium. The more common isotope, lithium-7, reacts with fast neutrons
to some extent and this process also leads to the production of tritium; thus,

3Li1 + ol‘l1 - zﬂ:e4 + 1Ta + oll1

1.78 After irradiation by neutrons for a length of time, the lithium compound is removed
from the reactor and the gases, consisting mainly of tritium and helium, with other hydrogen
isotopes as impurities, are separated from the residual solid. Purification is achieved by a
gaseous diffusion process. Compounds of tritium can be prepared from the gas by reactions
similar to those employed for deuterium and ordinary (light) hydrogen,




CHAPTER 2

THE FISSION PROCESS IN WEAPONS

INCREASE OF NEUTRON POPULATION

The Multiplication Rate: Alpha

2.1 No matter how it originates, an explosion is associated with the very rapid liberation
of a large amount of energy within a restricted space. If the energy is to be produced by fis-
sion, then an essential condition for explosion is a very high neutron density, since the rate of
fission, and hence the rate of energy release, is proportional to the number of neutrons per
unit volume. It is of interest, therefore, to examine the factors which lea.d to a high neutron
density, since these will form a basis for fission weapon design.

2.2 In accordance with the definition of the effective multiplication factor, k, given in
§1.19, it follows that for every n neutrons present at the beginning of a generation there will
be nk neutrons at the beginning of the next generation, so that the gain of neutrons is n(k — 1)
per generation. The rate of gain, dn/dt, may then be obtained upon dividing the actual gain by
the average time, 7, between successive fission generations; hence,

dn_n(k—1) ~'

- Equation (2.1) will be strictly correct only if delayed neutrons play no part in mainf.aining the
fission chain. As already stated (§1.13), this condition is apphcable, to a good approximation,

to nuclear fission weapons.
2.3 The quantity k — 1, which is the excess number of available neutrons per fission,

may be represented by x, i.e.,
x=k-1 o | | (2.2)

and then equation (2.1) becomes

dn_x (2.3)
t T .

The time rate of increase (or decrease) in neutron population can be expressed in the general
form

dn . ‘ . )
i an | | (2.4)

wid M UNCLASSIFIED



where a is the specific rate constant for the process which is responsible for the change in the
number of neutrons. In nuclear weapons work this constant is called the multiplication rate or
merely “alpha.” Comparison of equations (2.3) and (2,4) shows that for a fission chain reaction

a= (2.5)

ERE]

2.4 The foregoing results are applicable regardless of whether X, and hence a, is posi-
tive, zero, or negative. For a subcritical system, k < 1 (§1.20), i.e., k. — 1 is negative; in these
circumstances X is negative and so also is a. It follows from equation (2.4) that dn/dt is then
negative and the number of neutrons in the system will decrease with time. Consequently, in
agreement with previous conclusions, the fission chain in a subcritical system will eventually
die out because of the steady decrease in the neutron population. When the system is just criti-
cal, k=1, and x and a are both zero; the number of neutrons will thus remain constant.
Finally, for a supercritical system, k > 1, and x and & are positive; there will then be a steady
increase in the neutron population. Since dn/dt is proportional to n, by equation (2.4), it is
evident that in a supercritical system, the number of neutrons will grow at increasingly faster
rates as n increases,

2.5 Another aspect of the 51gn1f1cance of a becomes apparent when equation (2.4) is
written in the form

d—n=adt
n

If a is assumed to remain constant, this expression can be readily 'integrated between the time
limits of zero, when the number of neutrons present is ny, and t, when the number is n. The
result is

n = nge™* ‘ S (2.6)

where, as usual, e is the base of natural logarithms. This expression, like those given above,
is applicable regardless of whether o is positive, zero, or negative. If @ is known, equation
(2.6) can be used to calculate the neutron population at any time t relative to the value at any
arbitrary zero time. It can also be seen from equation (2.6) that 1/« is the time period during
which the number of neutrons changes by a factor e; consequently, 1/a is often referred to as
the e-folding time, i.e., the time in which there is an e-fold change in the neutron population.

Determination of Alpha

2.6 The valueof @ is a highly 1mporta.nt quantity in weapons design, as W111 shortly be
apparent. Attempts are made to estlmate it theoretically from the neutronic and hydrodynamic
characteristics of the system, but there are many uncertainties involved and experimental
measurements are desirable. In weapons tests, the determination of alpha is one of the most
important diagnostic requirements. The methods used under these circumstances are de-
scribed in Chapter 8. The present treatment will be restricted to procedures which can be
used in the design phase without an actual test of the weapon.

2.7 Since a supercritical (or even a critical) mass cannot be handled safely under ordi-
nary conditions, experimental measurements of a are made with a mass that is slightly sub-
critical. Into this assembly is injected a burst of neutrons and these neutrons initiate a large
number of chains. However, since the system is subcritical, @ will be negative and so the
number of neutrons will decrease after the initial increase. By determining a quantity propor-
tional to the neutron population as a function of time, with neutron counters located outside the
assembly, it is possible to determine @ by means of equation (2.6). The a obtained from the
decrease in neutron population in the early stages is the so-called prompt value, required for
weapons studies in which the delayed neutrons play no part.

28
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2,13 The fission mean free path is equal to 1/Nay, where N is the number of fissile nu-
clei per cm® and o; is the fission cross section.* Hence, from equation (2.8),

2.9)

&
Nowv

so that the generation time is inversely proportional to the produce ¢;v. The value of o de-
creases as v increases but the product is 2 x 10° (in 10~ cm¥sec units) for fast neutrons of
1-Mev energy compared with 10' for slow neutrons. Hence, the fission generation time is ap-
preciably shorter for fast than for slow neutrons. Actually, the situation is worse for slow
neutrons than would appear from a comparison of the values of ov because the effective gen-
eration time for these neutrons includes the slowing-down time and this is considerably longer
than o,v alone would indicate. ‘
2.14  From the information already. g'lven, it is possible to make a rough, order-of-
magnitude estimate of a. As.seen from Table 1.1, v is about 2.5 to 3; the loss, 1, of neutrons
per fission may be taken as 0.5:to 1, and so, by equation (2.2), x.is close to unity for a highly
supercritical system For uncompressed uranium-235 or plutonium-239, the number, N, of
nuclei per cm?® is roughly 0.5 x 10® and, as seen above, o,v for fast-neutron fission is
2 x10° x 10~* cmY sec. It follows, therefore, from equation (2.7) and (2.9) that

a = (0.5 x 10%)(2 x 1071%) ~ 10° sec™

Thus, for fast-neutron fission, a is about 10® sec™ in a supercritical system and , the gener-
_ ation time, is roughly 10~ sec (or 1 shake). It is the common practice to express values of a
in reciprocal shakes, i. e 103 sec™? units, so_ that in the rough calculation made above a is
approximately 1 sha.ke Expenmental measurements, both in the laboratory and at weapons
tests, show that o is mdeed of this order of magnitude.
2,15 Itis evident that in order to achieve an efficient nuclear explosion, ﬁssion should be
brought about by tast neutrons, as far as possible. For such neutrons, the factors v and 7, and
_.to some extent 1, favor a high value of a and, hence, a rapid increase in the neutron population.
Except in certain special cases, appreciable amounts of elements of low mass number, which
slow down ‘neutrons, are ‘consequently kept out of the core of a: fission weapon.
2.16 According to equation (2.9), the fission generation time for neutrons:of a glven en-
ergy (or velocity) is inversely proportional to the number,.N, of ﬁssﬂe nuclei per- em®. It
follows, therefore, that v is inversely propo_rtlonal to ), the core compression ratio; thus

ral LT e

~ Consequently, the generatlon time can be decreased, and the value of a increased, *by compres-
sion of ‘the core material. L

'2.17 In addition to the effect onT, compresslon also causes:a marked decrease in. 1 for
the reason given in §1.40. This also contnbutes to'an increase ina, as follows from equation
(2.7). It is seen, therefore, that compression of the core will cause an increase in a because
ofthe decreasemboth-ra.ndl R -

Explosion 'I‘lme

2.18 According to the arguments in §2 14 xis apprommately equal to’ unity and lo, by
equation (2.5), 1/a is roughly equal to 7, the generation time. It is thus possible to wrlte equa-
tion (2. 6) in the approxlmate form > ~ e

“*For the present purpose: it 18 sufficient to regard the crogs section as'the effective
a nucleus for a particular-reaction (or reactions), Cross.sections vary with the neutron o )
fission cross sections for uranlum—235 -and plutonium-239 have been measursd ove:

TScmc workers prefer to: express a in reclprocal microseconds




n = nge¥" = net ' (2.11)

where f/-r, represented by g, is the number of generations in which the neutron population in-
creases from n, to n. This means that in a fission explosion the number of neutrons increases
by a factor of e per generation, i.e., by a factor of 10 in every 2.3 generations; thus,

n =~ ny108/23 3 : (2.12)

2 19 Before a fissioning system can explode, i.
outward. a ¢ density must be attamecl

H

“ = Z7ZT The lberation EFthe remaining energy requires an increase by a factor o! 10’ in

the number of f1s51 ns,.A ur in a time penod enerations
(10’/“ ~ 10t -

t

[;&Wt of the energy, however, is liberated du the finalfew ~
shakes. ‘Even in a boosted weapon the overall situation is much the same., ' 2€
‘"===-__— .

2.22 = The foregoing calculations are not exact; for one thing it was assumed that the total
“number of fissions which have occurred by any particular time is equal to the neutron popula-

tion at that time. Nevertheless, a more-precise treatment leads to conclusions in g oE
o ~ , o é(’s)

_b_mrg__:mnmrtm?iéiiod, the core volume is assumed
to remain essentially constant. I a pu Sion system, although not in a boosted device, the

value of a also remains roughly constant zfter initiation and it is this particular value which
largely determines the efficiency of the weapon. During the next 5 to 10 generations, or so,
depending on the total energy release, almost all of the energy is liberated. The resulting very
high temperatures —several tens of million degrees—cause large pressures to develop within
the core and thus rapid expansion occurs. ;

2.23 Soon after expansion commences, the fission chain reaction gradually dies out, be-

Wﬁ:wn escape: causes a to decrease and eventually to
nega .

s

o attain Tciency, 1.e., to consume as much asposs

T
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Th some weapons, however, there will be inany neutrons present at the time of initiation:

example, there are 100 neutrons, i.e., 10% or e‘ -8 _there will be the equivalent of neas nea.rly 5 ¢ gen- ‘
. erat ions” of neutrogg at the start of t.he cha.in

material, expansion of the core should be delayed. This important function is fulfilled by the
inertial tamper. In boosted weapons, the introduction of neutrons from an extraneous (D-T)
source results in a considerable increase in the fission rate before the system expands appre-
ciably. The inertial tamper is then less important than in an unboosted device. oo ¢ -
2.24 , M

SRR £y

EFFICIENCY OF FISSION WEAPONS

Definition of Efficiency

2.25 The efficiency, ¢, of any weapon may be defined as the ratio of the energy actually
developed when it explodes, i.e., the energy yield, to the total energy available; thus,

_ _Energy yield : : : .
.~ Energy available _ ‘ 2.13)

In other words, the efficiency is the fraction of the total energy available which is actually re-
leased in the explosion. In the case of a fission weapon, this is equal to the ratio of the quantity
of fissile material which actually suffers fission to the total amount present in the weapon. The

- efficiency of a weapon is generally expressed as a percentage, and so it is equal to ¢, as de-

fined by equation (2.13), multiplied by 100. There are several factors which determine the
efficiency and some of these will be discussed below.

2.26 [t is of intevast th_mention. in passing. that the effic the earliest implosion ( )
_weapons w. y Do€E LG

(§1.36). This accounts for the fact that devices ol the latter type have occupied a secondary
place in the development of fission weapons, except for special purposes.

Calculation of Efficiency: Machine Methods

2.27 At the present time, the efficiency or, more correctly, the energy yie.ld ofa weapon
is determined by machme calculations based on “codes” which have been develoned.to

small proportion of the total energy has been liberated. The treatment takes into account the
neutronic behavior, the hydrodynamics, and heat flow; the motion of a serigs of concentric
shells (or “mass points”) is followed until the rate of energy release by fission has fallen
almost to zero, The total yield includes the energy released after the system has expanded and

become subcritical. Although self-sustaining chain propagation is no longer possible,
convergent-chain interaction of the many neutrons and fissile nuclei still present will result

in considerable energy production. This may amount to some 30 percent or more of the total
yteld.

The Bethe-Feynman Formula

2.28 Prior to the development of computing machine procedures, and before data were
available from test explosions for comparison and normalization purposes, fission weapon
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efficiencies were estimated by the method of Bethe and Feynman. The basic formula is ad-
‘mittedly approximate, since it involves several simplifying assumptions. However, its deriva-
tion is useful in the respect that it provides a model of the explosion of a fission weapon and
indicates, qualitatively at least, some of the factors which affect the efficiency of the explosion. ’
The treatment given below is applicable to pure fission systems and not after boosting. occurs,. .

2.29 | As a result of the energy liberated in fission, very large pressures (~10° atm) are|
/‘developed in the core, and the core-tamper interface consequently receives a large outward !
lacceleration. | {This causes h1gh1y compressed tamper material to pile up just ahead of the ex-
pandmg mterface in an effect referred to as the “snowplow” phenomenon, because of the simi-
larity to the piling up of snow in front of a snowplow. The inertia of the compressed tamper
delays expansion of the core, so that a considerable pressure gradient builds up from the cen-
ter of the core to its outer surface. . _

2,30 Furthermore, because of the delayed expansion, it may be supposed that the volume
of the compressed, (supercritical) core remains essentially constant during the firsj- _ ] Lg
so generations following initiation of the fission chain, i.e., up to explosion time. After this in-
terval, almost the whole of the energy is released within an extremely short period, during
which time the supercritical core expands rapidly until it becomes subcritical. Although there
is an appreciable release of energy even while the system is subcritical, as mentioned in §2.27,
it will be postulated that energy production ceases when the dimensions are just critical. It
will be assumed, further, that no energy escapes during the short period of expansion from
maximum supercriticality to the point where the system becomes subcritical.

2.31 Let R be the radius of a spherical core at the point of maximum supercriticality;
then, in accordance with the postulate made above, this will remain unchanged until explosion
time. Subsequently, the energy density of the system becomes so large that mechanical effects
begin and the core starts to expand. Suppose that when the core has expanded by a fraction 6,
so that the radius is R(1 + §), the system is just critical (Fig. 2.1); beyond this point it will be
subcritical. The self-sustaining fission chain will then end and, in accordance with the approxi-
mation postulated above, there will be no further release of energy.

"SNOWPLOW" REGION

CORE BEFORE
EXPANSION

CORE WHEN FISSION
CHAIN ENDS

Figure 2.1

2.32 Consider a thin shell of material in the core, of volume dV and thickness dR; the
cross sectional area of the shell is then dV/dR. If dP is the pressure difference on the two
sides of this shell, caused by the liberated fission energy, the net outward force, dF, to which
the shell is subjected, i.e., pressure X area, is then

dF = dP—-——dV

dv _dP
iR k (2.14)

where dP/dR is the pressure gradient in the given shell. As a reasonable approximation, it
may be supposed that the pressure gradient is essentially constant across the core radius, so
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dp _P 3 | | (2.15)

where P is the total difference in pressure from the center of the core to the outer surface be- -
fore expansion occurs. Hence, from equations (2.14) and (2.15), :

dF ~ % av (2.16)

2.33 The time required for the core to expand from radius R to R(1 + §), i.e., a distance
of R5, is about 7 generations, as seen in §2.21. However, as a rough approximation, this may
be taken as 1/a, where a is the multiplication rate just prior to explosion time. The mean out-
ward acceleration of the core material, and of the shell dV, may consequently be expressed as
R3a®. The mass of the shell is pdV, where p is the core density; hence, by Newton’s second

" law of motion, i.e., force = mass X acceleration, the force dF acting on the shell is given by

dF =~ pdV x Rba?
Upon comparing this result with-kequation (2.18), it is seen that

P =~ pR%?% 2.17)

2,34 At the existing temperature the core will be gaseous and if, as postulated, the loss
of energy from the system during the initial expansion is negligible, it may be considered as a
gas undergoing an adiabatic process. The total energy of such a gas, which may be taken to be
equal to the energy of the core, is then ‘ k

E= % ' ‘ (2.18)

where 7y is the ratio of the specific heats of the gas. Using equation (2.17) for P and writing
M/p for the volume of the core, M being the mass, equation (2.18) becomes

MRa% : ‘ ‘
E= ?—1—— (2.19)
2,35 I € is the energy released in the complete fission of unit mass of core material,
then the total energy available in the core is Me, and the efficiency, according to equation

© (2.13), is E/Me, where E is given by equation (2.19); consequently,

_ E _ Rla% |
R A ‘ (2.20)

It should be pointed out that in the foregoing derivation no allowance has been made for deple-
tion of the core material as fission proceeds. For low efficiencies, to which most of the other
approximations made are applicable, the depletion is not significant and can be neglected.
Moreover, no allowance has been made for the inertial effect of the tamper on the efficiency.
For the present purpose, which is to obtain a qualitative guide to some of the factors deter-
mining the efficiency, this can also be ignored. Hence, replacing the quantity 1/(y—1)e by a
constant, K, equation (2 20) can be written as

Gz,

¢ ~ KR*a% (2.21)
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2.40 The avoidance of preinitiation was therefore an important aspect of the design of

simple fission weapons. The neutron sources which served as initiators were constructed so

as to produce a burst of neutrons as close as possible to the optimum time, and the neutron

background from the fissile material was maintained within reasonable bounds. In all-

plutonium ¢ores, relatively clean (20 ngs) material was used and dirtier plutonium was em-

ployed only in composite cores which contained oralloy in addition, with the latter in excess.

Such a utilization of fissile material was desirable in any event, for reasons given in §3.21
et seq. ‘

24;__ ebehav' of the soli re ax onsted i sion wea is somewhat as
_follow -~ , : ;
g:\_/ﬂ {AtTiTst critical, o 18

zero and it increases steadily a8 compression of the core proceeds. Just before maximum

compression, when ais a.pproachmg its maximum value, neutrons are injected into the-bi

JTRIS condition is referred to as “second Ci i 2.4
“Boar e neutron aensity and the rate of the fission reaction are now at a maximum. Beyond

second critical, @ becomes negative and the neutron density decreases, in accordance with
equation (2.6). Although a self-sustaining chain is no longer possible, considerable amounts of
~ energy are produced by the convergent fission chains in the subcritical system.

OPTIMUM
INITIATION <[ gf':é.osmu
~
. N
\\ NO
INITIATION
a EXPLOSION
- PRE=
IN_ITIATION
° N :
Im ,
FIRST CRITICAL SECOND GRITICAL | |
TIME
. Figure 2.2

Boosted Implosion Systems

2.42 In modern boosted, implosion-type fission weapons, the situation is quite different

from that déscribed above. The es are hollow, subcritical she sentain-the

deuterium-tritium boosting gas.§
- = e —
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Gun-Type Weapons

2.45 In a gun-type weapon, the lack of compressi it desirable for injti
take place at or close to the time when assembly). ,

\poe
L(z)

/

: Sequently, although plutonium-239 with an apprectable proportion of pluténium-240
could be used in implosion systems, even of the solid-core, unboosted type, it is unsuitable for
gun-assembly devices, as the calculations given below will show.

2.46 Apart from the possible presence of a “flood” of neutrons, e.g., as the result of the
explosion of another nuclear weapon in the vicinity of a given weapon, the chief sources of
background neutrons, which could cause preinitiation in a gun-assembly weapon, are spontane-
ous fission and (a,n) reactions with light elements. In uranium-235 (oralloy) the rate of spon-
taneous fission is relatively small but (a,n) reactions with light-element j :

_ duce an appreciable ound.

o

e

2.47  Let P; be the probability that a background neutron will be available in the fissile

material during the period that it is supercritical, i.e., in the preinitiation period, and let P, .
be the probablhty that this neutron w111 be able to start a ﬁssmn chain, The preinitiation prob-
ablhty, P, is then given by

P=1-elP

~ PP, | . @.22)

the approximate form being applicable when PP, is small, as it is in cases of interest. Actu-
ally P, is a function of time and both P; and P; depend, to some extent, on the position of the
neutron and on other factors. For the present purpose, however, which is to draw general con-
clusions only, specific values will be assigned to Py and P,. A background neutron entering a
fissile assembly may escape altogether without being absorbed, or it may be captured in a
nonfission reaction, or it may initiate a fission chain. Although the probabilities of these three
processes are by no means equal, it is sufficient to postulate here that P, has a constant aver-’
age value of 0.3 over the preinitiation period. Hence, for the purpose of making rough esti-
mates, equation (2.22) may be written as

P ~0.3 P, | (2.23)
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