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FOREWORD-

While this revision of WASH-1037 and the original issuance have been 
published as Headquarters, U.S. Atomic Energy Commission documents, 
they have. as their genesis two 1954 Los Alamos Scientific Laboratory 
reports, LA 1632 and LA 1633, both entitled "Weapons Activities of 
LASL." We are indebted to LASL for these early rep.orts. Although the 
previous LA and WASH reports received e~tensive use as basic handbooks on 
the principles of nuclear weapons development and technology, they were 
not to be considered as technical guides for designing weapons. Similarly, 
this revision of WASH-1 03 7 is not to serve as such a guide. · 

In the preparation of this document, Dr. Samuel Glasstone has reviewed,. 
coordinated, and edited· data provided by members of the Los Alamos 
Scientific La.b,pratorf. t!.le Lawrence Livermore Laboratory, the Sandia 
Laboratories, and the· Defense Nuclear Agency. The exceptional cooperation 
of these organizations and,,,the outstanding work of Dr. Glasstone have 
permitted the Atomic "'Energy Commission to publish this revision to 
WASH-1037. Further, we wish to recognize the very significant contribu­
tions of Dr. Leslie M. Redman in the preparation of this issuance. 

·'>. This publication contains highly sensitive nu~lear. weapon design infor­
mation of significance to our national defense and se=urity. Viewers are 
enjoined to en~re its proper sec~ritY.-protection at aU times. 

... 

. &~!1._jd£. 
Edward B. Giller 
Major General, USAF 
Assistant General Manager 

for Military Application 
U.S. Atomic Energy Commission 
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PREFACE 

The overall design of a nuclear weapon is a complex operation involving 
a cooperative effort among mathematicians, scientists, and engineers in 
several areas of specialization. In spite of the complexity of these weapons, 

· their design and operation are based on certain fundamental physical 
principles. One of the purposes of this report is to provide a description of 
these principles in fairly elementary terms. The mathematical aspects of 
weapon design have been omitted or oversimplified, since the emphasis here 
is placed on the physical phenomena rather than on the mathematical 
techniques used in treating them. 

Another objective is to describe how the ideas used in weapons design 
have. <:hanged over the years. The earliest atomic bombs weighed some sooo· 
pounds and ave an explosive energy yield in the vic· · ns TNT 
equivalent. 

A scimut~low.:at ap usea ro snow now sut:u unprovements in 
efficiency have been attained and indications are given of new directions iu.,_ 
which further developments appear possible. It will be apparent that 
advances in weapons design .have been continuous in the past and may be 
expected to be so in the future. 

In preparing this report, we have received invaluable assistance from 
members of the Los Alamos Scientific Laboratory, Lawrence: Livermore 
Laboratory, Sandia Laboratories (Albuquerque and Livermore), the Defense 
Nuclear Agency (Headquarters and Field Command), and the AEC Division 
of Military Application. To all the people who helped us by supplying 
information and/or providing constructive reviews of the draft material, we 
wish to express our great indebtedness. 

4 

.. ' 

Samuel Glasstone 
Leslie M. Redman 
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.Chapter 1 

PRINCIPLES OF NUCLEAR ENERGY RELEASE 

INTRODUCTION 

Mnt·Energy Equivalence 

1.01 Any nuclear reaction in which there is a net 
decrea~e 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 accompanied 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 = mc2
, (1.1) 

where c is the velocity of light, i.e., 3.00 X 10 1 0 

em/sec. In the study of nuclear reactions it is. the 
common practice to state energies in electron volt (or 
eV) or million electron volt (MeV) units, 1 MeV being 
equivalent to 1.60 X 10-6 erg. Nuclear masses are 
generally exprdsed .in atomic mass units (or amu), 
these being the masses on a scale in which the mass of 
the common isotope of carbon ( 1 2 C) is taken as 
precisely 12.0000. In terms of familiar mass units, 
1 amu is 1.66 X 10-2 4 gram. Upon making the ap­
propriate 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. 

Fission and Fusion 

1.02 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 (t!) fission, i.e., 
the splitting of a heavy nucleus into a pair of lighter 
ones, and (b) f1.1sion, i.e,, the combination of two very· 
light nuclei to form a heavier one. The underlying 
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reason why these processes are accompanied by . a 
liberation of energy (and decrease in mass) is that in 
each case the total energy· of attraction (or binding 
energy) among the constituent protons and neutrons, 
i.e., the n,ucleons, is smaller in the initial nucleus (or 
nuclei) than it is in the products of the r-eaction; It is a 
f-undamental law of nature that the rearrangement of a 
system from a weakly bound st:,tte to a more tightly 
bound ~~te must be accompanied by a release of 
energy. 

Binding Energy 

.1.03 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 species (or nuclide) of atomic 
number Z and mass number .·l, so that the nucleus of 
the atom contains 7. protons and .-1 - Z neutrons. For 
electrical neutrality, the atom as ·a whole must have, in 
addition, /. extranuclear electrons. If mp. m 0 ;and me 

are the masses of the proton, neutron,· and electron, 
respectively, the sum of. the masses of the constituents 
of the atom is then Zmp + Zme + 0 - Z)llln. Suppose 
that the actual atomic mass. as determined by a mas~ 

· spectrometer or in other ways, is M; then the. mass 
defect (M.D.) of the particular isotope is defined by 

M.D. = [Z(IIIp + Ill e)+ (..1 - Z)m0 J :- M 

= Zmu +(A - Z)m0 - .\<1, 

where lllp +me has been replaced by IIIH, the mass of· 
the hydrogen atom, to which it is essentially equiva· 
lent. 

1.04 From the arguments given above, it can be 
seen that the mass defect is a measure of the enerl!ty 
which would ·be released . if the individual Z ·protons 
and A 7. . neutrons combined to form the given 

• 
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nucleus. • This energy is numerically equal, but op· 
posite in sign, to that which would have to be supplied 
to break up the nucleus into its constituent nucleons, 
i.e., the binding energy of the nucleus. Consequently, 
the mass defect of a nuclide can be related -to the 
nuclear binding energy (B.E.) by utilizing equation 
(1.2); thus, · 

B.E. (in MeV)= 931 X M.D. (in amu). (1.3) 

Since the masses of the proton and neutron in amu are . 
known and· M can be determined, the M.D. can be 
derived from experimental data and from this the B.E. 
can be readily obtained for any nuclear species. 

1.05 A useful quantity for practical purposes is the 
,binding energy per nucleon, i.e., B.E./A, where A is the 
mass number which is equal to the number of nucleons 
in the nucleus. The values of B.E./A for man)' stable 
nuclides . have been determined, from their known 
atomic masses; when plotted against the respective 
mass numbers, as in Fig. 1.1, the results are found to 

a: 
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Figure 1.1 

240 

fall on, or very close to, a continuous curve. The 
significant aspect of this curve, for the present purpose, 
is that the mean binding energy per nucleon is less for 
the lightest and for the heaviest nuclei than it is for 
those of intermediate mass. It is this fact which 
accounts for the liberation of energy that accompanies 
eiiher fission of heavy nuclei or fusion of light nuclei. 
In each case, the total binding energy in the initial 
nucleus (or. nuclei) is less than that in the reaction 
products. 

*The F. electrons contribute a small amount of energy, but 
this is largely. allowed for in the replacement of mp + me by 
mH. 

UNCLASSIFIED 
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Calculation of Fission Energy 

1.06 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 process. A simple, although less 
exact, procedure is the following. It will be seen 
shortly that fission of uranium-235, for example, can 
result from the ·absorption of a neutron, and in the· 
process two lighter fission-product nuclei and two or 
three free neutrons are formed. The uranium-235 
nucleus contains 2 35 nucleons and so the fission­
product nuclei will have a total of 235 + 1 - 2 (or 3), 
i.e., 234 (or 233) nucleons, depending upon whether 
two or three neutrons are relea:;ed; 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 the235 nucleonswhich make 
up the uranium-235 nucleus were combined, the 
energy released would be given by 

235 Nucleons._. Uranium-235 + (235 X 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. Consequently, the combi­
nation of the 2 33 nucleons to produt:e 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 

Uranium-235 ._.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 calculation. lienee, the 
fission of a uranium-235 nucleus is accompanied br the 
relea~ of (233 X 8.5)- (235 X 7.6)MeV, i.e., about 
200 MeV,.of energy. The significance of this amount of 
energy in terms of more familiar units will be given 
below. 

The Fission Process 

1.07 The fission of heavy nuclei can be brought 
about in sever.al different ways, but .there is only one 

.... "' ~. J ~,.UNCLASSIFIED • 
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thlll 1' c•f amportancc for the practical release of 
nu\tlrilr rru~riiY· This is fission initiated by neutrons. 
Thr ft"ll~tm is that the fission process is always 
"'COrnJlliOtC:d by the release of neutrons, which can 
pruduc:e fi~swn in other nuclei. Hence, once fission by 
ttl'utron\ has been initiated in a quantity of material, a 
chAin reliction, carried on by neutrons, is possible with 
the continuous release of energy. Only three nuclear 
tpccte~. namely, uranium-233, uranium-235, and pluto­
mu n1- 2 39, need be considered here for use in a fission 
chain process for two reasons. First, although these 
~ub"anccs are radioactive and decay with the emission 
of alpha particles, they have relatively long half-lives 
11nd M> arc moderately stable. • All other fissile nuclides 
have such short half-lives and decay so rapidly that 
1hcy 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 resul.t 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). 

1.08 The common isotope uranium-238, which 
constitutes about 99.3 percent of the element in 
nature, requires neutrons of about 1-MeV energy to 
cause fission at an appreciable rate. t Most of the 
neutrons produced in· fission actually ha,ve higher 
energies, but they lose energy rapidly in (inelastic) 
collisions, so that they are brought below the threshold 
of about 1 MeV 'for significant fission of uranium-238. 
Consequently, the maintenance of a chain reaction in 
uranium-238 is impossible. Nevertheless, fission of this 
isotope by fast neutrons does take place and the energy 
released can make a significant contribution to the 
total energy produced in nuclear weapons. 

1.09 Of the three fissile species, only uran~um-23 5 
is found in nature; the other two are produced by 
artificial nuclear reactions ( ~ 1.53). Furthermore, only 
two, namely, uranium-235 and plutonium-239, are 
being used in weapons. Although uranium-233 has 
fission characteristics which would appear to make ii: 
of interest for use in certain types of anlllery shells of 
small caliber,. the strong gamma-ray activity of asso-

•The half-lives are as follows: uranium-233. 1.6 x 105 

years; uranium-235, 7.1 x 101 years; plutonium-239, 2.4 x 104 

years. 
tA distinction is sometimes made between the "fissile". 

nuclei, such as uranium-235, etc., in which fission can be 
produced by a neutron. regatdless of its energy, and the 
"fissionable" nuclei, such as uranium-238 and thorium-232, 
which ~equire neutrOns of high ·energy to cause fission. 

ciated products introduces senous fabrication and 
I . 

handling problems. .,. 
1.10 The fission process rna y _be regarded as 

yielding three types of products: (a) lighter nuclei, 
called fission fragments, (b) neutrons, referred to as 
fission neutrons, and (c) energy. Thus, taking uranium: 
235 as typical, the fission act may be represented by 

Uranium-235 +'! ..... two fission fragments 

+ 2 to 3 n +energy, 

. where n indicates a neutron. These products will be 
considered in turn. 1t may be mentioned that the 
general discussion of the fission process given below is 
applicable to all three fissile substances. Such differ· 
ences in behavior as do exist arise from differences in 
the average number of neutrons produced when fission 
occurs and in the relative probabilities (or cross 
sections) of fission and nonfission reactions for neu­
trons of a given energy. 

Fission Products 

1.11 Uranium-2 35 (and other) nuclei can fission in 
a number of different ways, leading to several different 
pairs of fission fragments. Most of these. are radio­
active, decaying by the emission of beta panicles and 
frequently also gamma rays. On the average, each 
radioactive fission fragment undergoes three or four 
stages of beta decay before a stable species is formed. 
As a result, a complex mixture is produced consisting 
of more than 400 different nuclides, including isomeric 
states, of nearly 40 different elements. This complex 
system of fission fragments and their decay products is 
referred to by the general name of fission products. 
The mixture contains many radioisotopes and their 
half-lives range from a second or so to more than a 
million years. It is the fission product mixture that 
contributes nearly all of the radioactivity of the fallout 
produced by a nuclear explosion ·in the· air. If the 
fireball touches the surface of the ground or of the 
ocean, radioactivity induced by neutrons in the earth 
or seawater is also imp~rtant. 

Fission Neutrons 

1.12 The number of neutrons released when a 
nucleus undergoes fission. varies somewhat with the 
particular mode of fission, but the average number of 
fission neutrons is well defined. The value depends on 
the energy of the neutrons which cause fission, and 
increases to some extent with increasing neutron 

,. UNCLAS~IFIED 
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energy. The results of estimates based on experimental 
measurements are given in 'fable 1.1 of the average 

Table 1.1 NEUTRONS RELEASED PER 
FISSION 

Neutron Energy 

Nuclide -oMeV O.S MeV 14MeV 

Uranium-235 2.43 2.49 4.1 
Plutonium-2 39 2.80 2.85 4.9 
Uranium-233 2.45 2.51 4.2 

number, v, of neutrons produced per fission caused by 
(a) slow neutrons,' i.e., neutrons of essentially zero 
energy, (b) neutrons of about 0.5-MeV energy, which is 
roughly the average energy of the neutr~ms which 
maintain the chain in a simple fission weapon, and (c) 
neutrons of 14-MeV energy which contribute greatly to 
the fission. energy . of boosted and many two-stage 
devices (Chapters 6 and 7). 

1.13 The neutrons emitted in fission fall into two 
categories, namely, prompt neutrons and delayed 
neutrons. The former are all released within something 
like 10-14 sec of the fission process, but the latter 
continue to be e.mitted for a few minutes. For 
uranium-235 fission, the prompt neutrons constitute 
99.35 percent df the total fission neutrons and for 
plutonium-239 they represent about 99.75 percent. 
Because the time scale in nuclear explosions is very 
short, delayed neutrons play essentially no part in the 
fission chain reaction. In reacto.rs for the controlled 
release of nuclear energy, however, these neutrons are 
of great significance. 

Fission Energy 

1;14 The rough estimate made earlier indicated 
that about 200 MeV of energy are produced per 
nucleus undergoing fission. More precise calculations, 
based on nuclear masses, and experimental measure­
ments 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 102 3 nuclei, and the complete fission of this 
amount of uranium-235 would yield 
6.02 X 1023 X 200 = 1.20 X 1026 MeV or 1.93 X 1020 

erg, since 1 MeV is equal to 1.60 X 10-6 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 

::~CLASSIFIED 
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would result in a total energy release of 2.0 X 101 3 

calories. 
1.15 Only part of the energy of fis5ion is immedi­

ately available in a nuclear explosion, since most of the 
radioactive decay energy of the fission products is 
released over a long period 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 explo­
sive energy of about 1.8 X 1013 calories. The energy 
liberated in the explosion of 1 ton of TNT is taken to 
be 109 calories (or 4.18 X 101 6 ergs), and so 1 kilo­
gram 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 g) or of 
1.45 x 1023 nuclei of fissile material produces the 
equivalent of 1 kt of TNT of explosive energy. ln. other 
words, the energy per fission is .about 1.0 X.10.., 4 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 to.ns), ' 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 neu­
trons produced in an att of fission is greater than two 
(see Table 1.1), it would appear, at first sight, that a 
chain reaction in uranium-23S or pliJtonium-239 would 
be inevitable. However, this is not so, because an 
appreciable ,proportion of the neutrons produced are 
lost in ·various ways. In a nuclear fission weapon, for 
example, an imp~rtant 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. 

"'The enei'J)' per fission of uranium-235 is currently taken 
as 6.793x 10-.a• kt, i.e., 17.4 kt/kg; for plutonium-239 the 
values ~re 7.030 x 10-.a·4 kt per fiSSion and 17.7 kt/kg, 
respectively. 

.UNCLASSIFIED 
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1.17 The: t'nction of neutrons escaping from a 
syltenl In which fission is occurring can be decreased 
hy ln~nasing the: mass, i.e., by increasing the size at 
conllanl density of fissile material. • Since neutrons are 
pwduced by fission throughout the whole volume, 
whereas loss by escape takes place only from the 
urerior surface, it is evident that the escape proba­
biliry will decrease as the volume-to-area ratio of the 
•ysrem is increased. This can be achieved, for a given 
11eometry (shape), by increasing the dimensions of the 
f11aile material at constant density. 

1.18 In a very s)TI3.ll mass of fissile material a 
•elf-sustaining chain reaction will not be possible under 
normal circumstances because of the large proportion 
of neutrons that escap.e. But as the size is increased (at 
constant density), the fraction of fission neutrons lost 
will decrease and ultimately a point is reached when 
one neutron will be available to carry on the fission 
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 
;lt 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. For a given set of conditions, however, 
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 

1.19 If 11 is the average number of neutrons 
produced in each act of fission, for the existing 
neutron energy distribution (or neutron spectrum), and 
I is the number lost by escape and in other way~. e.g., 
by nonfission capture, then 11 - I is the number of 
neutrons which can cause further fission; let this be 
represented by k, called the effective multiplication 
factor, i.e., 

k = Jl-1. (1.4) 

Thus, for every neutron causing fission in one genera­
tion, k neutrons will cause fission in the next genera­
tion. Alternatively, k may be defined as the ratio of the 
number of neutrons in any one generation to the 

•The reason for specifying constant density of fissile 
material will be apparent later ( § 1.40). 
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number in the preceding generation. Hence, in accor­
dance with the statements made above,tk is less than 
unity for a sub critical system; in a criticil 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 fissions to occur; then 
kS neutrons will be present in the next generation, k 2 S 

in the third, and so on. Since, for a subcritical system, 
k < 1, it is evident that as g, the number of genera­
tions, increases, kgS will approach zero. In other 
words, the number of neutrons present will gradually 
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 con­
vergent or decaying chain which gradually dies out. For 
a system of critical size, k : 1 and then ~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, kgS increases 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 ea~lier, however, it is essentiaily the 
prompt neutrons only which are significant in fission 
weapons. The effective critical size (or mass) of a 
weapon is thus determined by the availability of the 
prompt neutrons, without regard to those which are 
delayed. This situation is often described as prompt 

. critical. ·Since more than 99 percent of fission neutrons 
are ·prompt, the· neglect of the delayed neutrons has 
little effect on the value of 11. In other words, the data 
in Table 1.1 may be taken as being approximately 
applicable to weapons. Critical masses determined by 
experiment ( § 1.29) include the contribution of de­
layed neutrons, so that the prompt critical mass 
applicable to weapons is very slightly larger than the 
value measured in the laboratory. Again, the difference 
is small, although corrections can be applied ~f neces­

sary. 

Factors Affecting Critical Mass 

1.22 The critical size (or mass) of a given fissile 
material depends on a number of factors; as mentioned 
earlier. For example, the shape (or geometry) of the 
system has an influence on criticali~y because of the 
variation in the ratio of volume to surface area. As seen 
in § 1.17, this ratio determines the fraction of neutrons 
lost by leakage from the system. The optimum 
condition of minimum critical mass is obtained ·for a 
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sphere; this has the largest ratio of volume to area, so 
that the fraction of neutrons produced which escape 
from the system is less than for any o.ther shape of the 
same mass. Thus, the critical mass of a sphere is less 
than for other eometrical form of the 'ven . 

ar tnc c 

concerned, it is evident that the presence of impurities 
will increase the critical mass of the fissile species. 
Apart from the fact that the impurity may cause a loss 
of neutrons by parasitic capture, 'it adds area to the 
system, which increases the probability of neutron 
escape, without the compensating production of neu­
trons by fission in the increased volume. Similar 
considerations apply to the situation in which a given 
fiSsile substance, e.g., plutonium-239, exists in two or 
more allotropic forms with different densities. The less 
dense delta form of plutonium metal. has a higher 
critical mass than the more dense alpha form because 
of the larger surface area for a given mass. The rate of 
neutron production by fiSsion depends on the mass, 
i.e.,' the number of fissile nuclei, but the rate of loss by 
escape is greater for the delta-plutonium since the. area 
is larger for. the ,same mass. 

1.24 The value of v also affects the critical size. 
The larger the magnitude of v, the smaller will be the 
critical size (or mass) under the same general con­
ditions. If more neutrons are formed per fission, it will 
be possible to tolerate a somewhat larger loss and yet 
attain criticality. This is apparent from the fact that 
the critical condition is that k • v -I• 1, so. that an 
increase in I can be compensated by an increase in v. It 
is because both v and the fast-neutron fission cross 
section of plutonium-239 are larger than for uranium-
235 that the critical size of the former is less than that 
of the. latter, under equivalent conditions. Since the 
densities· of plutonium and uranium are nor. greatly 
diffc;rent, the same relationship applies to the -~spec­
rive critical masses (see Table 1.2). 

1.25 For a specified shape and composirion, the 
size of a critical system can be deci'easedJ!y surround­
ing it with a ma.&erial which scatters sqme of the 
escaping neutrons back into the fissile core. By . 
reducing the fraction of neutrons which escape com­
pletely, a smaller size (or ·mass) can ·become critical 
( § 1. 34). Such a scattering material, d'n account of its 

function, is sometimes referred to as a neutron 
reflector or as aneutron tamper. . 

1.26 In nuclear weapons, the fisiile material is 
surrounded by a tamper . or, ·more specifically, 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. 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. 

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 ~be 
neutronic tamper thickness reaches a certain value, 
there is little more to be gained by a further increase of 
thickness (Fig. 1.2). Thus, when the thickness is about 
two neutron scattering mean free paths, the effective­
ness in decreasing the critical mass is within a few 
percent of that for an infinitelr thick tamper. • In 
natural uranium, which was at one time used as a 

0 
·THICKNESS OF TAMJ;'ER 

Figure 1.2. · 

tamper, the scattering mean free path of fast (1 MeV) 
neutrons is about 4 em, i.e., 1.6 in., in metal of normal 

. density. The value is proportionately less in com­
pressed uranium of higher density. In weapons 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, nuclear weapons are designed so 

-o---
•The scattering mean free path is the total distance a 

neutron travels before undergoing a scattering collision with a 
nucleus in the gi~n tamper material. 
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olllt the hlsion chain is maintained by fast neutrons, 
with cnersic~ in the range of approximately 0.1 to 
2 MeV, In the subsequent treatment it will be assumed, 
'herd ore' that fast-neutron fission makes the main 
contribution to the chain reaction. 

Determination of Critical Mass 

1.29 Critical masses can now be calculated with a 
. eon•iderable degree of accuracy, provided all the 

conditions are known exactly. It is desirable, however, 
to check these values by experimental measurements. 
Because of the danger involved in handling critical 
uscmblies, the general procedure is to extrapolate 
from observations made on a number of subcritical 
systems of increasing mass. 

1.30 It was seen in § 1.20 that the introduction of . 
S neutrons into a fissile material results in the presence 
of kS neutrons in the first generation, k 2 S in the 
second, and so on. If a steady source emitting S 
neutrons per second is used, then all generations will be 
present in the system, so that the total rate of neutron 
production isS + kS + k 2 S + ... "The ratio of the rate 
of neutron formation to the source strength is called 
.the neutron multiplication, M; thus, 

,._S+kS+k2 S+ ... _
1 

k k 2 ,_ 3 ,.. - s - + + + ~ + ... 

For a subcritical system, k is less than unity; the series 
1 + k + k 2 + ... is then convergent and for a large 
number of generations it is equal to 1/(1 - k ). cOnse-
quently, · 

M= 1 
1-

(1.5) 

Since 1 k is finite and positive, M has a finite value 
for a subcritical system. For a critical system, however, 
k = 1; 1 - k is then zero and M becomes infinite. 

1.31 For the determination of critical masses, it is 
more convenient to consider the reciprocal of the 
multiplication, i.e., 1/M; by equation (1.5), this is given 
by 

1 .M = 1- k. 

Provided the system is subcritical, liM is finite but less 
than one, but for criticality k = 1 and so 1/M is zero. 
The neutron multipli~ation is observed for several 
subcritical systems cpntaining different masses of fissile 
material, and the experimental values of 1/M are 

plotted against the masses. The extrapolated mass 
corresponding to liM = 0 is then th~( critical mass 
under the existing conditions. • 

1.32 The neutron multiplication is determined by 
placing a· steady neutron source inside an assembly of 
active material of prescribed shape and composition 
and of known mass. The measured rate of arrival of 
neutrons at a counter located outside the assembly is 
proponional to S + kS + k 2 S + .... The rate of arrival 
from the same source in the. absence of fissile material 
is proponional to S. Hence, the ratio of the measure­
ments with and without the assembly of active material 
is equal to the multiplication M. Determinations of M 
are made in this manner, with the same source and 
detector location, for a number of assemblies of 
increasing mass, and 1/M is plotted against the mass, as 
in Fig. 1.3. The extrapolated mass for liM.= 0 is the 
critical mass. By. changing the position of the detector, 
the apparent multiplication is changed, but the 1/M 
values. should always extrapolate to the same point, as 
shown by the two curves in the figure. 

1.33 The procedure described above can be used 
to determine critical masses for both tamped (re­
flected) or untamped assemblies. It can also be applied 
to actual rnockups of fission weapons. Some of the 

MASS OF FISSILE MATERIAL 

Figure 1.3 

components, e.g., fissile substances, are tlie same as 
would be used in the weapon, whereas others, e.g., high 
explosive, are simulated by other materials with similar 
neutronic properties. 

1.34 Under precisely specified conditions, and for 
a given core .. material, there is a definite mass tllat is 
jilst critical. The criti~al masses of spheres of metallic 

u. ·r.aniuln-235 (93.2 weig.ht pe. rcen. t enr .. i.chment)bof t.h< ~. 
r-lph•· ond d<lto·pho<e< of pluton;um-23~- :1-: 
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~\G\ 1c ]~or fast-neutron fission are given in 
\Table 1.2. Values are quoted for bare, i.e., III.I.IJI.)LI.I;w&;a.! 

.!Pheres, a_swc:ll ~s for s h ith tampers o 

(; ) The name gun-type originates from the )/ 0 G b (:,) 
;act tliat m de!ice~ of this kind the two .. 1pieces Qf fissile 

1
material( ____ ·_ - _ . _ .. =.J~ ';£. hl3) 
are located near opposite ends ot a gun oJirret. ~ 

Table 1,2 CRITICAL MASSES OF SPHERES 

Fissile Material 

Uranium·23S (93.2 wt %) 

Plutonium-239 (O<) 

Plutonium-239 (6)• 
Plutonium-239 (li) • 

( 

2 40Pu 

(wt 'If.) 

4.8 
4.8 

21 

18.8 
19.7 
15.8 
15 .• 8 

Bare 

-S2.S 
10.5 
16.6 
18.8 

Critical ~s (kg) 

t;u = :tl; tor 
:::::::: !J .:: u Be 

p 

J 
Dot' 

•(_ ..;Contajns -_ 1 wr % galljnm J 
. \) OE b(/) ~ ___,.,.,_=""""z ___,..--........,. 

. ~ ' -
vet .. )- .. . . . I, beryllium,~, 
1 ~C ·· = reipectively. 1 The effect of the neutronic tamper in· 

·reducing thel critical mius is very. striking. It will be 
noted, too, in accordance with remarks made earlier, 
that the critical mass of delta-plutonium is larger than 
that of the alpha form, whereas both are smaller than 
the critical mass of uranium-235. 

FISSION WEAPONS 

Gun Method of Assembly 

1.35 As long as a mass of fissile material is less 
than the critical value for the existing conditions, that 
is to say, provided the system is subcritical, there is no 
danger of a divergent, or even a stationary, chain 
reaction. But, if energy is to be released in a nuclear 
explosion, the system must be made critical and, in 
fact, highly supercritical, as will be seen shonly. There 
are two general ways utilized in weapons whereby a 
subcritical system of fissile material is ·rapidly con-

1.37 Alth()ugh the gun assembly method for at· 
taining criticality is satisfactory when uranium-23.5 is 
the fissile material, it has a serious drawback when 
plutonium-239 is used. This arises from the presence of 
the higher isotope, plutonium-240. Bec~use of the way 
it is produced (.§ 1.53), plutonium-~39 is invariably 
associated with a certain proponion-generally from 
about 2 'to 7 percent-of the higher isotope, pluto· 
nium-240. The latter happens to have a high proba­
bility for undergoing spontaneous fission, i.e., without 
the intervention of neutrons. The spontaneous fission 
rai:e of plutonium-240 is, in fact, about 440 fissions per 

. second per gram Since more than two neutrons are 
liberated per fission, on the average, this means that 
1 gram 1 plut~>nium-240 emits over 1000 neut_r_o_n.;..s·.._ __ 
second 

1. 

bb) 

\ 

vened into one that is supercritical. ·· 
1.36 The first is generally referred to as the gun 

method of assembly. Two ponions of material of 
subcritical size are brought together very rapidly, for 
reasons given below, so that the c_ombined mass is 
supercritical. If a. burst of neutrons is then introduced, 
a divergent fission chain is initiated and a-rapid release _ 
of energy occurs in a very shon time. This is the 

: .!tJfi 6L~) 

rinciple used in .the so-called _ "gun·_!}'pe" 
~-!' < ·h 

]~~~~~~~~~~~~~~~~~~~ tne ac ground, arising fr~ the 
presence of plutonium-240, inay result in initiation of 
a self-sustaining chain reaction as soon as the assernbJy 
becomes just critical. {If this occurs, there will be little 

CL. A~~l·"_F-c ·TrcD; . ;._;...,; l.L.. .. 
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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 appatent later. On the other hand, 
uranium-235 has a small neutron background and 
therefore can be used in a gun-type weapon. If 
assembled rapidly enough, there is.litde probability of 
premature initiation, or "preinitiation," as it is called, 
immediately upon the system becoming critical. When 
maximum supercriticality 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 effici~ncy, 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 bett(r efficiency that the gun type of assembly 
has been utiliz~d only in a relatively few weapons for 
special purposes, e.g., in' artillery-fired shells and in 
rugged, impact-resistant bombs design~d to penetrate 
some distance irito the ground before exploding. Apart 
from these partkular cases, the compression method is 
invariably 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 i.n 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 sub· 
critical in the normal state can become supercritical 
when compressed. The introduction of neutrons to 
initiate the fission chain a~ (or dose to) the time of 
maximum compression-and, hence, of maximum 
supercriticality-results in . an efficien't ase of the 
fissile material in causing an explosion. 

· -,_,1~tn~~~L....!!t!.L:f!!!!!E!:~Q!L-'!£!~....!!m 

~--=;,;;~rftl!"f!'MP!'i'l!l'm!rfl'irfrthese weapons is achieved 
by the use of a powerful conventional (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 marmer.lt is for 
this reason that the i:erm "implosion" is applied to 
weapons of this type. 

.. 1 .. 43 An approximate derivation of the relation· 
ship between the degree of compression and the critical 
mass of fissile material is the following. t The total 
mean free path of a neutron is the average distance it 
travels bef01;e 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, therefore, 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 /(c is the critical radius and A is 
the inean free path in the material, 

(1.6) 

1.44 The greater the probability of the interaction 
of a neutron with a nucleus, the smal!er 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 
material, then 

1 A a:-. 
p 

(1.7) 

-1~ - . . . ]()1£ b6) 
~ ~ 

tTh~: purpose of the l.il:ussiOn tn §1.4J dlfOUih § 1.47 is 
to provide a pneral b .. l• for undentladifw che effect .of 
compression on critic:ality. It Is not lnwnded to imply that~ 
methods are currently -d. At preMM, computer c:alculations, · 
which can take many varlablt1 lntn conllderation, are em­
ployed co deriw crltlc:alit)' conditions, The tnm "c:rit" in 
fl ;46 u now more or 1111 ob101de In weapon• calculaciom. 
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It follows therefore from equations (1.6) and (1.7) that 

p.S) 

1.45 The critical mass, Me, is eq~l to the product 
of the critical volume, which is 't3 1TR~, and the density 
of the fissile material; hence, 

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

(1.9) 

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

p a: fl, 

and substitution in equation (1.9) leads to the result 

. 1 
Mea: 2 · 

'l'l 
(1.10) 

The critical mass of a given fissile material, under 
, specified conditions, is thus .inversely proportional to · .· 
the square of the compression· ratio. The proportion­

. ality cons~nt is readily derived by writing M co for the. 
·critical ~ss of the uncompressed material, i.e., when 
'l'l = 1. It follows then from equation (l.lO)_that 

(1.11) 

1..46 An alternative way of stating this result is in 
· terms o'f the number of "crits" (or critical masses), C, 

present in the compressed core. If M is the actual mass 
of fissile material, the number of crits in the com· 
pressed state is defined by · 

M 
C=M. 

c 

Combination with equation (1.1~) then yields 

M'l'l2 
C=-- = C0 172

, 
Mco 

(1.12) 

where A;i/Mco has been re •~~~rt hv C:n. th~ber of 
crits before 

IS 1g y super­
critical system resulting from compression will cause a 
very rapidly divergent fission chain reaction to develop. 
In these cin;umstances there is very efficient use of the 
fissile material for the release of energy. It is the high· 
degree of supercriticality (and increased efficiency) 
attainable by •COmpression that. constitutes the great 
advantage of implosion-type weapons over those of the 
gun type. . .. 

1.47 Strictly speaking, the_ relationship of ~he 

number of crits to the square of the compression holds 
only for a bare core. For a tamped c~re, a mo.re wrrect 
form of equation (1.12) is 

where flc is the compression ot th~ core and 'l'l£ is that 
of .the tamper. Since the ·tamper is generally com­
pressed less than the core, a good approximation for 
weapons is to wr_ite 

C =c· .,.,r.'7 
O:•c • 

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 h: was stated in § 1.02 that the large-scale 
release of. energy in weapons is possible by making use 
of fusion reactions· in . which · two very light nuclei 
combi.ne (or fuse) together to form a nucleus of larger 
mass. However, apan from the application of nuclear 
fusion reactions as a source of energy, described in 
Chapter 7, certain fusion processes are important in the 
design of fission weapoDS for another reason. The 
significance of these reactions do.es not lie in the 
energy released but in . the neutrons which are pro­
duced. Three fusion reactions, involving the less com· 
mon .i~otopes of hydrogen, namely, deuterium <f H or 

·D) and tritium dH or T); are of interest in this 
connection. Two of these reactions are between pairs 
of deuterium nuclei1(~euterons) only, i.e., 

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

tH + ~H-+ 6n+ ~HeorD+ T-+ n + 4 He. 

1.49 In a mixture of deuterium arid tritium, the 
main reaction is between a deuteron and a triton which 
results in the formation of a neutron as one of the 
products. In deuterium alone, a neutron is aiso a 
product in one of the deuteron-deuteron (D-D) reac­
tions. In the other D-D reaction, a triton is formed and 
this readily reacts with a deuteron to produce another· 
neutron. Both deuteron-deuteron (D-D) and deuteton­
triton (D-T) reactions are employed to provide neu­
trons for initiating fission chains. In · addition, the 
high-energy (14 MeV) neutrons liberated in the D-T 
reaction are used in many fjssion weapons to achieve . 
what is known .as. "boosting." Neutrons from the D-T ~ 

reaction are introduced at a late 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 contribute.d under the circumStances by the D· T 
fusion reaction is, however, quite sinall in comparison 
with that from fission. 

PRODUCTION OF WEAPONS MATERIALS 

Uranium-235 

1.50 The two important fissile materials, namely, 
uraniu.m-235 and plutonium-239, are both produced 
from natural uraniu~ but by entirely differe~t proce­
dures. Ordinary ·uranium contains about 0. 7 percent of 
uranium-2~5 •. 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 ( UF 6 ) made from natural uranium. The 
hexafluoride of the· lighter isotope diff~ses more .·. 
rapidly than does that of the heavier species, and by 
the use of several thousand diffusion stages enrich· , 
ments of over 90 percent are obtained, i.e., the 
material prqduced contains ·over 90. percent· of ura· 
nium-235. The most common product for weapons use 

.. 
consists of about 93.2 weight percent uranium-235, the 
remainder being mainly uranium-238 ~nd a small 
proportion of uranium-234. ThiS product~is commonly 
known as "oralloy," the two initial letters standing for 
Oak . Ridg .. wh .. r... thl" material wa first made in 

,­
----l:;"~";:b~l""""l"'l"=='h,-::e--::h"":'lg-:;h~l--y....:enriched uranium hexafluoride 

, obtained ·from the gaseous diffusion plant is converted 
into the tetrafluoride (UF4 ) by reduction with hydro· 
gen (mixed with some fluorine). The tetrafluoride, 
which is a solid with a high melting point (close to 
1000°C), is mixed ~ith calcium and heated iri 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 
calcium fluoride. Volatile impurities are removed by 
heating the liquid metal in a vacuum and the resulting 
product is ofa high degree of purity, 

1.52 The residual material from the isotope separa· 
tion · (gaseous diffusion) plant consists of uranium 
hexaftuoride \\lhich 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 ura­
nium metal by a· procedure similar to that described· 
above. It iS referred to as depleted uranium or, in the 
weapons program~ as D-38, because at one time it 
contained 0.38 percent uranium-235, although greater 
depletion has been regularly achieved. 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 plutoniurn-239 used in weapons is obtained artifi­
cially· 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 controlled manner, as, 
against the deliberately uncontrolled chain reaction in 
a weapon. If a material of low mass number, called a 

•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 , 
"tub alloy." a term still in common use, and then oralloy was 
adopted'for tte material highly enriched in uraniurn-~35. 
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moderator, is present, in addition to fissile material, 
the fission neutrons. are slowed down. Such a nuc~r·;. 
reactor is thus a good source of slow neutrons. · ·. ' 

1.54 Uranium-238 nuclei capture slow neutrons· 
quite readily to form a higher isotope, uranium-239, 
with the .emission of gamma radiation; thus, the (n;y) 

reaction 

occurs, where the subscripts give the atomic numbers 
and the superscripts the mass numbers in each case; the 
11eutron <An> 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 -~P. since it carries a unit negative charge and 

· has essentially no mass, the radioactive decay process 
may be written as 

the product being an isotope of mass number 239 of an 
element of atomic number 93. This element, called 

~~~ Laroniu~ IN: & ~~u,none~t in Mtj\ 

. l.bb eptunium-239 is also radioactive with a · 
half-life of 2.3 days; it emits a beta particle according 
,to the ~eaction 

so that the product has a mass number of239 .. and an 
atomic number of 94. The name plutonium, symbol 
Pu, has been given to the element with this atomic 
number. The isotope plutonium-239 is . an alpha­
particle emitter with a, fairly 'tong half-life.,.-abol.\t 
24,000 years--so that it is relatively stable. It .may be 
mentioned that the decay product of plutonium-239 is 
the fissil~ uranium-i3S, which. has a half-life of about 
7 X 108 years. Hc;nce, as far as fission is concerned; 
plutonium-239 could be stored for thousands of years 
with only minor deterioration. The little.jeterioration 
which does occur arises .mainly from the fact that the 
aV'erage number of nei,Jtrons, 11, produced by fission of 
uranium-23S is somewh~t less than that from pluto­
nium-239 (§ 1.12). 

1.56 For the production of plutonium-239, nlj.t­
ural uranium .metal is used as the fuel material in a 

-' .. 
nuclear reactor with graphite (Hanford) or heavy water 

· (Savannah River) as the moderator. The! uranium-23S 
in the fuel . sustains the fission chairf. reaction· and 
produces neutrons, some of which are captured by the 
uranium-238 with the 'consequent formation of pluto-

. nium-239, ·as described above. After being in the 
reactor for an appropriate time, the "spent" fuel is 
removed, dissolved in nitric acid, and the plutonium is 
extracted from the solution by the use of certain 
organic solvents. It is then reextracted 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 hydrogen 
fluor~de gas and·. oxygen tO O~tai~ plut. onium tetra- r· 
fluortde (PuF 4 ). The latter ts ftnally reduced to 
plutonium metal with calcium (plus iodine). . · , ' 

1.57 Metallic plutonium exists· in six (fifferent 
allotropic forms between room temperature and the 
melting point (641 °C). The temperature ranges over 
which the various foriTlS (or phases) are stable are 
shown in Table 1.3. It is seen that alpha·plutoniurp, 

Table 1.~ PROPE)t_TIES OF SOLID PHASES 
OF PLUTONIUM 

Phase 

Alpha (a) 

Bcut~ 
·Gamma (oy) 
Delu (8) 
Delt~ prime (8 '> 
Epsilon (e) 

Below115 
115--200 
-200-310 
31o-458 
458-480 
480-641·. (m.p.) 

Dentity·(g/cm3
) 

19.86 (25°C) 
17.70 (190°) 
17.14 CZ35°) 
15.92 (320°) 
16.0 (465°) 
16.51 (490°) 

referred to in § -§1.23 and 1.34, which has a density of 
about 19.8 g/cm3

, 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· 
plutonjum is brittle and difficult to fabricate. FJ;Itther­
more, lthe presence of certain impurities tends to 

• stabitiJe the beta or delta bases to so 

~affi made of norgjqa a p a-plutonium are 0 

· sionally stable.'However, if these impurities arc 
avoided, the problem of dimensional 'instability .ctoo 
not arise at ambieftt temperatures. 

1.58 Although delta-plutonium is normally stable 
in the temperature range of 310 to 458°C, the addition 
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of 1 weight percent of gallium to plutonium stabilizes 
the: dc:lta ohase at ordinar tem eratures.~ 

y~~~ ' 
~c;1 \ . . 1 

l ost o t e p utomum use in stockp-i~ 
a pons is in the stabilized delta phase. The material is 

much less brittle and easier to fabricate than alpha· 
plutonium; in fact delta-plutonium is said to resemble 
copper in .this respect whereas the alpha-phase is more 
like cast iron. Delta-plutonium was used in the earliest 
imp·losion weapons because it could be fabricated more 
readily. It offered the additional advantage that its low 
density permitted the use of a larger mass of subcritieal 
fissile material (Table 1.2), thereby making possible an 
increase in the total energy yield. This latter aspect of 
weapons design is, however, no longc;r significant. 

1.59 tn order to minimize the critical mass and. 
thus the overall weight of a weapon, it would be 
desirable to use plutonium of high density. ·Alpha 
plutonium has consequently been employed to some 
extent, but, in addition to the fabrication difficulty 
already referred to, it is more sensitive to the action of 

s 8.12) than is the delta form. 
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the product being plutonium-240, an alpha emitter of. 
about 6600 years· half-life. Because chem~(:al processes 
are used for the extraction of plutonium from the 
spent reactor fuel, the two isotopes of this element are 
not separated from each other. Hence, plutonium-239 
is always associated with a certain proportion of 
plutonium-240. Some of the latter is converted into 
plutonium·241 by neutron capture, but the amount of 
plutonium-240 (and plutonium-241) increases with 
both exposure time and the neutron density (or flux) 
in the reactor. In ·a production re~ctor, the practical 
limiting proportion of·· plutonium-240 is about 8 
percent (-1 percent plutonium-241); it could go higher 
than this, as indeed it does in power reactors, but there 
would be a corresponding (and undesirable)· loss of 
plutonium-239. 

1.62 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 

. neutrons of. high energy and, in addition, the v value is 
smaller than for plutoniurn-239 so that it acts, to some 
extent, as inert diluent.t Consequently, the presence of 
plutonium-240 increases the critical mass, as may be 
seen by comparing the values in Table 1.2 for pluto· 
nium-239 (o-phase) containing 4. and 21 !!_,pe~, 

s ectively, of plutonium-240.; 

{)of 
6(3) 

r-""""=::::::::::::::::=::::=;;;;t.!- ~uld oe note t at to obtain a pro 
'e=..,;;;=:;;;;:=:;:;;;;;==-~~!!!!!!'!"'::=:::::!!-.J proportion of plutonium-240, the uranium fuel. ele· 
Plutonium-240 and -241 

1.61 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.· 

ments can be permitted to · remain in the reactor for 
only a short time before they are removed and 
processed for the extraction of plutonium. As a result, 
the smaller the plutonium-240 conten~, the higher the 
cost of the material produced. 

tFission oLplutonium-240 exhibits an appreciable reso­
nance for neutrons of about l-eV energy. Otherwise, the: cross 
sections arc: low except at high neutron cnc:rsic:s, above about 
0.5Mc:V. 

;tit is of interest that the: critical mass of plutonium 
conuining as much as 35 wt percent of plutonium-240 is still 
considerably less than that of uranium-235. 
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1.63 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 imponant criterion, 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. 
Other considerations are the effect of plutonium-240 
on boosting (Chapter 6) and on "one-point" safety 
(Chapter 9) .. Although in principle, fission weapons 
could be designed to use materials with a much higher 
content of plutonium-240 ( § 2.72), the plutonium)n 

. current use for weapons contains roughly 6 percent of 
plutonium-240 (see Table 1.5). This is regarded as the 
best cqmpromise at the present ,time, although it may 
be subject to change with circumstancts. 

1.64 For a production reactor of a given type, the 
plutonium~240 content of the material produced de· 
pends on the neutron density (or reactor power) and 
the exposure time. Consequently, the quality of 
plutonium was at one . time described in terms of 
megawatt-days of exposure in the reactor, per ton of 
uranium fuel, i.e., in MWDrr units. This unit is not 
v~ry precise because the power of a reactor is not. 
uniform throughout its volume; the plutonium-240 
contein corresponding to a given MWDrr value will 
often vary With the location of the fuel in the reactor. · 
It also depends upon the characteristics of the produc· 
tion reactor, .so that it is different for the Hanford· 
(graphite moderated) and Savannah River (heavy-water 
moderated) reactor products (see Tablel.4). An alter-

Table 1.4 CHARACTERISTICS OF PRODUCTION 
PLUTONIUM 

MWDIT 

Hanford 

800 
. 600 

400 

Savannah 
·River 

1375 
1000 

630 

Plutonium-240 · 
(~rc:ent) 

7.1 
5.6 
3.85 

Neutrons/pam-sec 
(n/g/s) 

75 
58 
40 

nat.ive met.hod for expressing quality is the number of 
grams of plutonium per ton of fuel removed for 
processing, generally indicated by g(f; the higher the 
giT value the greater the plut.onium-240 content. 
Because· 1 MWD of reactor energy produces roughly 

... 
1 gram of plut.onium, the values are approximately 
equal numerically ing/T and MWD/T un;ts. 

1.65 The tWO foregoing methods of indicating the 
quality of plutonium have now been replaced by the 
actual statement of the weight percent of plutonium·. 
240. Some of the older fission weapons required 
plutonium of low plutonium-240 content ("clean" 

plutonium); the purest material' .g~ne. rally ~~-. • 
~ •bout 1.5 pemnt of pluto.,um·Z~ 

1 

·1.00 1\Jlomc:r w tne amount of 
plutonium-240 is based on direct measurement of the 
rate of neutron emission from the materiaL TheSe: 
neutrons arise mainly from the spontaneous fissiqn of 
plutonium-240. The result is expressed as the number 

· of neutrons emitted per gram per second, abbreviated 
to n/g/s. * The n/g/s value is seen to be approximately 
10.5 times the percentage of plutonium-240. The 
characteristics of three production materials from the 
Hanford and Savannah River plants with · different 
plutonium·240 contents-are given in Table 1.4. 

1.67 Continued exposure in a nuclear reactor leads 
t.o t.he conversion of some plutoniunt240 into pluto­
nium-241 by neutron capture, as mentioned in § 1.61. 
Thus, •lreactor grade" plutonium, produced in power 
reactors, may contain 10percent or more of the latter 
isotope, together with about 15 percent of plutonium· 
240. The fission properties, i.e., cross sectio.ns and 
average number of neutrons per fission, of plutonium· 
241 are similar to those of plutonium·239, and it 
would consequently be equally effective for w~apons 
p!lrposes. Some consideration has t.hus been given to 
t.he possibility of utilizing reactor grade plutonium for 
weapons, especially since relatively large amounts of 
plutonium-240 can be tolerated, if necessary. 

· 1.68 An interesting point in this connection arises 
from the radioactive beta-decay of pluto ·241 
half-life 13 ears to form a 241. 

*The incorrect abbreviation "Bp" is often used in the 
weapo~s litcrw:eure. 
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~· ;,Jlf the plutonium. were. to be used in the 
Tp p${. however, the presence of a relatively large 

proportion of plutonium-241, which would decay to 
americium-241, could lead to a phase change to the 
delta form. The accompanying decrease in density 
would then result in dimensional instabilities. To test 
this point, a sample of alpha-plutonium containing 
12.3 percent of plutonium-241 has been under observa­
tion since February 1964. A decrease in density from 
19 to about 17.8 g/cm3 occurred between 56 and 
64 months, when the americium content ·was roughly 
2.7 weight percent, but x-ray examination showed that 
the material still consisted entirely of the alpha phase. 
The significance of the results is uncertain and the 
observations are being continued. 

Composition of Weapons Plutonium 

1.69 In addition to plutonitim-239 and ·240, 
which are the main components, weapons-grade pluto· 
nium contains small quantities· of isotopes of both 
hi~her arid lower mass numbers. These are produced in 
a reactor by various neutron reactions either (n,2n) or 
(n;y). The average is9topic compositions of plutonium 
from Hanford and Savannah River plants reported in 
june 1968 are quoted in Table 1.5; these may be 
regarded as typical of current production. 

Table 1.5 COMPOSITION OF WEAPONS-GRADE 
PLUTONIUM IN WEIGHT PERCENT 

Hanford Savannah River 

Plutonium-238 <O.OS <o.os 
Plutonium-239 . 93.17 92.99 
Plutonium-240 6.28 6.13 

· Plutonium-241 0.54 0.86 
Plutonium-242 <o.os <O.OS 

Possible Weapons Materials 

1.70 Several fissile nuclides, with atomic number 
exceeding 94, are known, but they are of no practical 
value for weapons purposes because of their short half­
lives. A region of stability has been predicted, theo· 
retically,however, for very heavy species in the vicinity 
of those having "magic numbers" of both protons and 
neutrons, e.g., )14 protons ·and 184 neutrons, i.e., n:x. and' 126 protons and 184. neutrons, i.e., ngx. 
Such nuclides might have half-lives up to 106 to 1011 

years, and would · be expected to • ca able 
in in a fission ·chain with nentton . 
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Productio.-. of Neutrons 

1.73 In a fission we~pon, the chain reaction is 
initiated by the introduction of neutrons into a critical 
or supercriticai system. Consequently, the general 
methods for producing neutrons 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 helium nucleus, the 
reaction is represented by 

1.74 A convenient source of alpha particles, which 
was· used extensively at one time in fission weapons, is 
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the radioelement polonium·21 0. This isotope has ccr· 
tain advantages, associated with corresponding draw· 
backs. It does not emit gamma rays, so that there is no 
neutron production by the (")',n) reaction which might 
otherwise occur even when the polonium·210. and 
beryllium arc separated in such a manner as to prevent 
access of alpha particles to the latter. Moreover, the 
polonium·210 is easy to produce by .exposure of 
ordinary bismuth to neutrons in a nuclear. reactor, 

. when the (n,")') reaction 

• 2 g~Bi + ~n-+ 2 lgBi + "Y 

takes place. The bismuth·210 is a beta emitter with a 
half·lifc of S days, so that it soon decays to forrr 
polonium·210; thus, 

.2to 8 ,. _ _. oa+21op0 83, ·11-' 84 • 

However, the production of polonium-210 in this 
manner means that fewer neutrons arc available for the 
conversion of uranium·238 into plutonium·239. 

1.75 As a r~sult of the moderately short half·lifc ·of 
polonium-210-138:4 days-it emits alpha particles 
rapidly and a small quantity can thus provide a strong 
neutron source in conjunction with beryllium. But the 
short half·lifc is also a serious disadvantage, because the· 
activity falls off relatively rapidly. In one .year, the 
alpha_ activity, and hence the rate of neutron produc­
tion, will have decreased to 18 percent and in two 
years to 2.6 percent of its initial value. 

---=-~~:::t· 

I· 1.79 Neutrons can also be produced by the action 
of gamma rays (or x rays) of sufficient energy on 
various nuclei; these processes arc referred to as 
photoneutron or (")',n) reactions. Since the average 
binding energy of a nuclepn 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 ( § S .2S ). 

--
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1.80 In the great majority of weapons of recent 
design the neutrons required for initiation are pro­
duced 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 accelerated tritons with a deuterium 
target (electronuclear reactions). The methods used for 
achieving these processes in weapons are described in 
Chapter 5. 

Production of Peuterium and Tritium 

1.81 Deuterium (in the form of the mixed oxide, 
HDO) is present to the extent. of about one atQm to 
6500 atoms of hydrogen, i.e., 0.015 atom percent, in 
ordinary water. In spite of this very small proportion, 
concentration of th~ deuterium in water is not too 
difficult, and heavy water of about 99.75 percent 
purity, i.e., 99.75 mole percent D2 0, is now produced 
on a large scale. 

'1.82 Three main processes are used to separate the 
two hydrogen isotopes in water; these are (a) isotopic 
(or chemical) exchange, (b) distillation, and (c) elec­
trolysis. Several isotope exchange processes have been 
considered but the most satisfactory appears to be one 
involving 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 arrd liquid in several stages, in a system 
operating at two different temperatures, considerable 
enrichment in deuterium can be achieved in the liquid. 

1.83 The distillation· method for separating the 
isotopes of hydrogen depends o~ the fact that heavy 
wai:er (D2 0) has· a slightly higher boiling point, i.e., 
slightly lower vapor pressure, than light water !(H2 0).· 

Consequently, a partial separation can be a_chieved by 
. fractional distillation, preferably under reduced pres­
sure. 

1.84 When an acid or alkaline aqueous solution is 
electrolyzed, the hydrogen gas liberated at the cathode 

· contains relatively more of the. lighter isotope (H2 ) 

than does the residual water. By repeated electrolysis 
in stages, heavy water of a high degree of purity can be 
obtained. · 

1.85 Each of the three foregoing procedures has 
certain advantages under appropriate.· conditions. 
Hence, in the pradu!=[ion of heavy water in quantity, 
ordinary water is first partially enriched in· deuterium 
by the isotopic exchange process with hydrogen 
sulfide.· The deuterium is further concentrated by 
fr;lctional distillation of the enriched water under 
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reduced pressure, and then it is brought up to 99.75 
percent purity by electrolysis. Deuter.{um gas can be 
released from heavy water by any 'of the familiar 
chemical processes used to prepare hydrogen gas. It can 
then be very simply converted into any compound that 
may be required,- e.g., ~ranium deuteride ( UD3 ), . 
lithium deuteride (LiD), etc., for weapons applications. 

1.86 The third isotope of hydrogen, i.e., tritium,. is 
a radioactive beta emitter, with a half-life of 12.33 
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 reac.tions resulting from the exposure of 
lithium (as a suitable c~mpound) to neutrons in a 
reactor. The less abundant lithi1,1m-6 isotope, present to 
the extent of 7 atomic percent in natural lithium, 
readily captures slow neutrons and undergoes the (ri,a) 

reaction 

~ Li +An-+~ He+ fH (or T) 

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, 

~ Li + An -+ ~ He + f H (or T) + An. 

1.87 After irradiation by neutrons for a length o( 
time, the lithium compound is removed fro~ 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 rea'ctions 
similar to those employed for deuterium and ordinary 
(light) hydrogen . 

Enrichment of Lithium 

1.88 For the production of tritium, described 
above, it is not necessary to separate the lithium-6 
from the more abundant lithium-7. Natural lithium is 
consequently used for this purpose. ·For certain ap­
plications, e.g., in some thermonuclear weapons, how­
ever, it is required that the lithium, which is employed 
as a hydride,* be enriched in the lighter isotope. Such 
material, with a lithium-6 enrichment of up to 90 
percent, is produc~d by the counter current flow of 

•used generically, the term hydride refers to a binary 
compound containing any of the isotopes of hydrogen . 

. 
.., r: l"n TCL A· ~c:~ r ; .. 
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·I 
lithium ama. !gam, Li(Hg), and an aqueous s~. · · . i.iA portion. of the result. ing (enriched) lithi~m hydr~xide 
lithium hydroxide, LtOH-, in a cascade of . . \\is drawq off as the product and the:· remaind~r is 
packed columns. The amalgam is obtaine by the irefluxed i:o the cascade. The recov,er~d mercury is 
electrolysis of lithium hydroxide solution using a ·i returned to the am;tlga:lll maker at· the head of the · 

. I . .. . ····-

mercury cathode. 1 1=as.cade. ;: 
1.89 The lighter isotope is concentrated in the · t:9o The hydroxide enriched in lithium-6 is neu-

amalgam by the exchange reaction tralized with hydrochloric acid; the resulting aqueous 

, Li(Hg) + 6 Li+ ~ 7 Li+ + 6 Li(Hg), 

and is recovered by decomposing the amalgam with 
pure water in the presence of a graphite catalyst, i.e., · 

-

solution of lithium chloride is concentrated by evapo­
ration and the salt is allowed to crystallize. Lithium 
metal is then obtained by electrolysis of the molten 
lithium chloride. For the production of various lithium 
hydrides enriched in 6 Li, the metal is reacted at a 
suitable temperature with the appropriate isotope' of 
hydrogen under pressure. 

I/ 

J 
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Chapter 2 

THE FISSION PROCESS IN WEAPONS 

INCREASE OF NEUTRON POPULATION 

The Multiplication Rate: Alpha 

2.01 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 fission, 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 free neutrons 
per uriit volume. It is of interest, therefore, to examine 
the factors which lead to a high neutron density, since 
these will form a basis for fission weapon design. 

2.02 In accordance with the definition of the 
effective multiplication factor, k, given in § 1.19, it 
follows· that for every 11 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, T, between successive 
fission generations; hence, 

dn n(k- 1) 
-= 
dt T 

(2.1) 

Equation (2.1) will be strictly correct only if delayed 
neutrons play no part in maintaining the fission chain. 
As already st;tted (§ 1.13), this condition is applicable, 
to a good approximation, to nuclear fission weapons. 

2.03 The· quantity k - 1, which is the excess 
number of available neutrons per fission, may be 
represented by x, i.e., 

x=k-1, (2.2) 

and then equation (2:1) becomes 

(2.3) 

23 

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

dn 
-;[t = 0:71, (2.4) 

where a: is the specific rate consta~t 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 

X 
a:=-. 

T 
(2.5) 

Since T is the time per fission generation and x is a 
number (per fission), the units of a: are generations per 
unit time or generations/time. 

2.04 The foregoing results are applicable regardless 
of whether x, and hence a:, is positive, zero, or 
negative. For a subcritical system, k < 1 (§ L20), i:e., 
k - 1 is negative; in these circumstanc-es _x is neganve 
and so also is a:. It follows from equation (2.4) that 
dnldt is then negative and the number of neutrons in 
.the system will decrease with ti~e. 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 critical, k = 1, and x and a: are both 
zero; the number of neutrons will thus remain con­
stant. Finally, for a supercritical system, k > 1, and x 
and a: are positive; there will then be a steady increase 
in the neutron population. Since dn!dt is proportional 
to 11, by equation (2.4), it is evident that in a 
supercritical system, the number of neutrons will grow 
at increasingly faster rates as 11 increases. 

2.05 Another aspect of the significance ·of a: 
becomes apparent when equation (2.4) is written in the 
form 
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dn 
- =ttdt. 
n 

If £t is assumed to remain constant, an acceptable 
• assumption for a simple fission device somewhat before 

explosion, this expression can be readily integrated 
between the time Iimi.ts of zero, when the number of 
neutrons present is n0 , and t, when the number is n. 
The result is 

(2.6) 

where, as usual, e is the base of natural logarithms. This 
expression, like those given above, is applicable regard· 
-less of whether c:t is positive, zero, or negative. If c:t is 
known, equatiop (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/c:t is the time period during which 
the number of neutrons changes by a factor e; 
con~quendy, 1/c:t is often refe~ed to as thee-folding 
time, i.e., the time in which there _is an e-fold change in 
the neutron population. • 

Measurement of Alpha 

2.06 The value of c:t is a. highly important quantity 
in weapons design, as will shortly be apparent. It is 
generally obtained from a computer calculation based 
on the neutron:c and hydrodynamic characteristics of 
the system, but there are Uncertainties involve~ and 
experimental measurements are desirable. In weapons, 
tests, the alpha measurement is one of the most 
important diagnostic requirements. Calculations are 
then normalized to agree with the observed values for­
each type of implosion system. 

2.07 The determination .of c:t involves the .measure­
ment of the time variation of the neutron population 
in the exploding system during .a period of a micro­
second or less. It follows from equation (2.6) that if . 
tog n is plotted against time, the slope of the curve will 
give ct •. The quantity measured is not n, the actual 
neutron population, but some parameter which is 
proportional to it. Because the number. of neutrons 
emitted per fission varies; the relationship between the 
total number of neutrons and the total fissions is 
statistical rather than exact. More important is the fact 

•It will be shown in §2.16 that :c is about 1, so. that 
a"" liT by equation (2.5); hence, 1/a is approximately equal 
to the generation time. The neutron population thus changes 
by about a factor ofe (= 2.72) in each generation. 

that, :nc/ 
1
soine ll•eutrons are lost by nonfission 

captures and by escape, not all the fission neutrons are 
available for causing fissions in the nci)ct generation. 
However, at any giVen instant, the fission· rate is 
proportional to n at that· instant, and so the time 
variation of any quantity proportional to the fission 
rate can be used to determine ct. A convenient quantity 
of this kind which lends itself to ready measurement is 
the gamma-ray flux emitted from the exploding 
weapon. 

2.08 One method for determining c:t is to place a 
number of gamma-ray scintillation detectOr$ fairly 
close to the device to be exploded. These detectors are 
connected by ~oaxial cables to oscilloscopes located at 
some distance. When the explosion occurs the detec­
tors will respond to the gamma-ray flux in lheir 
vicinity and will ·send appropriate signals to tfie 
~cilloscopes before being destroyed ·by the explosion. 
Instead of the gamma-ray flux, the neutrons escaping 
from the system have sometimes been used to dete~. 
mine ct. The rate of escape may be regarded as being 
proportional to the neutron population in the weapon 
undergoing fission. 

2.09 During the design phase of a weapon, tt is 
computed theoretically and laboratory experiments, 
which do not involve nuclear explosions, are used to 
provide normalization points for the calculations. Since 
a supercritical (or even a critical) mass cannot be 
handled safely under ordinary conditions, experimental 
measurements of c:t are made with a mass that is slightly 
subcritical. In the Rossi method, a single neutron is 
introduced at intervals into a slightly subcritical ~s­
tem. One (effective) neutron starts a fiSSion· chain. 
which soon dies OUt; then. another· neutron starts a 
second . chain which dies out,· and so on for the 
duration of the experiment. The counters are. thus 
exposed ov~r an appreciable period to neutrons from a 
large number of chains one at a time, and so the 
method is statistical in character. The neutron counti~g 
is carried out by means of a' multichannel time-delay . 
circuit. The first channel is activated by entry of a 

· neutron; then, after a pre-determined interval, a second 
channel is activated for a short time; after a further 
interval, a third channel is activated,. and so on for 
intervals ranging from .0.25 #Jsec to a total of a few 
milliseconds. From the accumulated counts. for the 
various chamiels, the time rate of decay of the prompt 
neutrons after fission can .be determined and c:t calcu­
lated from equation (2.6). 

· 2.10 The values of c:t obtained as described above 
.apply to the particular suberitical system used. In order 

estimate what c:t would be in a supercritical 
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(weapon) assembly of the same materials, an extrapola­
tion procedure can be employed. By means of a 
number of measurements with different assemblies, a 
can be determined as a function of the number of 
(prompt) crits present. The values could then be 
extrapolated to give a for the number of crits expected 
at the time of initiation of the weapon. Such a 
procedure is highly uncertain since it involves extrapo­
lation from a series of assemblies which are slightly · 
subcritical to one whiCh is highly supercritical. As 
previously noted, 'detailed machine calculations, nor· 
malized to experimental results, are currently used to 
estimate a values. 

Conditions for Nuclear Explosion 

2.11 It was pointed out in § 2.01 that the essential 
condition for a nuclear fission explosion is a very high 
density of free neutrons. Equation (2.6) shows that if a: 
large density n .is to be attained within a shor.t time, a 
must be large. In general, the magnitude of a deter­
mines the effic,iency of a nuclear explosion, and it is of 
interest to· co~sider how a may be made as large as 
possible. ' 

2.12 According to equation (1.4), k is equal to 
v-1, where . v is the average number of neutrons 
produced in each· act of fission and I is the average 
number lost per fission by .escape and in other ways. 
Upon utilizing this result, together with equations (2.2) 
and (2.5), it follo'Ws that 

x v-1_;1 
Q=-=---. 

T T 
(2.7) 

In order to increase a it is consequently necessary that 
· v-1-1 be large and T :be small. The· value of v is a 
specific property of the fissile ~terial for fission by 
neutrons of a given energy. Since v increases with 
neutron energy, it would appear to be advantageous 
from this standpoint if most of the fissions in a weapon 
were caused by fast neutrons. The rela.tive neutron loss, 
I, can be decreased, e:g., by assembly or compression or 
by using a neutron tamper. If the volume increases, the 
loss of neutrons per fission increases and a will 
decrease accordingly. 

2.13 A highly significant contribution t? the mag­
nitude of a is made by the fission generation rime, T. 

This is approximately equal to A, the fission mean free 
path of the neutrons in the core material, divid~d by 
the (average) speed, ·v, of the neutrons causing fission, 
i.e., 

. t 

A 
1' ~ -. 

v 
(2.8) 

so that in a fission weapon it is desirable that the ratio 
Alv be. as small as possible. It should be noted that the 
fission .mean free path in equation (2.8) is not the same 
as the total mean free path for all interactions used in 
§ 1.43. The A employed here is the average distanc.e a 
neutron travels before it is captur(!d in a fission 
reaction. 

2.14 The fission mean free path is equal to 1/NOf, 

where N is the number of fissile nudei per cm3 and Of. 

is the fission cross section.• Hence, from equation 
(2.8), 

1 
T~--· 

Norv' 
(2.9) 

and the generation time is inversely proportional to the 
product OfV. The. value of Of decreases as v .increases · 
but the product is "'2 X 109 (in 10-24 ·cm3 /sec units) 
for fast neutrons of 1-MeV energy compared with 108 

for slow neutrons. Hence, the fission generation time is 
appreciably sh«;~rter for fast than for slow neutrons. 

2.15 From the information already given, .it is 
possible to make rough, order-of-magnitude estimates 
of T and a. For uncompressed ·ura:nium-235 or plu· 
tonium:239, the number, N, of nuclei per cm3 is 

. 23 . . 
approximately 0.5 X 10 and, as stated above, OfV for 
fast-neutron fission is 2 X 109 x I0-24 = 2 x 10-15 

cm3 /sec. Hence, from equation (2.9), 

The generation time for fast neutrons in a fis~ion 
weapon is thus roughly 10-8 sec, i.e., 1 shake, or. 0.01 
microsecond, i.e., 0.01 f.J.sec. 

2.16- As seen from Table 1.1, v is about 2.5 to 3, 
and the loss, I. of neutrons per fission may be taken to 
be 0.5 to 1. Hence, by equation (2.2). the value of xis 
close to unity for a highly supercritical system. h 
follows, therefore, from equation (2.7) that 

1 . 
a~:;~ 108 gen/sec (or 108 gen sec·• ). 

*For the present purpose itis sufficient to regard the cross 
section as -the effective area in sq em of a nucleus for a 
panicular reaction (or reaerions). Crm;s sections vary with the 
neutron energy and the fission a-oss se~ns for· uranium-235 
and plutoniu~239 have been ·measured over a large energy 
ranse. 
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Thus, for fast-neutron fission a is approximately 108 

gen/sec. . 
2.17 ·Values of q are commonly expressed either in 

generations per shake, i.e., gen/shake, or per micro­
second, i.e., gen/psec. The rough c.alculations made 
above indicate that, .in a weapon, a is of the order of 1 
generation per shake or 100 generations per psec. · 
Experimental measurements,· both in the laboratory 
and at weapons tests, show thl!-t this is indeed the case.· 

2.18 It is evident that in order to achieve an 
efficient nuclear explosion, fission should be brought 
about by fast neutrons, as far .as possible. For such 
neutrons, the factors v and T, and to spme extent /, 
favor a high value of a and, hence, a rapid increase in 
the neutron population. It would. appear desiiable, 
therefore, to keep elements of low mass number, which 
slow .down neutrons more .effectively than heavier 
.ones, out of the core, in particular, as wdl as the 
reflector of a fission weapon. At one. time, special 
precautions were taken to do so, but· in recent years 
the clement beryllium, m11-ss number 9, has been widely 
used as a reflector material in small weapons because of 
its satisfactory neutronic properties (see Table 1.2) and 
low mass. 

2.19 According to equation (2.9), the fission 
· generation time for neutrons of a given energy (or 

velocity). is inversely proportional to the number, N, of 
fissile nuclei per cm3 • It follows, therefore, that T is 
inversely proportional to fl, the core compression ratio; 
thus 

1 
Tex-. 

fl 
(2.1 0) 

Consequently; the generation time can be decreased, 
and the value of a increased proportionately, by 
compression of the core material. 

2.20 In addition to the effe~t on T, compression 
also causes a fn1lrked decrease in l for the reason given 
in § 1.40. Th~ also c~mr;ibutes to an increase in a, as 
follows from equation (2.7). It is seen, therefore, that 
compression ·of the core will cause an increase in a 
because of the decrease in both T and/. 

Explosion Time 

2.21 Suppose that a slightly subcri!!,cal mass of 
fiSsile material is compressed, as in. an implosion device. 
The system will pass through a critical configuration, 
referred to as "first critical, .. and then become in-.· 
creasingly supercritical.· After reaching ·a stage. of 
optimum (or maximum) supercriticality, corresponding 
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... 
to optimum assembly or maximum compression, the 
system would subsequently become less and less 
supercriticaL If a fission chain is iJ!itiated by the 
introduction of neutrons, the variati(;m of Q with time 
would be qualitatively as indica,ted in Fig. 2.1 . 

a 

+ 

TIME 

Figure 2.1 

EXPLOSION 

INCUBATION 
TIME 

SECOND 
CRITICAL 

2.22 If a divergent chain reaction, leading to an 
explosion, is to be established in the system, at l~ast 
one neutron must be pre~nt while the system is 
supercritical; i.e., after first ~tical. For maximum 
efficien'cy. the explosion should occur as close as 
possible to maximum wpercriticality a:nd the neutrons 
should be introduced at an appropriate earlier time. 
For the present general .discussion, it will be assumed 
that the fission chain is initiated before· optimum 
supercriticality' as is the usual situation for implosion 
systems. 

2.23 Once the fission . chain ·has been started, 
. energy release will commence. The motion of the fissile 
· material in the assembly process wiJI not be affected. 
significantly, however,· until the energy generated by 
fission produces appreciable mechanical forces. After a 
certain time, the increase of temperature accompany­
ing the release t)f the fission energy will. generate 
expansion pressures high enough to stop the motion of 
the assembly, and subsequently disassembly will begin. 
The point at which assembly ceases and disassembly 
.commences is known as the "explosion time.'' The 

. · interval between initiation of the fission chain by a 
neutron and explosion time is referred to as the 
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"incubation time" (Fig. 2.1). The time between first 
critical and explosion (or maximumsupercriticality) is 
here called the "assembly time."* 

2.24 Because of the rapid increase in the neutron 
population during the propagation of the fission chain 
reaction, the fission energy· is released at a very high 
rate. The heat generated causes the temperature_ to 
increase and the fissile materi~l expands (or disas­
sembles) rapidly. So!Jn the volume becomes so large 
that the system -becomes subcritica].and the divergent 
chain reaction ceases. The point at which the material 
passes through the critical stage during expansion is 
called "second critical"(§ 2.59). 

2.25 The number of fission generations corre­
sponding to the explosio11 time for a spherical (lm­
ploc;led) core can be calculated in. a semiquantitative 
way in the following· manner.t If the reasonable 
assumption is made that the pressure in the assembly 
has a parabolic distribution, then· the pressure P at a 
distance r from the center of the core of radius R is· 

(2.11) 

where P0 is tile pressure at the center. If Pis -the 
average pressure in t}Je core then, as shown in the 
appendix to this chapter, 

- 1 
P=-pRa 5 . (2.12) 

where-p is __ the density of the core material and a is the 
acceleration at its surface. 
. / 2.26 If the change in velocity at the surface of the 
core at a time t after initiation of the chain reaction is 

-represented by .:lv, then 

. . 1' .:lv- = 0 adt; (:2.13) 

Furthermore,. with _an exponentially increasing neutron 
population, as indicated by equation (2.6), the ac- · 

*In weapons test, a measured time interval is that between 
firing the HE system and the first appearance of gamma rays 
from the explosion; it is called the "HE transit time" or simply 
the "transit' time." · 

tThe purpose of chis treatment is merely to provide a 
pnenl understanding of the core behavior. In weapons design 
acu~la, more exact calculations are made with the aid of · 
~ucers. 
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celeration, as well as the energy den~ity and the 
pressure, will vary as e011

; hence, .. 

a= Ae011
, 

where A is a constant. If this result is substituted into 
equation (2.13), it is seen that 

.:lv =!!.... 
a: 

(2.14) 

2.27 Suppose th~ unperturbed velocity of the core 
surface during assembly, i.e., before it _is affected by 
the fission energy, is v0 ; then the assembly motion· will 
be halted when 

.:lv = v0 , (2.15) 

and this corresponds to explosion time. Consequently I 
_from equations (2.14) and (2.15), at explosion time 

a= v0 a:,· 

. ' 

and fro!Jl equation (2.12) 

(2.16) 

This is the average pressure in the core at explosion 
time~ 

2.28 The application of equation (2.16) may be 
illustrated by considering the hypothetical case of a 
core with a density, p, of 20 g/cm3 , and a radius, R, of 

' 0 f: 
5 em. The un erturbed r te .Q{_asse_mbly, Vo, may be D 

l:";';n~u;:;a;;::::,s:::;sc:c:a:;c;:-,-I-;;g;::e:;;n-;:,s~n;;;a;-;;K::e:-, 7, .-=e-.,-1;-;u~':g':c:~n~, :.~c,.._.J. 
..,_t_ese.__ "'v""'alues are substituted into equation (2.16), it 

1 

follows that at explosion time 

.z~ -- time, the core will be-effectively 

a gu at very h;gh, 'pre,.ure and ;t me be conAde<ed to 

:j:The unit t bar is equivalent co a pressure of t06 

dynes/cm2 ; the mcgabar, i.e,, to' bars, is then i01 2 

dynes/cm2 , The standard atmospheric pressure (76Q nun of 
mercury) is t.Ot3 bars; thus a -pressure of t atrri. is approxi- , 
inately t bar. 
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have been compressed adiabatically. The energy, E, of · 
the core wili then be given by 

E= PV. 
. 'Y- 1 

(2.17) 

. ' 

For an ideal gas, 'Y is 5t3 , but for the core it is probably 
nearer to ;2 • Hence, using the value of P derived above, 
it is found that at explosion time the energy per unit 
volume is 

provided the loss of energy from the system prior to 
this time is not significant. 

2.30 Since the density of the core. has been taken 
to be 20 g/cm3

, the average energy per gram, Eg• at 
explosion time in the hypothetical case under con· 
sideration is · 

~· 

~ ., ....:::::-<!. 

1 

,--..._ ···--· -···. .. 

CLASSIFIED 
' .. 

. 2.33 It was seen in § 2.16 that x is approximately 
equal to unity. in a weapon and. theft ~ is roughly 
equivalent to 1/T. Consequently, equation (2.6) may be 
written as 

where tl~, represented by g, is the number of genera­
tions in wllich the neutron population increases from 
n0 to n. If it is postulated that the fission chain is 
initiated by a single neutron, the number of neutrons 
present after g generations is 

As an approximation, it may· be assumed that the . 
number of fissions af~er g generations is equal to the 
neutron population, n, at that time; Hence, it follows 
that in the hypothetical example used above explosion bf. .. ':l ~\ 1 

time occu~ .. =:=I · . · }O'C: V) 

2.34 lt~ident trom the foregoing treat· 
merit that the exph:>sion time depends on. such quanti· 
ties as p, R, v0 , and ~. and h.ence it will vary_ with_tlu:_. 
..~ .. .,; ..... nf .. h ... fission we:u:tonJ' 

' 
' 

r 
z;;5b tn thiS aeravat1on of e~plosion time it has .. 

2.31 The radius of the core is 5 em and hence the . 
volume, V, is.\11' (5)3 = 524 cm3

. The total ene~gy. E, 
released by explosion time, is, therefore, 

been assumed that the_ flss10n cham IS mltlated by. one: 
neutron. The results would not be. affected signifi· 

· cant,IY if a few neutrons were present at Initiation time. 
In some types of initiators,. however,. many neutrons 
are supplied to stan fission chains. The number of 
generations at explosion ·1 then be less than 
obtained abov.e J 

\)> f E = Eu v 
b (3}. 

which is equivalent ( § 1.1 5) to ---.;... 
9~ E-0 [ == dons TNT.. . . 

. Conse~uently, an energ~ -·: . 
1 
:::::J:ons~~~(?J 

TNT IS released by ex;Foslon time 1n the case under 
consideration. . . 

2.32 The amount of fission energy contributing to 
the explosion is. equivalent to· 7 X. 1 o-2-<1 kiloton (or 
7 X 10-2 1 tori) per fission ( § 1.15 ). Hence, at explosion 
time the number of fissions that have occurred is 

Number of fissions £ ... ______ ]_.-' 
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total number of fissions which have .occurred by a 
particular time is equal to the neutron· population at 
that time. This assumption represents a simplification 
of the actual situation. A more precise . treatment, 
however, leads to results in agreement with those 
obtained above. 

Rate of Energy R,l,ase 

2.37 Since the explosion energy released per fis­
sion is equivalent to 7 X 10-21 ton of TNT .and the 
total ·number· of fissions at g generati!JnS may be set 
equal to e8, assuming initiation by a single neutron, it 
follows that 

Energy released by g generations~ 7 x 10-21 e8 

""7 X 10-21 X 10gi~: 3 tons TNT. 

The energy releases after various numbers or genera­
tions have b~eh calculated from this expression; some 
of these are quoted in Table 2.1. · 

Table 2.1 TOTAL ENERGY RELEASE. 

. No. of generations 
Enft'JIY releue 

(TNT equivalend 

i>O ~· . 

b l3) ~~i'f"fiil';;;:;;;'7-;-;;;;;;-;;;;;:w-;;t en 
' n 1 aDJe ~·' mar neany a the energy is released 

in the next 7 (or so) generations. The reason is, of 
course, that the energy increases by a factor of tr = 2.72 
in each generation or, e 7 ~ 103 in 7 generations. 

2.39 It is true, in general, that only a small 
proportion, ,:isulllly something like 0.1 percent (1 patt 
in 103 ) of the energy of a. fission weapon is produced 
by explosio~ time; the remaining 99.? percent is 
released during .. the next few generationsh£. \ .js thus 
accepted that before explosion 'time, atL } 
generations after initiation, the energy release is too 
small to have any appreciable effect on the motic»t of 
the assembly. Within this period, therefore, the core, 
volume may be assumed to. remain essentially constant. 

2.40 In a simple device with . a shott incubation · 
period the core volume is more or less· constant 

between initiation and explosion time; hence, a. in a 
pure fission (but not boosted) device i~ also roughly · 
constant. After. explosion time, howeVer, when the 
system expands, Q' decreases and the' generation time 
increases. As a rough .approximation, however, the 
generation time may be.taken to be 1 shake. Hence, it 
is during a period of about 7 shakes, i.e., 0.07 JJ.sec, 
that most of the energy of a fission device is produced. 
The release of a large amount of energy in such a very 

. short interval of time, in a restricted volume, results in' 
the attainment: of very high temperatures---,several tens 
of . million degrees. · Large pressures consequently 
develop in .·the core and rapid expansion, i.e., an 
explosion, occurs. 

2.41 When the expansion is such that a: has fallen 
to zero and·the system passes through second critical, . 
the self-sustaining fission chain will cease, !llthough 
substantial amounts of fissile material may sti11 be ' 
present. To attain a high efficiency, i.e., to consume as 
much as possible of the fissile species, expa':lsion of the 
core should be delayed. This imponant function in 
pure .fission weapons was filled by the inenial tamper. 
In boosted devices, however, the introduction of 
neutrons from an ex~raneous (D-T) source results in a 
considerable increase in the fission rate· before the · 
system expands significantly. The inertial tamper then · 
appear~ to . be less· importa!lt than in an unboosted 
system. 

EFFICIENCY OF FISSION WEAPONS 

Definition of Efficiency 

2.42 ·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· 

(2.18) 

In other words, the efficiency is the fractionof the 
total energy available which is actually released iri 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 pn:sent in 
the. weapon. The efficiency of a weapon is generally 
expressed as a percentage, and so it is equal to ~. as 
defined by equation (2.18), multiplied by 100. There 
are several· factorS which determine the efficiency and 
some of these will be discussed below. 
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2.43 It is of interest to mention, in passing, that 
earliest imol ·on weanonLwas . 

• ype ·systems \ § r;.:s · • 1 

that devices of the latter type have occupied a 
secondary .place in the development of fission weapons, 
except for special purposes. 

Calculation of Efficiency: Computer M;ethods 

. · 2.44 At the present time, the efficiency ~r, more . 

correctly, the energy· yield of a weapon is determined 
by computer calculations based on codes which have 
been developed to. represent the behavior of the fission 
chain system. The. calculation~ usually start at ot 
immediately before • explosion time, when significant 
mechanical effects may be assumed to begin; From 
initiation up to this time~ the material is essentially 
.stationary o.r is still being ~mpressed and only a small 
proportion 'of the total energ}r has. been liberated. The· 
treatment takes into account the n.eutronic behavior, · 
the hydrodynamics, and hea:t flow; the motion of a 
series of concentric shells (or "m~ss 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 suberitical. Although self-sustaining chain prop­
agation is . no "longer. possible,. convergent-chain inter­
action of the tt]any neutrons and fissile nuclei still 
present will result in considerable energy production. 
This may amount to some 30 percent or more of the 
total yield. 

The Bethe.:..Feynman Formula 

2.45 Prior· to the development of computing 
machine procedures, and before.· data were available 
from test explosions for.comparison and normalization 
purposes, fission weapon efficiencies were estimated by · 
the method of Bethe and Feynman. The basic formula 
is admittedlY. approximate, since it involves several 
simplifying assumptions. However, its derivation is 
us.eful in the respect that it provides .a model of the 
explosion of a fission weapon and indicates, quaJita· 

· tively at least, solne of the factors which aff~t ttie 

efficiency of the explosion. The treatment given below 
. is ;~.pplicable to pure fission systems and- not after 

boosting occurs. . . . 
2.46 As a result of the energy liber.,llted in fission, 

very large pressures (H)-lOOOmegabats) are developed 
.in the core, and the core-tamper.intetface consequently 
receives a large outward· acceleration. This causes 
highly .compressed .tamper material to pile up juSt: 
""' ,. ,, ' .' 

ahead of the expanding interface, in an effect referred 
to as the "snowplow" phenomenon, bfcause of· the 

· similarity 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 center of the core­

to its outer surface. . 
2;47 · Furthermore, because of the delayed expan· 

sion, it may be supposed that the volume of the 

compressed (su.percritical) ~~ins essentially con· P'O t: 
stant during the1C ____.dor so generations. 1.;,[ 3 ) 
following initiation of the fission chain, i.e., up to 
explosion ·time. After this interval, almost the whole of 

· the energy is released within an extremely short period, . 
during which time the supercritical core expands 
rapidly until jt becomes subcritical. Although there is · 
an appreciable release of energy even while the system, , , 

is subcritical, as mentioned in §.2.44, it will be · 
postulated tha~ energy production. ceases when the 
dimensions are just subcritical. it will be "assumed, 
further, that no energy .escapesduring the short period. 
of expansion from maximum supercriticality to the · 
poiqt where the system becomes subcritical. 

2.48 Let R be the radius of a sph'erical core at the 
point of maximum supercriticality; then,·in accordance 
with the postulate made · aQOVe, this will remain 
unchanged ·until e_xplosion time. Subsequently, the 
energy density · o( the system becomes so large that 
mechanicaf effects begin and the core starts to expand. 
Suppose that when the.core has expanded by ,a fraction 
6, so th;n the radiuS. is R(l + 6), the system is just 
critical (Fig. 2.2); beyond this point it will be sub­
'cr-itical. The self-sustaining fission chain will then end 

. and, . in. accordance with the approximation postulated 

above, there will be no fu,nher release of energy~ 

•SNOWPLOW• REGION 

CORE BEFORE 
EXPANSION 

GORE WHEN FISSION 
. CHAIN ENOS · 

Figure 2.2 

2.49 Consider a thin· shell of material in the core, 
of volume dV. and thickness dR; the eross ~tional 
area of the shelr is then iVtdR. 1f dP is the ·pressure · 

difference on the two sides of this shell, caused by tbe 
energy, the net'outward force, dF, to 
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which the shell is subjected, i.e., pressure X area, is 
then 

(2.19) 

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 that 

dP P -·-It::-· 
dR R 

(2.20) 

where P is the total difference in pressure from 'the 
center of the core to the outer surface before expan· 
sion occurs. Hence, from equations (2.19) and (2.20), 

p 
dF~t::-dV . R • (2.21) 

2;50 The time required for· the core to expand 
from radius R to R(l + 6 ), i.e., a distance of Ro, is 
about 7 generations, as seen in § 2.38. However, as a 
rough. approximation, this may be taken as 1/o:, where· 
a: is the multiplication rate just prior to e:Xplosion time. ' 
The mean outward acceleration of the core material, 
and of the shell dV, may consequently be expressed as 
Rlio:2 •. 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 

Up~n comparing this result with equation (2.21), it is 
. seen that 

(2.22) 

2,51 As in 'the calculation of the explosion time, 
the total e~ergy of the core, assuming there' is· 
negligible loss during the initial expansion, is expressed 
by equation (2.17), namely, 

PV 
E=--, 

'Y-1 
(2.23) 

where 'Y is the ratio. of the specific heats. of the gas. 
Using< equation (2.22) for P and writing Mlp for the 
volume_ of the core, M being the mass, equation (2.23) 
becomes 

... 
(2.24) 

2.52 If e 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 (2.18), is E/Me, where E is given 
by equation (2.24); consequently, 

(2.25) 

It should be pointed out that in the foregoing 
derivation no allowance has. been made for depletion of 

_ the core material as fission proceeds. For lo.w effi. 
ciencies, to' which inost 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 effe_ct of the tamper on the 
efficiency. For the present -purpose, _which is to obtain 
a qualitative-guide to some of the fa~tors determining 
the efficiency, t!tis can also be ignored. Hence, replac- · 
ing the quantity 1/('Y - 1 )e by a constant, K, equation 
(2.25) can be writtenas· . 

(2.26) 

which is a version of the Bethe-Feynman formula tha.t 
was developed for slightly sttpercritical systems. The 

. efficiency of a fission weapon is seen to depend on the 
factors R, a, and o. . · 

2.53. S.ince the efficiency of a fission weapon may 
be expected to increase as R 2 (at constaiu density), it 
would be advantageous for the core to beJarge at the 
time of the initiation of the fission chain. One way in 
which this can be achieved in practice, e.g., in a 
gun,type. w~apon, is to bring . together subcritical 
masses which are designed to cotltain a large total mass 
of ·fissile materiaL Thus, for a given compression or, 
especially, for no compression, the efficiency would be 
expected to be greater the larger the ma~s of the 
assembled core. · 

2.54 In general, the -most important factor in 
determining the efficiency of a fission weapon is o:, and 
the latter increases in prqportion to. the compression 
~ § 2.19). The efficiency, according to equation (2.26), 
will thus be related, approximately at least, to '172 (or 
to '17 1 

•
7 if the effect of tamper compression is included 

( § 1.47)). In addition, although of lesser sigpificance, 
the effect of compression on 6 · ~ust be taken into 
account; the more highly compressed th~ core material 
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at the time of initiation .(or at explosion time),. the 
farther will be the distance the core surface must travel 
during the expansion phase before the supercritical 
system becomes subcritical. Increased compression 
should thus result in a marked gain in the efficiency of 
a. fission weapon. It is this fact which is largely 
responsible for the much higher efficiende of im lo· 

. ~-than of gun-ty e devices. 

~ . ;.!.::»b T e enect m-tncr~asing compression in a 
simple (unboosted) implosion· $ystem is indicated by 
the data. in Table 2.~ which are based partly on 
experimental observations arid partly on calculation. 

Table 2.2 EFFECT OF 
· COMPRESSION ON EFFICIENCY 

Averap compl'elllion 
Efficiency 

~'o~ ' 
Tamper 

:J_ 

&~Ceo~ 

~ :; 
The attainment •of high compress1on Wits an important 
objective in pure fission weapon design. In the earliest · 
(solid-core) devices the improvement in efficiency was 
the main·. purpose. In more recent (hollow-core 
boosted) Wc:apons, however, the principal objective is 
to make possibl~ the design of compact systems in 
which both the high explosive ( § 1.42) and the fissile 
material_ have .low masses. The number of crits at 
maximum compression . is not large, so that a is 
relatively small before boosting. Th~ initial efficiency 
of the fission chain is, therefore, also small but the 
total yield is .greatly increased by the boosting. 

INITIATION TIME AND PREINITIATION 

Unboosted Implosion Weapons 

2.56 It was indicated in Chapter 1 that pre· · · 
. initiatiqn of a fission weapon, i.e., initiati~ of a chain 

reaction before the optimum time, could lead to a 
decrease in efficiency. The reason· for this will be clear 
from · the · results derived · in the pfFceding section. 
According to equation (2.26), the efficiency is propor­
tional to a? and hence initiation at a time that will iead 

to explosion before a has attained its optimum value 
(see Fig. 2.3), i.e., preinitiation, would inevitably result. 
in a loss of efficiency in a simple (unboosted) fission 
device. 

Fortuitou y, major advances m e. 
f...,r-e...,st,_g_n_o....,..we-==ap::::o=n=s:::lwith improved characteristics led at 

the same time to a decrease in preinitiation probability. 
Such advances included the use of composite cores 
containing both plutonium and oralloy, with smaller . 

· amounts of plutonium than in all-plutonium cores, and 
the· development of small weapons with hollow cores. 

2.58 The problems of preinitiation and .. its avoid~ 
ance are conveniently considered in relation to the 
assembly and incubation times defined in § 2.23. In an 
unboosted, solid·core device, the system is initially 
subcritical and upon assembly . it passes promptly 
through first ciritical and then becomes supercritical, as 
already described. "~:'he value of a is negative before 
first critical, it is zero at first . critical, and . becomes 
increasingly positive during assembly (Fig. 2.3). Prior 
to initiation, of course, there is no neutron multi· 
plication and hence no.· actual a, but the. curve in 
Fig. 2.3 shows the potenqal a at various times during 

.assembly. 

Cl 

+ 
0 

TIME 

Figure 2.3 

EXPLOSION 
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... , 
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2 •. 59 .Just before optimum assembly, where a is 
approa~hlng its maximum value, neutrons are injec:red 

i.lflly supercritical system. The diverJent 
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~\J~ 1 ~ .. 1.' ... .....:.. . 
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fission chain is initiated and energy is released. 
Between initiation time and explosio~ time the volume 
is more or less constant and so also is cr ( § 2.40). Rapid 
expansion,. however, results in loss· of neutrons at an 
increasing rate and causes the core to become less and 
Jess supercritical; hence ex decreases rapidly after 
explosion time. When second critical is reached, both 
the neutron population and the rate of fission have 
their maximum values. Beyond second critical a self· 
sustaining chain reaction is no longer possible; never· 
theless, considerable amounts of energy are produced 
by convergent chains in the subcritical system. 

2.60 It is seen from Fig. 2.3 that for the particular 
type of simple fission weapon under consideration, the 
assembly time, i.e., between first critical and explosion, 
is long compared with ,the incubatj.o-n ,.;m,. ~· 

and ex losion timeJ 

Because or me: 
times, pretnttlatiOTI IS more probable in gun-type than 
in implosion systems. Some aspects of preinitiation in 
weapons _of the former type are discussed later 
(§ 2.73). ------'---------.,.----

2.61 I 

I 
·~ r .· 
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2,71 

l ________________ ..J 
Use of Dirty Plutonium in Implosion Weapons 

Gun-Type Weapons 

2.73 In a gun-type weapon, the lack of com- . 
pression makes it desirable for initiation to take _lace 
at or . assembl 

nsequCJ!tiY, althoug 
appreciable . proponion of 

plutonium-240 could be used in implosion systems, 
even of the solid-core, unboosted type, it is unsuitable 
for use in conventional gun-assembly devices, as the 
·calculations given below will show. · 

2.74 Apan from the possible presence of a 
"flood" of neutrons, e.g., as the result of the explosion 
of another nuclear weapon in the vicinit}' of a given 
weapon, the chief sources or" background neutrons, 
which could cause preinitiation in a gun-assembly 
weapon, are spontaneous fiss,ion and (a,n) reactions 
with light elements .. in uranium-235 (oralloy) the rate 
of spontaneous fission is relatively small, as will be seen 
shonly, but (a,n) reactions with light-element im· 
purities cguld nroduce an agpreciable ·neutron back· 
ground_)" 

ll.i--..,..,,.....-.,t P 1 be the probability that a backgr~und · 
neutron will be available in the fissile material during 
the period that it is supercritical, i.e., in the preinitia· 
tion ·period; and let P2 be the probability that this 
neutron will be able to stan a fission. chain. The 
preinitiation probability, P, is th.en given bf 

P•l . .:;.eP,Pa 

1'1::$ PjP2 , . (2.27) 

. the ~pproximate form being applicable when P1 P2 is 
small, as it is in cases of intereSt. Actually P2 is a 
function of time .and both P1 and P2 depend, to some 
extent, ·on the position of the neutron and on other · 
factors. For the p~sent purpose, however, which is to 
draw general conclusions only, specific values will be 
assigned to P1 and P2 • A background neutron entering 

. a fissile assembly may escape altogether without being 
absorbed, or it may be captured .in · a nonfission 

I /)tJE­
b(3) 
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react,ion, or it may initiate a fission chain. Although· 
the probabilities of these three processes are by ilo 
means equal, it is sufficient to postulate here that P2 

has a constant average value of 0.3 o~er the preinitia­
tion period. Hence, for the purpose of making rough 
estimates, equation (2.27) may be written as 

P~0.3P1 • (2.28) 

2.76 As a result of spontaneous fission, uranium-
235 emits, on the average, about 0.70 neutron per 
kilogram per sec, whereas uranium~238 produces 
roughly is neutrons/k~. Consequently, the neutron 
background in ordinary oralloy (93.2 weiiht percent 
uranium-235) ·is approximately 1.6 neutrons . · 

~.II AC:cOr'amg to t e numbers quoted above, 
more than half of the background neutrons in ordinary ~ 
(93.2 percentl oralio arise from the uran· - 8 
~ent.l 

2.78 Because of the high premma 1on pr ability, 
. it is necessary to keep other background neutrons to a 
minimum in gun-assembly devices. It is for this reason 

~~~;~.-==--.rt en, therefore, at a convent10na 
gun-type weapon, based on plutonium with assembly 
brought about by a propellant explosive, is completely 
out of the·question. It was the realization of this fact, 
when plutonium became available, that led to the 
development of implosion systems (§ 1.39), together 
with ·the expectation that the compression achieved by 
implosion would lead to eater efficiency. 

2.80 
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THE FISSION PROCESS IN WEAPONS 

APPENDIX 

A2.01 The average pressure P in a spherical im­
ploding core of radius R is defined by 

(2.29) 

where P is the pressure at the distance r from the 
center; hence, 

- 3/,R 2 P_= R 3 0 Pr dr. 

. It follows, therefore, from equation (2.11), for a' 
' parabolic pressure distribution, that 

(2.30) 

The integral m equation (2.3.0) may be evaluated as 
follows: 

If this result is inserted into equation (2.30); it is seen 
that 

. - 2 
P=-P0 •· s (2.31) 

A2.02 Because of the pressure gradi·ent in the core, 
the material wili be accelerated, and ·this acceleration, 
a(r), at the radial distance r, is given by the expression 

· 1 dP 
a(r)-=- p dr' 

where p is the density of the core material. If P is again 
expressed by equation (2.1 i ), then . 

( 
r2\ . 

· Po d 1 - Ji2) · ~o 2r 
a(r) = -- =-2· 

·p dr P R 

Hence, the acceleration, a, at the surface of the col'e, 

where r = R, is 

so that 

. 2Po 
a= pR' 

Upon inserting this expression irito equation (2.31), it 

follows that 

- 1 . 
P=-pRa . s ' 

which is equation (2.12),: 

.... 

•. ~-· 
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